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NetSim — 5G NR Ver 15.0

1 Introduction to 5G simulation with NetSim

NetSim 5G NR Library allows for end-to-end simulation of all layers of the protocol stack as well
as applications running over the network'. The 5G devices available in NetSim are the 5G core
devices: (i) AMF, (ii) SMF, (iii) UPF, and RAN devices: (i) gNBs (ii) UEs. The Simulation is a
discrete event and done at a packet level abstraction. This 5G library is designed to connect to
the base component of NetSim (and in turn to other components), which provides functionalities
such as the TCP/IP Network Stack, Routing algorithms, Mobility, Output Metrics, Traces etc.
NetSim’s protocol source C code shipped along with (Standard / Pro versions) is modular and
customizable to help researchers to design and test their own 5G protocols.
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Figure 1-1: NetSim’s 5G NR design window, the results dashboard and the plots window.

2 Simulation GUI

2.1 Create Scenario

Open NetSim and click New Simulation — 5G NR as shown in Figure 2-1.

1For an introduction to 5G see Chapter 3.

Copyright TETCOS LLP
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Figure 2-1: NetSim Home Screen

5G NR comes with a palette of various devices like Wired & Wireless Nodes, L2 Switch &
Access Point, AMF (Access and Mobility Management Function), UPF (User Plane Function),
SMF (Session Management Function) & Router, gNB (Equivalent of eNB in LTE), UE (User
Equipment), and Building. Devices are connected using 3GPP defined interfaces; O-RAN
defined interfaces are not available.

2.2 NetSim 5G Network Setup

Figure 2-2: NetSim 5G Network Setup window

2.2.1 Deployment Architecture

The deployment options have been grouped into 2 categories. Standalone (SA) option where
there is only one independent access network (5G NR) that is connected to the 5G Core and
the Non-Standalone (NSA) options where both LTE and 5G NR radio access technologies are
present, where one of the access networks assist the other in connecting to either an EPC or a
5G Core.

Standalone: In 5G Standalone mode of operation in NetSim, the network can be created using
the 5G Core devices which includes a single AMF, SMF and UPF to which the gNB can be
connected via Layer 2 Switches. The RAN part consists of gNBs and UEs and the UEs can
handle both Uplink and Downlink data transfer to and from the Data Network (DN) via the
UPF.

Copyright TETCOS LLP Page 9 of 262
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Non-Standalone: In the Non-Standalone mode of operation in NetSim, the users can design the
network scenario using different deployment options.

The NSA modes in NetSim’s 5G module includes:

e Option 4 where only 5G Core devices are present, and EPC is not available. Option 4 is
categorized into:

— Option 4: Only gNB connects to all the 5G Core interfaces. eNB connects to the XN
interface.

— Option 4a: gNB connects to all 5G Core interfaces and eNB connects to AMF and
UPF through respective interfaces.

e Option 7 where only 5G Core devices are present, and EPC is not available. Option 7 is
categorized into:

— Option 7: eNB connects to all 5G Core interfaces. gNB connects only to the XN
interface.

— Option 7a: gNB connects to AMF and UPF through the respective interfaces and
eNB connects to all the 5G Core interfaces.

2.2.2 Device Placement

NetSim places the 5G core devices (AMF, SMF, UPF and Switches) / LTE EPC by default
onto the grid.

e Only one 5G Core and/or LTE EPC is currently supported.
e Users cannot remove 5G Core devices and/or LTE EPC, or their interconnecting links.
e Users may move these devices in the grid.

e Users can drop gNBs/eNBs which get automatically connected to 5G Core. If a gNB/eNB
is removed, the connected links to the core switches are automatically removed.

e Users can drop UEs and must connect them to gNBs/eNBs via links.

e [P addressing is automatically set by NetSim. It is recommended not to change the default
IP addresses.

NOTE: In NSA Mode the UEs get automatically connected to its master node. Only for
secondary node UEs must be connected manually.

2.2.3 NSA Deployment Device Connectivity

The device connectivity rules are explained below. Example screenshots are available in section
3.16.

Option 4 / 4a

e UE should mandatorily be connected to the master node (MN) first. In option 4, the MN
is the gNB.

Copyright TETCOS LLP Page 10 of 262
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e UE should mandatorily be connected to the secondary node (SN) next. In option 4, the
SN is the eNB.

e UE cannot be connected to any other device.

e The data (external) network connects to the 5G core through the UPF. This is achieved
by first connecting a router (let’s call it R1) to the UPF.

e Switches, nodes, APs and other routers can now be connected to R1
e Connectivity rules for the devices within the data network follow the guidelines specified
in the Internetwork library document.
Option 7 / 7Ta
e UE should mandatorily be connected to the master node (MN) first. In option 7, the MN
is the eNB.

e UE should mandatorily be connected to the secondary node (SN) next. In option 7, the
SN is the gNB.

o UE cannot be connected to any other device.

e The data (external) network connects to the 5G core through the UPF. This is achieved
by first connecting a router (let’s call it R1) to the UPF.

e Switches, nodes, APs and other routers can now be connected to R1.

e Connectivity rules for the devices within the data network follow the guidelines specified
in the Internetwork library document.

2.2.4 Grid Settings

e NetSim allows users to design the network on a rectangular grid. The major and minor
grid lines are displayed; major grid line values along the X and Y coordinate are displayed.
Each device’s X, Y coordinate is determined by its location on the grid.

e Users can choose the grid size prior to placement of the first device.

e Users can change the grid size after placing devices on the grid, but only if the new grid
size is larger than the current grid size and the grid origin does not prevent the change.

e The grid length can be in the range of 10 m to 10° m.

2.3 Devices Specific to NetSim 5G NR Library

o UE: User Equipment.

— Each UE has a single LTE NR interface with an infinite buffer. It can connect to a
gNB (Base Station or BS) in both FR1 (u-Wave) and FR2 (mm-Wave) bands.

— A UE can be stationary or mobile.

— The UE’s location is determined by its (X, Y) co-ordinate on the grid or by its (Lat,
Lon) when using a map background.

Copyright TETCOS LLP Page 11 of 262
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e gNB: This represents a base station (BS) with all the components i.e., antennas, radio,
baseband, and the protocol stack. NetSim currently does not allow for the gNB to be split
into RU, DU and CU.

— NetSim supports 3 types of gNBs (i) Macro Cell gNB Omni Antenna (ii) Macro Cell
gNB Sector Antenna and (iii) Small Cell gNB Omni Antenna. The macro cell gNBs
by default have a transmit power setting of 40 dBm and operate in the FR1 3.5
GHz n78 band. The small cell gNBs have a transmit power setting of 30 dBm and
operate in the FR2 28 GHz n261 band. Macro cell gNBs can be equipped with either
omni-directional or sector antennas, and they are named based on their respective
types.

— It has a 5G RAN interface for wireless connectivity to UEs.

— A gNB can be configured as a u-Wave (FR1, sub 6GHz) or a mm-Wave (FR2) BS by
appropriately selecting the frequency of operation.

— It has a 5G N3 interface for wired connectivity to UPF through an L2 Switch,

— It has a 5G N1 N2 interface for wired connectivity to AMF through an L2 Switch,
and

— It has a 5G XN interface for wired connectivity between the gNBs through an L2
Switch.

— Every gNB has an infinite buffer.

e UPF (User Plane Function): User Plane Function has 5G N4 interface for wired connectiv-
ity to SMF, 5G_N3 interface for wired connectivity to gNB through L2 Switch, and 5G N6
interface for wired connectivity to router in NG core which in turn can connect to Switches,
APs, Servers etc.

e SMF (Session Management Function): Session Management Function has 5G N11 interface
for wired connectivity to AMF and 5G N4 interface for wired connectivity to UPF.

e AMF (Access and Mobility Management Function): Access and Mobility Management
Function has 5G N11 interface for wired connectivity to SMF and 5G N1 N2 interface for
wired connectivity to gNBs through L2 Switch.

@) Macro cell gNB Omni Ant. ) Macro cell gNB Sector Ant. ] Wired Node .\ = Core Devices v
N -

P N |
Small cell gNE Ormni Ant. (%) Router | Wi-Fi Device ¥

Base Station 3 Data Network Wired/Wireless Links | (== L2 Switch

Figure 2-3: 5G NR Device Palette in GUI

e Building: Users can place gNBs, UEs inside buildings to simulate indoor RF propagation
effects.

e To add building on the grid, go to options — Configure Building.

& File Options Help | Network: 5G_NR_mmWave | Workspace: cdsvcsdc

Ji Create| Open MATLAB Interface E—'} Configure Reports % Showy/Hide Info
Run Time Interaction
B Save Static ARP Macro cell gNB Omni Ant. «) Macro cell gNB Sector Ant.

(_D Close Configure Buildings

- Small cell gNB Omni Ant.

File Run Simulation Base Station

Figure 2-4: Configuring Building in GUI
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Click on Add and set the building properties as required and click on configure. The building
will be placed on a grid as per the settings.

;l 5G Networks - Configure Buildings X

Users can configure Buildings in the 5G networks.
A minimum of 1 and a maximum of 5 buildings can be configured in a network.

Add
ID | Name X min Y min Width Length | Fill Color | Remove
1Building 1 10 50 25 we: | i
Configure

Figure 2-5: Properties settings for building

90 100

20 A

40

8 Core_Switch 4

60 -

cro celllgNB Omni

Ans,_g
igling 1
20 @ 2951 upP_constfRate

100

Figure 2-6: The screenshot displays the building as configured in the settings

2.4 GUI Parameters in 5G NR

The 5G NR parameters can be accessed by right clicking on a gNB or UE and selecting Interface
Wireless (5G RAN) Properties — Datalink and Physical Layers.

NOTE: For detailed information on RLC, please refer to RLC (based on specification 38.322)
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Table 2-1: 5G Config Properties — gNB Data Link Layer

Parameter Type

Range

Description

gNB Properties — Interface (5G RAN) — Data Link Layer

Scheduling Type Global

Global

Global

Global

Local

Local

Local

Round Robin

Proportional Fair

Max Throughput

PF'S with Rate
Guarantee

Configuring GBR
UEs

GBR Bias
Learning Rate

GBR UE Index
Bias Maximum

This is usually done to load balance and
share system in circular order, handling all
processes without priority

It is based upon maintaining a balance by
trying to maximize total throughput while
at the same time allowing all users at least
a minimal level of service.

Maximum throughput scheduling is a
procedure to maximize the total throughput
of the network by giving scheduling priority
to the least “expensive” data flows.

NetSim uses a proportional fair scheduling
(PFS) algorithm in the gNB to provide
guaranteed bit rate (GBR) services for user
equipment (UEs) in both downlink (DL)
and uplink (UL). It enables users to
configure GBR while dynamically allocating
resources to maintain the minimum
required bit rate.

NetSim uses a proprietary PF based
scheduling algorithm in the gNB to provide
Guaranteed Bit Rate (GBR) services for
User Equipment (UEs) in both downlink
(DL) and uplink (UL). Users can configure
GBR for UEs and the algorithm
dynamically allocates resources to maintain
the minimum required bit rate. This option
allows you to configure the rate guarantee
for GBR UEs.

The GBR Bias Learning rate means the
“penalty” for not meeting a user’s
throughput guarantee and is continuously
adjusted based on the difference between
achieved and guaranteed throughput. If the
EWMA MAC throughput is below the
guaranteed throughput, the Index Bias
(Lagrange multiplier) increases, raising the
user’s priority and allocating more
resources. If the EWMA MAC throughput
exceeds the guaranteed throughput, the
Index Bias decreases, lowering the user’s
priority and freeing resources for others.
The maximum value the GBR Index Bias
(Lagrange Multiplier) can range from 0 to
100.
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Table 2-1 continued from previous page

Parameter Type Range Description

Slicing Global TRUE, FALSE Network slicing is a key technology in 5G
networks that enables the efficient
allocation of radio access network (RAN)
resources to guarantee specific service level
agreements (SLAs) for different service
categories. This capability allows network
operators to create multiple virtual
networks, or “slices,” on top of a shared
physical infrastructure, each tailored to
meet the diverse requirements of various use
cases and applications. This parameter
allows users to enable/disable network
slicing when simulating 5G.

Resource Sharing  Global Static, Dynamic The two resource sharing options are

Technique defined as Static (or Hard Slicing) and
Dynamic (or Soft Slicing). Static Resource
Sharing: slices are allocated a fixed
percentage of resources. It supports eMBB,
URLLC, MIoT, V2x slice types. Dynamic
Resource Sharing: the resource sharing is
handled by the algorithm dynamically — it
uses PFS (Proportional Fair Scheduling)
with a rate guarantee, using stochastic
online learning. This algorithm is derived
from non-linear optimization theory.

EWMA Learning  Local Default: 0.02 EWMA Learning Rate («) determines how

rate (Static), 0.0005 important the current observation is in the
(Dynamic). calculation of the EWMA. The expression
Range: below shows how the current throughput is
0.00000001 (1078)  based on the previous throughput and the
to 0.1 (1071) current rate. 6; = (1 — a)f;—1 + aR;

Lagrange Local Default: The Lagrange multiplier measures the

multiplier 0.000005. Range: “penalty” for not meeting a user’s

learning rate 0.00000001 (10=®)  throughput guarantee and is continuously
to 0.1 (1071) adjusted based on the difference between

achieved and guaranteed throughput.
SSB Periodicity Local 5, 10, 20, 40, 80, It is a time interval between UE

160 ms Measurement Report.
RRC MIB Period Local 80 The UE needs to first decode MIB for it to
(ms) receive other system information. MIB is

transmitted on the DL-SCH (logical
channel: BCCH) with a periodicity of 80 ms
and variable transmission repetition
periodicity within 80 ms. MIB packets can
be seen in the NetSim packet trace post
simulation under Control Packet type.

Continued on next page
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Parameter Type Range Description

RRC SIB Period Local 160 SIB1 also contains radio resource

(ms) configuration information that is common
for all UEs. SIB1 is transmitted on the
DL-SCH (logical channel: BCCH) with a
periodicity of 160 ms and variable
transmission repetition periodicity within
160 ms. SIB1 is cell-specific. SIB1 packets
can be seen in the NetSim packet trace post
simulation under Control Packet type.

PDCP Header Local True / False Header compression of IP data flows using

Compression the ROHC protocol, compresses all the
static and dynamic fields.

50, 150, 300,

PDCP Discard Local 500, 750, 1500 The discard Timer expires for a PDCP

Delay Timer SDU, or the successful delivery of a PDCP
SDU is confirmed by PDCP status report,
the transmitting PDCP entity shall discard
the PDCP SDU along with the
corresponding PDCP Data PDU.

PDCP Out of Local True / False Complete PDCP PDUs can be delivered

Order Delivery out-of-order from RLC to PDCP. It can be
enabled or disabled by setting the value
“TRUE” or “FALSE”.

PDCP T Local 0-500 ms This timer is used by the receiving side of

Reordering Timer an AM RLC entity in order to detect loss of
RLC PDUs at lower layer. PDCP
reordering is always enabled if in sequence
delivery to layers above PDCP is needed.

RLC T Status Local 0-2400 ms This timer is used by the receiving side of

Prohibit an AM RLC entity in order to prohibit
transmission of a STATUS PDU. Unit=ms.

RLC T Local 0-200 ms This timer is used by the receiving side of

Reassembly an AM RLC entity and receiving UM RLC
entity in order to detect loss of RLC PDUs
at lower layer. Unit=ms.

RLC T Poll Local 5-4000 ms This is used by the transmitting side of an

Retransmit AM RLC entity in order to retransmit a
poll.

RLC Poll Byte Local 1kB-40mB This parameter is used by the transmitting
side of each AM RLC entity to trigger a
poll for every pollByte bytes.

RLC Poll PDU Local p4-—p65536 This parameter is used by the transmitting

(multiples of 8) side of each AM RLC entity to trigger a
poll for every pollPDU PDUs.

RLC Max Retx Local t1, t2, t3, t4, t6, This parameter is used by the transmitting

Threshold

t8, t16, 32

side of each AM RLC entity to limit the
number of retransmissions of an AMD PDU.
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Parameter

Type

Range

Description

HARQ Mode

Max HARQ
process count

Max CBG per TB

HARQ Retry
Limit

Handover
Interruption time

Handover Margin

Local

Local

Local

Local

Global

Global

TRUE, FALSE

2,4,6,10,12,16

2,4,6,8

0—4s

0-500ms

0-10dB

Hybrid automatic repeat request (hybrid
ARQ or HARQ) is a combination of
retransmissions and error correction. The
HARQ protocol runs in the MAC and PHY
layers. In the 5G PHY, a code block group
(CBG) is transmitted over the air by the
transmitter to the receiver. If the CBG is
successfully received the receiver sends back
an ACK, else if the CBG is received in error
the receiver sends back a NACK (negative
ACK). If the transmitter receives an ACK,
it sends the next CBG. However, if the
transmitter receives a NACK, it retransmits
the previously transmitted CBG. Large
number packet errors can be observed in
packet traces if HARQ is turned OFF.

A HARQ entity is defined for each gNB-UE
pair, separately for Uplink and Downlink
and for each component carrier. Max
number of HARQ processes is 8 in 4G and
16 in 5G.

Each Transport block is split into Code
blocks (CBs) and CBs are grouped into
Code Block Groups (CBGs). A Code Block
group can have up to 2/4/6/8 CBs.

HARQ Retry Limit specifies the number of
retransmission attempts that will be made
whenever a Code Block fails due to error.
The handover process in NetSim is based on
event A3 i.e., the target signal strength is
offset (3 dB) higher than the source signal
strength. Handover interruption time (HIT)
is added at the time of handover command
is delivered to the UE. During this time
there is no data plane traffic flow to the UE
from the source/target. Handover
interruption time can be varied from 0 to
500ms.

The handover margin is the offset in dB
that is used as part of the event A3
handover process in NetSim. Handover is
triggered when the target signal strength is
offset higher than the source signal
strength. Range for Handover margin is
from 0.0 to 10.0 with 3.0 as default.
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Parameter Type Range

Description

Time to Trigger Global 0-5120ms

Cell Individual
Offset (CIO)

Local —10 to +10 dB

With Time-to-Trigger, the handover is
initiated only if the triggering requirement
is fulfilled for a time interval specified by
Time-to-Trigger (ms). This parameter can
decrease the number of unnecessary
handovers and effectively avoid Ping-Pong
effects. 3GPP defines 16 valid values for
time-to-trigger (all in milliseconds): 0, 40,
64, 80, 100, 128, 160, 256, 320, 480, 512,
640, 1024, 1280, 2560, and 5120. Users can
enter any value between 0 to 5120 in
milliseconds.

CIO is added to the measured SINR of the
target cell during handover evaluation. A
positive CIO increases the signal value and
a negative CIO decreases the signal value.
CIO is used to control handovers and
distribute load across cells.

Table 2-2: 5G Config Properties — gNB Physical Layer

Parameter Type Range

Description

Interface (5G RAN) — Physical Layer

Protocol Fixed

3GPP series Fixed

Frame Duration Fixed 10ms
(ms)

Sub Frame Fixed 1ms
Duration (ms)

Subcarrier Fixed 12

Number Per PRB

LTE NR (New Radio) is the 5G radio
access technology. LTE-NR has the RLC
and PDCP layers similar to LTE and has
introduced a new layer named as SDAP
(Service Data Adaptation Protocol). The
frequency band for LTE NR is separated
into two different frequency ranges:
Frequency Range 1 (FR1) which includes
sub-6 GHz bands and Frequency Range 2
(FR2) which includes mmWave bands.
NetSim 5G library is based on the 3GPP
38.xxx series. Some features in NetSim are
per Rel 16 and some others are per Rel 17.
The length of the frame in milliseconds.
The FRAME DURATION is a non-editable
parameter whose value is fixed at 10 ms.
The length of the frame in milliseconds.
The SUBFRAME DURATION is a
non-editable parameter whose value is fixed
at 1 ms.

The number of Subcarriers per PRB is a
non-editable parameter whose value is fixed
at 12.
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Table 2-2 continued from previous page

Parameter Type Range Description

gNB Height (m) Local 1-150m Height of the base station (gNB) in meters.
NetSim implements the 3GPP propagation
models in which the Indoor gNB (placed
within a building) range is 1 to 10 meters,
while the Outdoor gNB range is 1 to 150
meters. NetSim only enforces the upper
limit of 150m for both indoor and outdoor
gNBs.

TX Power (dBm) Local —40 to 100 dBm  In NetSim the Tx power range is —40 dBm
to 100 dBm. The default value for Tx
power is 23 dBm for UEs and 40 dBm for
gNBs. When running in MIMO mode the
transmit power is split equally amongst all
the MIMO layers. The number of MIMO
layers is min(Ny, N,.).

Duplex Mode Local TDD, FDD Time Division Duplexing: Downlink (DL)
and uplink (UL) transmissions are on the
same frequency band but separated in time.
Depending on the DL:UL ratio, slots are
allocated for DL /UL transmissions.
Frequency Division Duplexing: There are
different frequency bands for UL and for
DL. Hence UL and DL transmissions can
occur simultaneously. NetSim supports
both FDD and TDD bands and various CA
configurations and Operating bands, for
TDD and FDD, in FR1 and FR2 are

available.
CA Type Local Intra-band In Carrier aggregation (CA) multiple
contiguous CA, component carriers (CCs) are combined to
Intra-band usually increase the bandwidth, and thereby
non-contiguous increase the bit rate. CA combinations are

CA, Single Band  divided into intra-band (contiguous and
non-contiguous) and inter-band. Intra-band
contiguous CA configuration refers to
contiguous carriers aggregated in the same
operating band. Intra-band non-contiguous
CA configuration refers to non-contiguous
carriers aggregated in the same operating
band. Inter-band CA configuration refers to
the aggregation of component carriers in
different operating bands, where the
carriers aggregated in each band can be
contiguous or non-contiguous. The Single
Band drop-down options are per TS
38.101-1 for FR1 and 38.101-2 for FR2.

CA Configuration Local Depends on CA The dropdown shows the frequency band

Type options for the user to choose from.

Continued on next page
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Parameter Type Range Description
CA Count Fixed Depends on CA This is a non-editable parameter that shows
Type the number of component carriers based on

the CA configuration. CA count would be 1
for Single Band configuration and will be
greater than or equal to 2 for carrier
aggregation.

NOTE: For detailed information on Frequency Range (FR1 & FR2), please refer to PHY Layer.

Slot Type Local Mixed, Downlink,
Uplink

Frequency Range  Local FR1 & FR2

DL/UL Ratio Local a:b

Operating Band Fixed n34, n38, n39,
n40, n41, n50,
nb1, n77, n78,
n79, n257, n258,
n259, n260, n261,
n262, n263

Mixed: In Mixed slot type, there will be
both downlink and uplink slots allocated.
The DL:UL ratio will determine how many
slots are allocated for downlink and for
uplink. The default value of the DL:UL
ratio is 1:1. Uplink: In uplink slot type,
there are only uplink slots, and the DL:UL
ratio will be fixed by NetSim as 0:1. Note
that uplink applications running TCP
protocol will experience zero throughputs
since there will be no downlink slots
available for ACK transmissions. Downlink:
In downlink slot type, there are only
downlink slots and the DL:UL ratio will be
fixed by NetSim as 1:0. Note that downlink
applications running TCP protocol will
experience zero throughputs since there will
be no uplink slots available for ACK
transmissions.

The frequency bands for 5G NR are
separated into two frequency ranges. First,
is Frequency Range 1 (FR1) which includes
sub-6 GHz frequency bands. The other is
Frequency Range 2 (FR2) which includes
frequency bands in the mmWave range.
FR1: 410 MHz — 7125 MHz. FR2-1: 24250
MHz — 52600 MHz. FR2-2: 52600 MHz —
71000 MHz. NetSim supports both FR1
and FR2. This is a non-editable parameter
shown by NetSim based on the CA
configuration chosen by the user.
Represents the ratio in which slots are
assigned to downlink and uplink
transmissions. The value is in the form of
a:b::DL:UL. Note that the ratio 1:0 or 0:1
might lead to NIL data transmissions since
the initial attachment procedures require
both UL and DL control packet
transmissions.

The operating band whose numbering is
defined by 3GPP. This is a non-editable
parameter (except for custom band) that is
shown by NetSim based on the CA
configuration chosen by the user.
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Parameter

Type

Range

Description

F Low (MHz)

F High (MHz)

Numerology

Channel
Bandwidth
(MHz)

PRB Count

Guard Band
(KHz)

Subcarrier
Spacing
Bandwidth PRB

Slot per Frame

Slot per Subframe

Slot Duration
(ps)

Cyclic Prefix

Fixed

Fixed

Local

Local

Local

Local

Local

Local

Local

Local

Local

Local

2010-4400 MHz

2025-5000 MHz

n=0,1,2 356

5-2000 MHz

242.5-147040 kHz

15-960 kHz
18011520 kHz

10, 20, 40, 80,
160, 320, 640

1,2, 4, 8, 16, 32,
64

1000, 500, 250,
125, 62.5, 31.25,
15.63

Normal

The lowest frequency of the
Uplink/Downlink operating band. This is a
non-editable parameter (except for custom
band) shown by NetSim based on the CA
configuration chosen by the user.

The highest frequency of the
Uplink/Downlink operating band. This is a
non-editable parameter shown by NetSim
based on the CA configuration chosen by
the user.

Sub carrier spacing is derived from
numerology per the expression 15 x 2 kHz.
Thus, Numerology = 0 means subcarrier
spacing 15 kHz, Numerology = 1 means
subcarrier spacing 30 kHz, Numerology = 2
means subcarrier spacing 60 kHz,
Numerology = 3 means subcarrier spacing
120 kHz, Numerology = 5 means subcarrier
spacing 480 kHz, and Numerology = 6
means subcarrier spacing 960 kHz.

The bandwidth can vary from 5 MHz to 100
MHz for TDD bands in FR1 frequency
range and 50 MHz to 2000 MHz for TDD
bands in FR2 frequency range. The
bandwidth is 5 MHz to 40 MHz in case of
FDD bands. Unit is MHz.

PRB stands for physical resource block.
The PRB count is dependent on Channel
Bandwidth and automatically determined
by NetSim. It cannot be edited in the GUI.
Guard band is the unused part of the radio
spectrum between radio bands, for the
purpose of preventing interference.

In 5G NR, subcarrier spacing of 15, 30, 60,
120, 240, 480, and 960 KHz are supported.
The PRB bandwidth is dependent on
numerology (p).

This represents the number of slots in a
frame and is a non-editable parameter.
NetSim determines the slots per frame,
based on the selected numerology.

Number of slots in a sub-frame.
Non-editable, determined by numerology.
Slot duration is a non-editable parameter
that depends on numerology selected.

w =0, Slot Duration = 1000 us; u = 1, 500
ws; =2, 250 us; pu =3, 125 us; p =4, 62.5
us; =25, 31.25 pus; p =6, 15.63 ps.

If set to “normal” then symbols per slot is
14; if “extended” then 12.

NOTE: Cyclic Prefix is Extended only for a few CA types.
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Parameter

Type

Range

Description

Symbol per Slot

Overhead (%) per
DL slot

Overhead (%) per
UL slot

Symbol Duration
(1)

Local

Local

Local

Local

12, 14

0.01-0.99

0.01-0.99

71.43, 35.71,
17.86, 8.93, 4.47,
2.23, 1.12

Depends on Cyclic prefix. Normal: 14,
Extended: 12.

Fraction of symbols used for control
signaling. Default: 0.14 for FR1, 0.18 for
FR2, 0.25 for 4G.

Fraction of symbols used for control
signaling. Default: 0.08 for FR1, 0.10 for
FR2, 0.25 for 4G.

Symbol duration depends on numerology.
Non-editable.

ANTENNA

TX Antenna
Count

RX Antenna
Count

Antenna Type

Orientation Angle

Element Gain

Front to back
ratio

Local

Local

Fixed

Local

Local

Local

1-128 (gNB),
1-16 (UE)

1-128 (gNB),
1-16 (UE)

0-360

—50 to +50

10-40

The number of transmit antennas. This
parameter takes effect during MIMO
operation; the number of MIMO layers
would be min(Ny, N,.), where N, is the
transmit antenna count at the transmitter
and N, is the receive antenna count at the
receiver. The layer-wise gains depend on
the fading model chosen and are explained
in the 5G NR manual digital beamforming
section.

The number of receive antennas. This
parameter takes effect during MIMO
operation; the number of MIMO layers
would be min(Ny, N;.), where N is the
transmit antenna count at the transmitter
and N, is the receive antenna count at the
receiver. The layer-wise gains depend on
the fading model chosen and are explained
in the 5G NR manual digital beamforming
section.

NetSim supports Omnidirectional and
Sector Antennas.

NetSim implements a 2D parabolic sector
antenna as per 3GPP TR 37.840. The
boresight angle denotes the direction of
maximum gain, or the highest radiated
power. The angle is defined to start at 0
from the positive X-axis. If positive Y
points downward, the angle increases on
clockwise rotation from the positive X-axis.
If positive Y points upward, the angle
increases in an anti-clockwise direction from
the positive X-axis. The units for the
boresight angle are in degrees.

Maximum directional gain of the radiation
element (in dB). Default 8 dBi.

Ratio of power gain between the front and
rear of a directional antenna.
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Parameter Type Range Description
Beam width Local 0-90 The 3 dB, or half power, beamwidth of the
antenna.
PDSCH CONFIG
MCS Table Local QAMG64, Modulation and coding scheme Table.
QAM256, Recommend same MCS table for PDSCH
QAM64LOWSE and PUSCH. For QAM64: CQI Table 1,
QAM256: Table 2, QAM64LOWSE: Table
3.
X Overhead Local XOHO0, XOHS6, Accounts for overhead from CSI-RS,

XOH12, XOH18

CORESET, etc.

PUSCH CONFIG

MCS Table

Transform
Precoding

Local

Local

QAMS64,
QAM256,
QAMG64LOWSE

Enable/Disable

Same options as PDSCH.

Transform Precoding is the first step to
create a DFT-s-OFDM waveform.
Transform Precoding is to spread UL data
in a special way to reduce PAPR
(Peak-to-Average Power Ratio) of the
waveform. In terms of mathematics,
Transform Precoding is just a form of DFT
(Digital Fourier Transform).

CSIREPORT CONFIG

CQI Table

Local

Tablel, Table2,
Table3

Based on 3GPP Table 5.2.2.1-2. Must
match MCS table: QAM64: Table 1,
QAM256: Table 2, QAM64LOWSE: Table
3.

CHANNEL MODEL

Pathloss Model

Outdoor Scenario

Building Height
(m)

Street Width (m)
Indoor Scenario

Indoor Office
Type

Local

Local

Local

Local
Fixed

Local

3GPP TR
38.901-7.4.1, Log
Distance, None
Rural Macro
(RMa), Urban
Macro (UMa),
Urban Micro
(UMi)

5-50m

5-50m
Indoor Office

Mixed-Office,
Open-Office

Signal attenuation per the mean pathloss
model.

Per 3GPP TR 38.900 standard.

Height of building in meters.

Width of the street in meters.

Scenario where gNB and UE are within an
indoor building.

There are two types of Indoor Office (InH):
Mixed-Office and Open-Office. An indoor
scenario is defined as one where we have
both gNBs and UEs present within a
building. Path-loss is higher than an
Open-Office scenario.
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Type

Range

Description

LOS/NLOS
Selection

LOS Probability

Shadow Fading
Model

Fading and
Beamforming

O2I Building
Penetration
Model

Additional Loss
Model

Fixed

Local

Local

Local

Local

Local

3GPP TR
38.901-Table
7.4.2-1, User
Defined

Oto1l

None, 3GPP TR
38.901

No Fading MIMO
unit gain, No
fading MIMO
array gain,
Rayleigh with
Eigen
beamforming,
Rician with Eigen
beamforming

None, Low Loss
Model, High Loss
Model

None, Matlab

3GPP TR 38.901-Table 7.4.2-1: The LOS
mode, either Line-of-sight or
Non-Line-of-sight, is based on LOS
probability calculated per the standard
table. User Defined: LOS probability is not
per standard but is based on user input.
NetSim will determine whether a device is
in line-of-sight or non-line-of-sight based on
the LOS probability value set by the user.
LOS Probability defines the LOS mode. If
LOS Probability = 1, the LOS mode is set
to Line-of-Sight explicitly and if LOS
Probability = 0, the LOS mode is set to
Non-Line-of-Sight explicitly. For any value
between 0 and 1, LOS mode is set per the
given probability, by tossing a biased coin.
Models for signal attenuation due to
shadowing. 3GPP TR 38.901 model is
suitable for a scenario with mobility and
obstructions within the propagation
environment. In this model, the shadowing
value follows a log-normal distribution with
a user specified standard deviation. None
disables the shadow fading model.

Rayleigh with Eigen beamforming: NetSim
uses the rich scattering in the channel to
form spatial channels. The number of
spatial channels is equal to the number of
layers. No fading MIMO unit gain: No
fading with gain equal to unity (0 dB). No
fading MIMO array gain: No fading but
gain equals the array gain. Rician with
Eigen beamforming: the channel combines a
dominant Line-of-Sight component with
scattered components. See Table 3-3 for
more information.

A model for signal attenuation due to
path-loss combined with fading, shadowing
and O2I loss. The O2I loss is the
Outdoor-to-Indoor penetration loss where
the signal attenuates when it penetrates
through structures like concrete walls, glass,
wood etc. Low-loss model is applicable to
RMa. High-loss model is applicable to UMa
and UMi. None disables the O2I loss.
Additional loss models can be set to NONE
or MATLAB. If set to MATLAB then
MATLAB will be automatically called by
NetSim during execution. Note: NetSim

Academic version does not support
MATLAB.
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Pathloss Local 2to05 Pathloss exponent indicates the rate at

Exponent (-) which the pathloss increases with distance.
The value depends on the specific
propagation environment. Set any value
between 2 to 5.

Shadowing Model  Local None, Log Log Normal model suitable for scenarios

Normal with mobility and obstructions.
Standard Local 5 to 12 dB Standard deviation of log-normal shadowing

Deviation (dB)

distribution.

INTERFERENCE MODEL

Downlink
Interference

Model

Uplink
Interference
Model

ToT value (dB)

Global

Global

Global

No interference,
Graded distance
based Wyner
model, Exact
geometric model
No interference,
Interference over
thermal

0 to 20

Wymner is approximate, geometric model is
exact.

Uses Interference-over-thermal (IoT) to
model co-channel uplink interference.

The Uplink IoT (dB) value is used to
compute the SINR, and interference power
based on the configured
interference-over-thermal setting.

ERROR MODEL AND MCS SELECTION

MCS selection
model

Attenuation
Factor

BLER Model

Outer loop link
adaptation

Global

Global

Global

Global

Ideal Shannon
theorem-based
rate, Shannon
rate with
attenuation factor

0.5-1

Zero BLER,
BLER enable

TRUE, FALSE

NetSim determines the modulation and
coding scheme in 5G and LTE, based on
received SINR, per the following models:
Ideal Shannon theorem-based rate and
Shannon rate with attenuation factor. Then
the 3GPP standards spectral efficiency
versus MCS table is looked up to select the
MCS. This could be the 64QAM table, 256
QAM table, or the 64QAMLOWSE table
depending on what was chosen by the user.
Attenuation factor («) takes values between
0.5 and 1 with the default value of 0.75.
Block Error Rate Model (BLER) is used to
decide code block and transport block
errors in 5G and LTE. If enabled then
NetSim looks up the SINR-CBS-MCS
versus BLER tables to decide on the code
block error rate for the chosen MCS.

The Outer Loop Link Adaptation (OLLA)
technique, if enabled, can improve the
channel quality estimation by adjusting the
value of SINR by an offset dependent on
whether previous transmissions were
decoded successfully or not, as captured by
Hybrid Automatic Repeat Request (HARQ)
feedback.
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Table 2-2 continued from previous page

Ver 15.0

Parameter Type

Range

Description

Target BLER Global

0-1

The OLLA algorithm in NetSim is designed
to converge the transport BLER to the set
value of the target BLER. Range: 0 to 1.

NOTE: Refer Propagation Models (Per 3GPP TR 38.900) for technical information.

UE Properties — Interface (5G_RAN) — Physical Layer

UE Height (m) Local
TX Power (dBm) Local

1-22.5
—40 to 50 dBm

It is the height of the UE in meters.

In NetSim the Tx power range is —40 dBm
to 50 dBm. The default value for Tx power
is 23 dBm for UEs and 40 dBm for gNBs.
When running in MIMO mode the transmit
power is split equally amongst all the
MIMO layers. The number of MIMO layers
is min(NVy, N,.).

UE ANTENNA

TX Antenna Local
Count

RX Antenna Local
Count

1,2, 4,8, 16

1,2, 4,8, 16

The number of transmit antennas. This
parameter takes effect during MIMO
operation; the number of MIMO layers
would be min(Ny, N,.), where N, is the
transmit antenna count at the transmitter
and N, is the receive antenna count at the
receiver. The layer-wise gains depend on
the fading model chosen and are explained
in the 5G NR manual digital beamforming
section.

The number of received antennas. This
parameter takes effect during MIMO
operation; the number of MIMO layers
would be min(Ny, N,.), where N is the
transmit antenna count at the transmitter
and N, is the receive antenna count at the
receiver. The layer-wise gains depend on
the fading model chosen and are explained
in the 5G NR manual digital beamforming
section.

5G Logs

LTENR Radio Global
Measurements
Log

Enable/Disable

The LTENR Radio measurements csv log
file records Timestamp, Device 1D,
Distance, Pathloss, Shadow fading loss,
Received power, SNR, Interference Power,
SINR, MCS, CQI, Beamforming gain and
more, for each carrier on the PDSCH,
PUSCH and SSB. PDSCH and PUSCH
measurements are logged every sub-frame
while SSB measurements are logged every
UE measurement report.
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Table 2-2 continued from previous page

Ver 15.0

Parameter

Type

Range

Description

LTENR Resource
Allocation Log

LTENR Handover
TTT Log

LTENR Code
Block Log

LTENR OLLA
Log

IEEE 802.11
Radio
Measurement Log

IEEE 802.11

Backoff Log

IEEE 802.11 Log

OSPF Log

OSPF Hello Log

Global

Global

Global

Global

Global

Global

Global

Global

Global

Enable/Disable

Enable/Disable

Enable/Disable

Enable/Disable

Enable/Disable

Enable/Disable

Enable/Disable

Enable/Disable

Enable/Disable

The 5G Radio Resource Allocation csv log
file records information related to physical
resource block (PRB) allocation such as the
Total PRBs, Slot Start Time(ms), Slot End,
BitsPerPRB, BufferFill, Allocated PRBs,
Rank (scheduling metric) and more, in the
DL and in the UL. All these parameters are
written in every slot.

Records the events that occur during a
handover. This contains the timestamp,
serving cell ID, UE ID, target cell ID, and
Handover Trigger time (time at which the
handover condition was met) when the
TTT parameter is enabled. The log can be
used to identify handover attempts and the
impact of TTT on handovers.

Records parameters associated with Code
Block segmentation such as Process ID, TB
size, Modulation, Code Rate, CBS, BLER,
CBG 1D, etc. along with remarks on events
associated with HARQ and PRB allocation.
This will be useful to understand BLER
model and Code Block segmentation in 5G.
Logs parameters associated with Outer
Loop Link Adaptation (OLLA) such as CQI
with and without OLLA, phy SINR, SINR
Delta, Virtual SINR, etc. along with
timestamps, gNB ID, UE ID, etc. This log
can be used to understand OLLA
mechanisms in 5G.

Records pathloss, shadowing loss, fading
loss, transmitted power, received power,
SNR, Interference Power, SINR, BER, NSS,
MCS, etc. This log can be used to
understand the channel model and its
impact on varying channel conditions.
Records details such as the Device name,
Time stamp, Packet ID, BackoffTime,
contention Window size and Retry Limit.
This log can be used to understand the
medium access mechanism in IEEE 802.11
protocols.

Records events and states associated with
IEEE 802.11 protocols along with time
stamps. This file can be used for
understanding and debugging through the
protocol internals.

Records OSPF Protocol events: control
message exchanges, interface state updates,
etc.

Logs OSPF Hello message events with
timestamps.
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Table 2-2 continued from previous page

Parameter Type Range Description

TCP Log Global Enable/Disable Records TCP connection state transitions.
PRB Utilization Global Enable/Disable Records PRB utilization parameters over

log

time.

TCP Congestion  Global Enable/Disable Records TCP congestion window events and
window log states.

2.4.1 Devices: Click and drop into environment

AMF, UPF, and SMF:

— Exactly one set of these devices are automatically placed by NetSim into the environ-
ment and connected appropriately to switches.

— These devices are part of the 5G core.

— These devices which are placed onto the environment cannot be deleted by the user.

Add a gNB (Macro cell gNB Omni Antenna, Small cell gNB Omni Antenna and Macro
Cell Sector Antenna):

— Click the gNB icon on the toolbar and place the gNB in the grid; it will automatically
connect to the L2_Switches connected to the AMF and UPF. The logical connectivity
of the different interfaces (Xn, N1-N2, and N3) are broken out into different physical
links.

— gNBs can also be placed inside the building based on the network scenario created.

— Every gNB should be connected to at least one UE.
Add a User Equipment (UE):

— Click the UE icon on the toolbar and place the UE in the grid.

— In SA & NSA mode UEs will get automatically connected to Master nodes while for
the secondary nodes UEs should be connected manually.

— UEs can also be placed inside the building. The UEs are always assumed to be
connected to one gNB.

— A UE can never be connected to more than one gNB, and neither can it be out-of-range
of all gNBs.

Add a Router: A Router is automatically placed with the 5G Core devices and is connected
with UPF/EPC.

Add a L2 Switch or Access Point: Click the L2 Devices > L2 Switch icon or L2 Devices >
Access Point icon on the toolbar and place the device in the grid.

Add a Wired Node and Wireless Node: Click the Node > Wired Node icon or Node >

Wireless Node icon on the toolbar and place the device in the grid.
Add a Building: Go to Options > Configure buildings and Add a building in the grid.

— Buildings will have an impact on RF propagation losses if Pathloss Shadow fading
021I is selected.

— A building occupies a minimum 1 cell on the grid and a maximum size equal to the
complete grid.
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— Two buildings cannot overlap one another.
— The maximum number of buildings supported in NetSim is Five (5).

e Connect the devices in the 5G NR network by using Wired/Wireless Links present in
the Create Scenario tab in the top ribbon. While connecting gNB and UE, the following
connections are allowed:

— Outdoor gNB to Outdoor UE.
— Outdoor gNB to Indoor UE.
— Indoor gNB to Indoor UE.
Connecting Indoor gNB to Outdoor UE is allowed in NetSim.

Based on gNBs/UEs placed inside or outside of the buildings NetSim automatically
chooses the indoor/outdoor propagation models during simulation.

e Configure an application as follows:

— Click any application from the Set Traffic tab from the top ribbon.
— Specify the source and destination devices in the network.

— Specify other parameters as per the user requirement.
e Set the properties of UPF, AMF, SMF, gNB, UE, and other devices as follows:

— Right-click on UPF, AMF, and SMF, then click on Open Properties as a new window
and modify the interface and layer-wise properties to your requirement.

— Right-click a gNB or UE, click on Open Properties as a new window and specify the
parameters.

+ The TX Power per layer (dBm) parameter (Interface 5G RAN — Physical Layer)
is local and if you change this parameter in gNB or UE, manually update the
parameter for the other devices.

* The PDCP Header Compression, PDCP Discard Delay Timer, and PDCP Out
of Order Delivery parameters (Interface 5G RAN — DataLink Layer) are local
and if you change any of these parameters in gNB or UE, manually update the
parameter for the other devices.

— Right-click an Access Point, L2 Switch, Wireless Node or Wired Node and specify the
parameters.

* The Interface Wireless > Physical Layer and Interface Wireless > DatalLink Layer
parameters are local and if you change any of these parameters in Access Point
or Wireless Node, manually update the parameter for the other devices.

3 Model Features

3.1 The 5G Frame Structure

In 5G-NR the physical time and frequency resources correspond to OFDM symbols (time) and
subcarriers (frequency) respectively. The physical radio resources in each frame (or subframes)
can be considered as a resource grid made up of OFDM subcarriers in the frequency domain,
and OFDM symbols in the time domain. The smallest physical resource, known as the resource
element (RE), comprises one subcarrier (frequency) and one OFDM symbol (time).
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5G NR supports a flexible OFDM numerology to support diverse spectrum bands/types and
deployment models. The numerology, p, can take values from 0 to 4 and specifies the Subcarrier-
Spacing (SCS) as 15 x 2* kHz and a slot length of 2% ms. With p varying from 0 to 4, SCS
varies from 15 to 240 kHz. NetSim supports 4 = 0, 1, 2 for FR1 and p = 2, 3 for FR2. The

setting u = 0 corresponds to the LTE (4G) system configuration.

1 Radio Frame =10 Sub Frames =10 ms

120 kHz

1 Sub Frame =1 ms = 8 Slots

1 Sub Carrier

1 Slot = 125 ps and carries 14 OFDM symbols

Figure 3-1: NR Frame Structure when numerology p is set to 3

In the time domain (to support backwards compatibility with LTE) the frame length in 5G NR
is set to 10 ms, and each frame is composed of 10 subframes of 1 ms each. The 1 ms subframe
is then divided into one or more slots in 5G, whereas LTE had exactly two slots in a subframe.
The slot length depends on the numerology, u, and is equal to 2% ms. The number of OFDM
symbols per slot is 14 for a configuration using normal cyclic prefixes. For extended cyclic
prefixes, the number of OFDM symbols per slot is 12. See section 3.9.9.1— Numerologies, for

more information.

In the frequency domain, the number of subcarriers per physical resource block (PRB) is fixed
to 12, and the Subcarrier-Spacing (SCS) is 15 x 2# kHz.

Physical Resource Block (PRB): The PRB is the minimum unit of resource allocation in the
frequency domain, i.e., the width of a resource block, 180 kHz. It is a system-level constant. For
example, a PRB can either contain 12 subcarriers of 15 kHz each. As a formula, PRByw ;g =
12 x 15 x 2* kHz.

Resource Block (RB): It is the minimum unit of resource allocation, i.e., 1 PRB by 1 slot. Net-
Sim’s scheduler performs resource allocation every subframe (TTI, transmission time interval),
however, the granularity of resource allocation is 1 slot in time, i.e., the duration of a resource
block, and 1 PRB in frequency. One sub-carrier by one symbol is defined as a resource element.

3.2 Data Transmission Overview

e In NetSim only the DL and UL traffic channels (PDSCH and PUSCH) are modelled. The
control signals and control channels are abstracted; these abstractions are explained in
various parts of this document.
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e In TDD operation the UL and DL transmissions are separated in the time-domain over
different frames/subframes/slots/symbols and use the same carrier frequency. In FDD
operation UL and DL transmissions are separated in the frequency domain, with different
frequencies used for UL and for DL transmission.

e Higher layer packets arrive at the RLC buffer for each UE and each gNB.

e Prior to transmission, the MAC scheduler in the gNB determines the allocation of PRBs
(PHY resources) to users. In this module the Transport block size (TBS) (explained in
3.9.12) is computed using the channel quality index (CQI). The CQI is determined by the
Adaptive Modulation and Coding (AMC) function based on the SNR.

e Now, the received SNR is determined from a) large scale pathloss and shadowing calculated
per the 3GPP’s stochastic propagation models, and b) the small-scale fading which leads
to beamforming gains when using MIMO. These models provide signal attenuation as an
output. Several parameters are used in the model, including the distance between the
transmitter and the receiver. These computations are executed by each associated UE-
gNB pair, in DL and UL, at the start of simulation and again at every mobility event. In
calculating SNR, the noise power is obtained from N =k x T x B.

e Note that the SNR/CQI is not computed/fed-back using reference signals/control channels
but is computed on the data channel (PDSCH and PUSCH). Then it is assumed to be
instantaneously known to the transmitter and receiver. This assumption is known as perfect
CSIT and CSIR. With perfect CSIT the transmitter can adapt its transmission rate (MCS)
relative to the instantaneous channel state (SNR).

e Based on this SNR the AMC determines a wideband CQI which indicates the highest rate
Modulation and coding scheme (MCS), that it can reliably decode, if the entire system
bandwidth were allocated to that user. The modulation scheme defines the number of bits
that can be carried by a single RE. Modulation schemes supported by 5G include QPSK (2
bits), 16 QAM (4 bits), 64 QAM (6 bits), and 256 QAM (8 bits). The code rate defines the
proportion of bits transmitted that are useful. It is computed as the ratio of useful bits by
total bits that are transmitted. The modulation order @),,, which denotes the number of
bits per RE, and the code rate denoted by R are jointly encoded as a modulation and coding
scheme (MCS) index. These values of @, and R are then passed to the TBS determination
function.

e At each gNB a frame of length 10 ms is started. Each frame in turn starts 10 subframes, each
of length 1 ms. Each subframe then starts a certain number of slots based on numerology.

e The PHY layer in NetSim then notifies the MAC about the slot start. The MAC sub layer
in turn seeks a buffer status report from the RLC layer and invokes the MAC scheduler.
It then notifies the RLC of the transmission. The RLC then transmits the transport block
to the PHY layer. The downlink and uplink data channels (PDSCH, PUSCH) receive this
transport block as its service data unit (SDU), which is then processed and transmitted
over the radio interface.
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3.3 5G NR Stack
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Figure 3-3: Control Plane Protocol Stack
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3.4 SDAP (Specification: 37.324)

The features in NetSim SDAP are:

NAS

HLR

Ver 15.0

EPC (PGW&SGW)

Mapping between a QoS flow and a data radio bearer (DRB) per the new QoS framework

Marking QoS flow ID (QFI) in both DL and UL packets.
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5G NR New QoS Framework

Application /Service Layer >
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CN_UP

AN Resources
———— PDU session

Figure 3-4: 5G Quality of Services (QoS)

In NetSim the SDAP module’s Set Mode function maps the Application QoS Type (which can
be set in NetSim’s GUI) to RLC mode.

Table 3-1: Mapping of Application QoS to RLC mode in NetSim

Application QoS (Set in NetSim GUI) RLC Mode Priority

nrtPS, ertPS, rtPS, UGS UM Mode GBR
BE AM Mode Non-GBR

In the same function, the logical channel is also set to DTCH which is the dedicated traffic
channel. Next comes the MAC_OUT function. This function determines what the current
device is connected to i.e., if it is a UE, it finds the associated gNB, else if the current device is
a gNB it finds the associated UEs. The SDAP header is then added which contains the QFI.
Recall that the NetSim 5G NR library only supports unicast transmissions (i.e., broadcast is
not supported).

After this is the SendToNetwork function. This function is called when a packet is at MAC-IN
at the receiver. The function creates the Network Event, sets all the Event-Details and sends
the packet to the IP layer. And finally, the HandleMacIN function decides whether the packet
must be sent to another interface (if intermediate device) or sent to a network layer (if end
device). The header is stripped off.

3.4.1 5G QoS characteristics

5G Quality of Service (QoS) model is based on QoS Flows. Each QoS flow has a unique identifier
called QoS Flow Identifier (QFI). There are two types of flows: Guaranteed Bit Rate (GBR)
QoS Flows and Non-GBR QoS Flows. Every QoS flow has a QoS profile that includes QoS
parameters and QoS characteristics. Applicable parameters depend on GBR or non-GBR flow
type. QoS characteristics are standardized or dynamically configured.

The current NetSim COTS build does not implement 5G QoS. All traffic flowing is categorized as
non-GBR. A framework has been provided for users to modify the underlying code to implement
QoS flow categorization in terms of:

e Resource type (GBR, Delay critical GBR or Non-GBR);
e Priority level.

e Packet delay budget.
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e Packet error rate.

3.5 RLC (Based on specification 38.322)

NetSim RLC entity is based on 3GPP Technical specification 38.322. The RLC layer sits
between PDCP and MAC layer. The RLC has three different modes of operation: TM (Trans-
parent Mode), UM (Unacknowledged Mode) and AM (Acknowledge mode) as shown in Figure
3-5.

BCCH

PCCH DCCH
CCCH DTCH DTCH
upper layer
—--CllD ----- <_—TF> ------ %) ----- <:T|D -------- CLE»—---RLcmanm—
transmittirg receiving transmitting reming /
TMRLC antity ’mm_c-m UMRLE entity UMRLE antity Rty gNB/UE
———cfz ——————————— C*D ——————————— cfz =
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i ‘ I i i i
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| 1 ! L ! I
! I ! I I 1
| | ! -adio interface I I |
| ] | ) L ]
i [ H I i 1
| | I owerlaes | . I
! [ ! 1 ! |
L _ logcal
| i
receiing tranamitting racenng transmitting
TMRLG entity TMRLC sty UMRLG ety UMRLG srtity FLIBTED UE
———CI:) ————— «:TFD —————— CI:} ————— <:113 ———————— %————Rmd‘aw—
wper layer

Figure 3-5: RLC Modes of operation and RLC Entities

A summary of key features of these modes is as follows:

e TM: No RLC Header, Buffering at Tx only, No Segmentation/Reassembly, No feedback
(i.e., No ACK/NACK)

e UM: RLC Header, Buffering at both Tx and Rx, Segmentation/Reassembly, No feedback
(i.e., No ACK/NACK)

e AM: RLC Header, Buffering at both Tx and Rx, Segmentation/Reassembly, Feedback (i.e.,
ACK/NACK)

Each of these modes can both transmit and receive data. In TM and UM, separate entity is
used for transmission and reception, but in AM a single RLC entity performs both transmission
and reception.

NetSim implements all the 7 entities for the RLC that are shown in Figure 3-5. Note that each
of the logical channels uses a specific RLC mode:

e BCCH, PCCH, CCCH use RLC TM only.
e DCCH uses RLC AM only.

e DTCH uses RLC UM or AM. (Which mode is used for each DTCH channel, is determined
by RRC message).
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The RLC entities provide the RLC service interface to the upper PDCP layer and the MAC
service interface to the lower MAC layer. The RLC entities use the PDCP service interface
from the upper PDCP layer and the MAC service interface from the lower MAC layer.

UM stands for ‘Unacknowledged Mode’. ‘Unacknowledged Mode’ means ‘it does not require
any reception response from the other party’. ‘Reception response’ simply means ‘ACK’ or
‘NACK’ from the other party. (UM mode is similar to TM mode in that it does not require any
ACK/NACK from the other party, but it is different from TM in that it has its own header)

The RLC transmit side:

e Buffers the data and generates an RLC Header.

e Segmentation of the RLC SDU and modification of the RLC Header (Some fields in RLC
header may be changed based on the segmentation status)

e Adds RLC header.

NOTE: If you compare this in LTE process, it seems that UM RLC does not perform any
‘Concatenation’. According to the following statement from 38.322 v0.1.0, the ‘concatenation’
process is moved to MAC layer. From RAN2 NR#1: Working assumption on no RLC con-
catenation taken at RAN2#96 is confirmed (i.e., concatenation of RLC PDUS is performed in
MAC).

The RLC on the receive side:
o Buffers. Here the RLC waits for all the fragments to arrive.
e Reorders, if required
e Strips the RLC header.

e Reassembles

UE/GNB GNBUE
radio interface (Uu)
UM-RLC UM-RLC
w channel
— -
Generate KLC header . , ‘
and store in SDU reassembly
transmision buffer Trnssaitting Receiving
UM-RLC UM-RLC
entity entity
Seguentation Remove RLC header

Modify RLC header

Heception

Add RLC header buffer & HARQ
reordering

—_— O L

DTCH DICH

Figure 3-6: RLC UM working.
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NetSim GUI RLC Configurable parameters
The following timers are configured per TS 38.331 [5]:

e t-PollRetransmit: This timer is used by the transmitting side of an AM RLC entity in order
to retransmit a poll. The default value in NetSim is set to ms5 (5 milliseconds). Range is
provided in the GUI dropdown menu.

e t-Reassembly: This timer is used by the receiving side of an AM RLC entity and receiving
UM RLC entity in order to detect loss of RLC PDUs at the lower layer. If t-Reassembly
is running, t-Reassembly shall not be started additionally, i.e., only one t-Reassembly per
RLC entity is running at a given time. The default value in NetSim is set to ms5 (5
milliseconds). Range is provided in the GUI dropdown menu.

e t-StatusProhibit: This timer is used by the receiving side of an AM RLC entity in order
to prohibit transmission of a STATUS PDU. Default value in NetSim is set to ms5 (5

milliseconds). Range is provided in the GUI dropdown menu. The following parameters
are configured per TS 38.331 [5]:

e maxRetxThreshold: This parameter is used by the transmitting side of each AM RLC
entity to limit the number of retransmissions corresponding to an RLC SDU, including its
segments. Default value in NetSim is set to t1. Range is provided in the GUI dropdown
mentu.

e pollPDU: This parameter is used by the transmitting side of each AM RLC entity to trigger
a poll for every pollPDU PDUs. Default value in NetSim is set to p4(PDUs). Range is
provided in the GUI dropdown menu.

¢ pollByte: This parameter is used by the transmitting side of each AM RLC entity to trigger
a poll for every pollByte bytes. Default value in NetSim is set as kB25 (KBytes). Range
is provided in the GUI dropdown menu.

3.6 RLC-AM (Based on specification 38.322)
AM stands for ‘Acknowledge Mode’. This means an ACK/NACK is required from the receiver

unlike RLC-UM where no ACK/NACK is required from the receiver. The code for RLC-AM
mode is written in the file LTENR RLC AM.c
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Figure 3-7: RLC AM Working

The functionality of RLC-AM is:

After the RLC transmitter does the segmentation/concatenation process, it adds an RLC header
and then it creates two identical copies and transmits the one copy of the data out to lower
layer (MAC) and sends another copy to Retransmission buffer.

If the RLC gets Nack or does not get any response from the receiver for a certain period of
time, the RLC PDU in the retransmission buffer gets transmitted again. If the RLC gets ACK,
the copy of the packet in retransmission buffer is discarded.

There are four buffers maintained in RLC-AM. There is no size defined in the standard and
hence NetSim implements an infinite buffer (see LTENR RLC.h and LTENR RLCBuffer.c for
related code). There are 3 buffers for transmit operations and 1 for receive operation:

e Transmission buffer: Queues SDUs received from higher layer (PDCP)

e Transmitted buffer: Queues SDUs that have been transmitted but for which ACK/NACK
has not yet been received.

e Re-transmission Buffer: Queues RLC SDUs which are considered for retransmission. (i.e.
for which NACK has been received)

e Reception Buffer: Queues fragments of SDUs (receiver side)

The MAC sub layer then seeks a Buffer Status Report from the RLC. Here the packet is added to
the Transmission Buffer. Then based on the MAC scheduler, the MAC layer sends a notification
to RLC, which in turn sends a packet by first checking the Re Transmission Buffer followed by
the Transmission-Buffer.
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The T POLLRetransmit determines if a packet needs to be re-transmitted. If RLCAM- Ack is
not received, the packet is moved from transmitted buffer to retransmission buffer. The codes
for T POLLRetransmit are in the section #pragma region RLCAM T POLLRetransmit.

3.6.1 Transmit Operations

The transmitting side of an AM RLC entity shall prioritize transmission of RLC control PDUs
over AMD PDUs. The transmitting side of an AM RLC entity shall prioritize transmission of
AMD PDUs containing previously transmitted RLC SDUs or RLC SDU segments over transmis-
sion of AMD PDUs containing not previously transmitted RLC SDUs or RLC SDU segments.
The transmitting side of an AM RLC entity shall maintain a transmitting window according to
the state variable

TX Next Ack as follows:

e a SN falls within the transmitting window if TX Next Ack < SN < TX Next Ack + AM
Window Size;

e a SN falls outside of the transmitting window otherwise.

The transmitting side of an AM RLC entity shall not submit to lower layer any AMD PDU
whose SN falls outside of the transmitting window.

For each RLC SDU received from the upper layer, the AM RLC entity shall:

e associate a SN with the RLC SDU equal to TX Next and construct an AMD PDU by
setting the SN of the AMD PDU to TX Next;

e increment TX Next by one.

When submitting an AMD PDU that contains a segment of an RLC SDU, to lower layer, the
transmitting side of an AM RLC entity shall:

e set the SN of the AMD PDU to the SN of the corresponding RLC SDU.

The transmitting side of an AM RLC entity can receive a positive acknowledgement (confirma-
tion of successful reception by its peer AM RLC entity) for an RLC SDU by the following:

e STATUS PDU from its peer AM RLC entity.

When receiving a positive acknowledgement for an RLC SDU with SN = x, the transmitting
side of an AM RLC entity shall:
e send an indication to the upper layers of successful delivery of the RLC SDU;

e set TX Next Ack equal to the SN of the RLC SDU with the smallest SN, whose SN falls
within the range TX Next Ack < SN < TX_Next and for which a positive acknowledgment
has not been received yet.
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3.6.2 Receive Operations

The receiving side of an AM RLC entity shall maintain a receiving window according to the
state variable RX Next as follows:

e a SN falls within the receiving window if RX Next < SN < RX Next + AM Window Size;

e a SN falls outside of the receiving window otherwise.
When receiving an AMD PDU from lower layer, the receiving side of an AM RLC entity shall:

e cither discard the received AMD PDU or place it in the reception buffer.
e if the received AMD PDU was placed in the reception buffer:

e update state variables, reassemble and deliver RLC SDUs to upper layer and start/stop t-
Reassembly as needed when t-Reassembly expires, the receiving side of an AM RLC entity
shall:

e update state variables and start t-Reassembly as needed.

After submitting an AMD PDU including a poll to lower layer, the transmitting side of an AM
RLC entity shall:

e set POLL SN to the highest SN of the AMD PDU among the AMD PDUs submitted to
lower layer;

e if t-PollRetransmit is not running: start t-PollRetransmit.

e clse: restart t-PollRetransmit.

3.6.3 Actions when an RLC PDU is received from a lower layer

On receiving the AMPDU NetSim checks if

e It is within the receive window.

e The packet is not already received i.e. not a duplicate packet.

If both the conditions are true, the AMPDU is placed in the Reception Buffer and the Reassem-
bly Timer is started. If the PDU has a Poll Request then it starts constructing the StatusPDU.

3.6.4 Reception of a STATUS report

Upon reception of a STATUS report from the receiving RLC AM entity the transmitting side
of an AM RLC entity shall:

e if the STATUS report comprises a positive or negative acknowledgement for the RLC SDU
with sequence number equal to POLL SN:

e if t-PollRetransmit is running: stop and reset t-PollRetransmit.

Copyright TETCOS LLP Page 39 of 262



NetSim — 5G NR Ver 15.0

3.7 PDCP (Based on specification 38.322)

The PDCP layer receives a packet (data/control) from the upper layer, executes the PDCP
functions and then transmits it to a lower layer.

PDCP Entity: The PDCP entities are located in the PDCP sublayer. NetSim currently imple-
ments one PDCP entity per UE (users can add more by modifying the code). The same PDCP
entity is associated with both the control and the user plane.

The PDCP functionality supported in NetSim is:

e Transmit PDCP SDU

— Sets the PDCP Sequence Number
— Adds RLC Header.

— Calls RLC service primitive.
e PDCP Association

— This call back function is invoked when the UE associates/dissociates from a gNB.
e Maintenance of PDCP sequence numbers (to know more check the PDCP entity structure)
e Discard Timer:

— When the discardTimer expires for a PDCP SDU, or the successful delivery of a PDCP
SDU is confirmed by PDCP status report, the transmitting PDCP entity shall discard
the PDCP SDU along with the corresponding PDCP Data PDU.

— Discarding a PDCP SDU already associated with a PDCP SN causes a SN gap in
the transmitted PDCP Data PDUs, which increases PDCP reordering delay in the
receiving PDCP entity.

e Transmission Buffer (size is assumed to be infinite): This is where PDCP SDUs are stored
before being sent down to a lower layer.

3.8 MAC Layer
3.8.1 Overview
NetSim 5G NR MAC implements the following features:

e Multiplexing/de-multiplexing of MAC SDUs into/from transport blocks for DL-SCH and
UL-SCH data transfer.

e Buffer status reporting.

o MAC Scheduler.

3.8.2 MAC Scheduler: Introduction
Base stations (gNBs) generally deal with multiple mobile stations UEs, some of which require

larger bandwidths than others and some of which have better connections (signal quality) than
others. In ideal circumstances the base station has plenty of resources (e.g., bandwidth) and
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each UE gets the resources it needs. However, usually resources are limited, and the base station
needs some way of fairly allocating the resources between the UEs.

Consider the downlink of a single gNB 5G cellular system. Several UEs are receiving data from
ongoing transfers, for example, TCP controlled file downloads. Assuming that the bottleneck on
the transfer path for these connections is this gNB to UE wireless access, the downlink per-UE
queues in the gNB will be nonempty. At the beginning of each downlink slot (TTI) the gNB
scheduler has to decide which of the UEs’ waiting data to transmit in that slot.

At each gNB the MAC scheduler decides the PRB allocation, per carrier, per TTI (slot), in
the PDSCH (DL) and in the PUSCH (UL). Control packets such as the buffer status report
(BSR) and UL assignment, are assumed to be sent out of band. The resources for transmission
of these control packets are part of Overhead as defined in 3.9.21.

3.8.3 Round Robin Scheduler

It divides the available PRBs among the active flows, i.e., those logical channels which have a
non-empty RLC queue. The MCS for each user is calculated according to the received CQls.

3.8.4 Proportional Fair Scheduler

For data transfers, an important performance measure is long term throughput in bits/second,
say, T;, 1 < i < n, where n is the number of UEs. One approach to designing a scheduler is
to evaluate the goodness of the throughput vector (71,---,7),) by a network utility, which is
the sum of individual user utilities. The utility (or, usefulness) of a throughput 7', to a user,
increases with increasing throughput, but for large throughputs, increasing throughput further
gives diminishing increase in usefulness. This property is modeled as a nondecreasing concave
function of throughput. A common measure of utility is the log function, i.e., for the throughput
vector (T1,---,T),), the utility of throughput 7; to user i is measured as In(7;). The network
utility is, then, given as

> n(T) @

A Proportional Fair (PF) scheduler works by scheduling users in slots so that the utility of
their long-term throughputs is maximized. In the 5G setting, the scheduling decisions at the
beginning of a TTI are based on the physical rates that each UE can get in each Resource
Block (RB). If we are given statistical models of these rates, then a nonlinear optimization
problem can be formulated and solved to obtain the schedule. This is not a practical approach,
however, and a learning algorithm is desired, which, based on slot-by-slot CSI measurements,
takes scheduling decisions, which lead to PF optimal throughputs.

The Proportional Fair Scheduler is such a learning scheduler, that uses the throughputs that
users are expected to get in the next slot, and the average throughputs they have each obtained
up to this slot, to decide which UEs to schedule in the next slot. The practical PF scheme,
described below, is based on information such as a presently available data rate for each user
in each RB in the next slot (obtained by CSI measurements), and an average data rate over an
immediately prior predetermined interval for each user.
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3.8.4.1 Implementation

Since NetSim uses a flat fading model, in each slot, each UE achieves the same MCS in every
RB in that slot. In other words, different UEs achieve, possibly, different MCSs, but a single
UE has the same MCS across all RBs in a slot. Under this assumption, it is optimal to schedule
the same UE in every RB in that slot. Since the channel condition can stochastically vary from
slot to slot, the MCSs that the UEs achieve will vary from slot to slot. Under this assumption,
the following algorithm is Proportional Fair optimal.

Let 4, j denote generic users and let ¢ be the slot index. A resource block index k is not required
given the flat fading assumption. Let M;(t) be the MCS seen by user i at time (slot) ¢. The
channel CQI (derived from the data channel SINR) is used by the adaptive modulation and
coding (AMC) module to determine the MCS. We denote by S(M, B) the TB size in bits for
a given MCS, M, and a given number of physical resource blocks (PRBs), B. The achievable
rate R;(t) in bit/s for user 7 in slot ¢ is defined as

R (t) = —~——2~/ (2)

where 7 is the TTI, i.e., 1 slot duration. At the start of each slot ¢, the user index i* (t) —
selected by the scheduler — to which required PRBs (per that user’s demand) is assigned at
time ¢ is determined as

e R;(t)
() = g (705 ) ®

This selection is carried out by the scheduler till all PRBs in slot ¢ are allocated. In the above
expression, T} (t) is the past throughput performance perceived by the user j, and is defined as

730 = (1- 1) Tt~ )+ S50 (@)

«

where « is the time constant (in units of slots) of the exponential moving average. NetSim uses
a = 50, and T} (t) is the actual throughput achieved by user j in the subframe ¢. If B;(t) is the
number of PRBs allocated to user j, we finally get

Ty () = =2 ' (5)

The value of o can be changed by the user by editing the NetSim’s source code; it cannot be
changed via the GUIL. The PF scheduler thus selects a user having the maximum among values
obtained by dividing a present possible data rate by an average data rate during a predetermined
interval at every scheduling time point.

3.8.4.2 Remarks

When there is no channel variation, i.e., each UE achieves the same MCS in every RB in every
slot, then the throughput of the PF scheduler equals that of the round robin scheduler.

The difference between the RR and PF schedulers can be seen when the radio channel varies
stochastically over the slots.

Mobility cases: NetSim pathloss computations do not follow continuous math since it will mean
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a potentially infinite number of calculations. These PL calculations are discrete time instants
i.e., every time a UE moves with the UE movement update determined per the update interval
parameter in the Ul or via a mobility file. Let us denote the time difference between updates
as AT. The UE is assumed to instantaneously move to a point Pr at time T and stay there till
just before time (7T'+ AT'). At the moment, (7' + AT'), the UE instantaneously moves to point
Priap. Pathloss is computed at (P, T') and then at (Ppryap, T + AT). Therefore, (and again)
differences between the RR and PF scheduler will be appreciable only if the update interval is
of the order of milliseconds.

3.8.5 Max Throughput Scheduler

The Max Throughput (MT) scheduler aims to maximize the overall throughput of the Base
station (gNB or eNB). It allocates each PRB to the user that can achieve the maximum achiev-
able rate in the current TTI. The highest achievable rate is calculated by wideband MCS, that
is derived from the CQI which in-turn is computed from the SINR. The scheduler allocates the
required PRBs to this UE in the current TTI (slot). The calculation of achievable rate is similar
to what is explained in the PF scheduler.

We denote S(M, B) as the TB size in bits for a given MCS, M, and a given number of physical
resource blocks (PRBs), B. The achievable rate R;(t) in bit/s for user i at slot ¢ is defined as

(6)

where 7 is the TTI i.e., 1 slot duration. At the start of each slot ¢, the user index i* (t) —
selected by the scheduler — to which required PRBs (per that user’s demand) is assigned at
time ¢ is determined as

i* (t) = argmax (R; (1)) (7)
j=1,...N

While MT can maximize cell throughput, it cannot provide fairness to the UEs that experience
poor channel condition.

When there are several UEs having the same achievable rate, NetSim implements RR scheduling
amongst these UEs that have the same achievable rate.

3.8.6 Special cases

e Carrier aggregation case: the scheduler runs on a per carrier basis.
— PF Scheduler: ’fj(t) is computed and maintained independently for each carrier.

e NSA mode: Traffic is split between 4G and 5G (eNB and gNB) above the MAC. The
scheduler runs independently on the eNB and gNB.

e Association and Handover: PF Scheduler: At time of association or handover, say t,,
NetSim sets Tj (t,) =1

e Application priorities and heterogenous traffic: In 5G, the types of QoS are

— GBR, which is transmitted in RLC UM mode. In NetSim, Applications which have a
UGS priority set are transmitted in UM mode.
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— Non-GBR, which is transmitted in RLC AM mode. In NetSim, Applications which
do not have a UGS priority set are transmitted in AM mode.

— Control channel traffic, which is transmitted in RLC TM mode. NetSim assumes ideal
control plane behaviour and doesn’t model these transmissions.

e The MAC scheduler allocates resources on a combined (UM plus AM) RLC requirement.
Once UE wise allocation is complete, RLC would first transmit the UM mode traffic followed
by the AM mode traffic, to that UE. And so on for all UEs.

3.8.7 Active Queue Management (AQM)

3.8.7.1 Overview

Active Queue Management (AQM) controls how packets are admitted to or dropped from the
RLC transmission queues at the gNB before MAC scheduling takes place. Without AQM,
queues can grow unchecked, leading to persistent bufferbloat and increased end-to-end latency.
AQM mitigates this by proactively dropping or limiting packets before the queue overflows,
providing earlier congestion feedback to the transport layer.

In NetSim, AQM is applied to user-plane traffic (Dedicated Traffic Channel, DTCH) only.
Control and signalling traffic bypasses AQM and is always admitted to the queue.

3.8.7.2 Supported Algorithms

NetSim supports three queueing disciplines, selectable via the TYPE parameter:

1. Drop Tail — A simple FIFO queue with a hard buffer limit. Packets are accepted until the
queue reaches the configured limit; all subsequent arrivals are dropped. Drop Tail provides
no early congestion signalling and can lead to lock-out and global synchronisation effects
with TCP traffic.

2. RED (Random Early Detection) — Maintains an exponentially weighted moving av-
erage (EWMA) of the queue size and uses it to make probabilistic drop decisions. The
EWMA is updated on each packet arrival as follows:

q < q + wq (QCurrent - Q) (8)

where ¢ is the average queue size, Geurrent is the instantaneous queue size, and wy is a
small weight (default 0.0002) that controls how quickly the average responds to queue
fluctuations.

The drop decision follows three regions:

e If § < min_th: the packet is accepted.

e If minth < ¢ < max_th: the packet is dropped with a probability that increases
linearly from 0 to max_p as § moves from min_th to max_th.

e If § > max_th: all arriving packets are dropped.

By dropping packets before the queue is actually full, RED allows TCP senders to reduce
their sending rate early, reducing average queuing delay.

3. WRED (Weighted RED) — Extends RED with per-priority-class thresholds. Four
traffic classes are supported: Low, Normal, Medium, and High. Each class has its own

Copyright TETCOS LLP Page 44 of 262



NetSim — 5G NR

Ver 15.0

min_th, max_th, and max_p. All classes share a single EWMA queue average, but the
drop decision is evaluated against the thresholds of the arriving packet’s priority class.
This allows lower-priority traffic to be dropped more aggressively during congestion while
higher-priority traffic is protected.

3.8.7.3 Configuration

AQM is configured in the gNB properties. Table 3-2 lists the available parameters.

Table 3-2: AQM configuration parameters.

Parameter Applies to Default Description

ENABLE All false Enable or disable AQM

TYPE All DROP_TAIL  Algorithm: DROP_TAIL, RED, or
WRED

QUEUE_LIMIT All 0 (unlimited) Hard buffer limit in MB; 0 means un-
limited

WwWQ RED, WRED 0.0002 EWMA weight for average queue com-
putation

MIN_TH RED 4.0MB Minimum threshold for early dropping

MAX_TH RED 7.0MB Maximum threshold; all packets
dropped above this

MAX_P RED 0.05 Maximum drop probability at
MAX_TH

LOW_MIN_TH WRED 4.0MB Minimum threshold for Low priority
class

NORMAL_MIN_TH WRED 4.5MB Minimum threshold for Normal prior-
ity class

MEDIUM_MIN_TH WRED 5.0MB Minimum threshold for Medium prior-
ity class

HIGH_MIN_TH WRED 5.5MB Minimum threshold for High priority
class

LOW_MAX.TH ... HIGH.MAX_-TH WRED 7.0MB Maximum thresholds (per class)

LOW_MAX_P ... HIGH.MAX_P WRED 0.05 Maximum drop probabilities (per

class)

3.8.7.4 AQM Metrics and Log

When AQM is enabled, per-interface metrics reported at the end of the simulation include the
number of packets dropped by AQM, the number dropped by buffer overflow, and the average
queue size. A detailed queue log file (CSV) is also written, recording per-packet enqueue and
dequeue events, instantaneous and EWMA queue sizes, and drop reasons.

3.8.8 Log File

The resource allocation and the rank, i.e., (T, (:)) computations are logged in the Radio Re-
J
source Allocation csv file.
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gNB ID ] ] UE ID
. NEID - | CCID [v|SIotID |~ Stot | v |Total PRBs|~ Slot Start Time{ms) -  Slot End Time(ms) v |UE ID || BitsPerPRB|~ | BuferFill(B) |-T Altocated PRBs |~ |Rank |~  Past (PF)[~ .
Carrier ID ) n 273 10005 1001 1 132 75250 2/ 432 Bits per PRB
) 273 10005 1001 10 368 75250 0 388
Slot ID 273 1000.5 1001 12 24 75250 0 208 Allocated PRBs
213 1001 10015 1 132 137846 28 43:
Total PRBs 273 1001 10015 10 368 150500 0 368

273 1001 1001.5 12 224 150500 0 224
273 10015 1002 1 432 200442 234 432
273 10015 1002 10 368 225750 0 388
273 10015 1002 12 224 295750 0 224
273 1002 1002.5 11 432 263038 234 432
273 1002 1002.5 10 368 301000 0 368

©oooooooo oo
cococecsecnesos

Figure 3-8: Radio resource allocation log file showing allocation per carrier per slot between each gNB
and its associated UFEs.

3.9 PHY Layer

3.9.1 Overview of the PHY implementation

NetSim is a packet level simulator for simulating the performance of end-to-end applications
over various packet transport technologies. NetSim can scale to simulating networks with 100s
of end-systems, routers, switches, etc. NetSim provides estimates of the statistics of application-
level performance metrics such as throughput, delay, packet-loss, and statistics of network-level
processes such as buffer occupancy, collision probabilities, etc.

To achieve a scalable simulation that can execute in reasonable time on desktop level computers,
in all networking technologies the details of the physical layer techniques have been abstracted
up to the point that bit-error probabilities can be obtained from which packet error probabilities
are obtained.

Of all the wireless access technologies implemented in NetSim, the most sophisticated is 5G NR,
in which the physical layer utilizes a variety of techniques that go well beyond even 4G LTE.
These include multiple subcarrier bandwidths in the same system, slot lengths that depend on
the subcarrier bandwidth, flexible time-division duplexing, a wide range of constellation sizes
and coding rates, multiuser MIMO-OFDM, etc. Particularly with regard to MIMO-OFDM,
with the attendant channel estimation (the errors therein), and the complexities of signal pro-
cessing, NetSim has taken the design decision to replace these by idealized, symbol level models,
where the statistics of the effective stochastic channel gains, and the statistics of the effective
stochastic noise and interference are modelled in an idealized setting. Such models then permit
the calculation of the required bit error rates, and thereby code block error rates, etc.

Overview of the 5G NR PHY:

e 5G NR utilizes an implementation of OFDMA, with several different carrier bandwidths,
and a wide range of modulation and coding schemes.

e Users would be sharing the same RF bandwidth but would be using different modulation
schemes and thus obtaining different bit rates. As the devices involved in the communica-
tion move around, the radio channel between them also keeps changing.

e The received SNR is determined from pathloss calculated per the 3GPP’s stochastic prop-
agation models. The models provide signal attenuation as an output. Several parameters
are used in the model, including the distance between the transmitter and the receiver.

e A CQI is computed for all the symbols in one TB, based on the SNR calculated on the data
channels (DL and UL). The SNR calculation is done at the start of the simulation, then
every UE measurement interval and at every instant a UE moves. In calculating SNR, the
noise power is obtained from N =k x T x B.
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e Based on the SNR, the Adaptive Modulation and Coding (AMC) functionality determines
the values of @), the modulation order, and R, the code rate, in the TBS formula. The SNR
is computed on a per UE level for UL and DL.

e The transport block size in NetSim is as per the MAC procedure for TBS determination
standardized in TS 38.214 Section 5.1.3.2 (DL) and 6.1.4.2 (UL).

e An approximate estimate of the TBS per carrier is:

ninfo =R X 10g2(Q) XV X ngz X nsymbol X NPRB X (1 - OH) (9)

Where R is the code rate, @ is the modulation order, v is the number of MIMO layers, n’? is

C
the number of subcarriers per resource block, ngympe is the number of symbols per slot, Nprp

is the number of PRBs and OH is the overheads specified in the standard.

e The available PHY resource is shared dynamically between the users, with the resource
allocation being dynamically adjusted per user demands and channel conditions. The
MAC Scheduler determines the data (how much to and from, which UE and gNB) that is
to be transmitted, from the higher layer RLC buffer, in units of Physical Resource Blocks
(PRBs). It is transmitted at a rate determined using R, code rate and ), modulation order
of the UE — gNB channel.

3.9.2 Transmit power, Total Radiated power and EIRP
According to 3GPP standard 38.901 section 7.8, and common simulation practice, the Transmit

Power parameter in a NetSim gNB or eNB is the power of a single transmitter (antenna port).
The default value is 40 dBm.

In contrast, vendor datasheets usually specify the total combined power of the radio unit, which
may contain multiple transmitters. The relationship is

TRP (dBm) = Per Transmitter Power (dBm) + 10log,(NTXU) (10)

where TRP is the Total Radiated Power and NT XU is the Number of Transmitters.

Example: If a user configures the antenna counts as 32 transmit and 32 receive (32T32R),
then

TRP = 40 + 10log,((32) = 55.05 (dBm) ~ 320 W (11)

EIRP (Effective Isotropic Radiated Power) is the radiated power in the most favorable direction.
It includes antenna gain.

EIRP (dBm) = Total Conducted Power (dBm) + Antenna Gain (dB7) (12)

If 3 dB loss is assumed between conducted and radiated power,

Total Conducted power = 55.05 4+ 3 = 58.05 dBm (13)

And if the maximum antenna gain was 25 dBi, we have
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ETRP = 58.05 + 25 = 83.05 dBm (14)

Finally, if the bandwidth was set to 100 MHz, then the EIRP density would be

EIRP Density = 83.05 — 101log;(100) = 63.05 (dBm/MH z) (15)

3.9.3 MIMO and Beamforming

e For a transmitter (gNB or eNB) with ¢ antennas and a receiver with r antennas, the r x ¢
channel gain matrix (between every transmit-receive antenna pair) has complex Gaussian
elements. We assume in the standard model that the complex Gaussian elements are statis-
tically independent across elements, and each element is a circularly symmetric Gaussian.
We denote this matrix by H.

e For the channel matrix H being defined as above, the Wishart Matrix is defined as follows:

W =HH'" r<t,
W=H'H r>t

Therefore, letting m = min(r,t), W is an m X m nonnegative definite matrix, with eigenvalues
AM>A>A3>-- 2> AL >0=Apy1 =+ = A\p. It is these eigenvalues that are used in the
parallel SISO models described below.

e NetSim permits the user to enable or disable a stochastic fading model. Fading is modelled
by the elements of H being time varying, with some coherence time. Such time variation
results in the eigenvalues of W also varying. NetSim models such time variation by letting
the user define a coherence time during which the eigenvalues (fast fading gains) are kept
fixed. For each (r,t) value, NetSim maintains a list of samples of eigenvalues for the
corresponding Wishart matrix. To model fading, a new set of eigenvalues is used by NetSim
in successive coherence times.

¢ Putting the above discussions together, if fast fading with eigen-beamforming is enabled in
NetSim’s GUI, then the MIMO link is modelled by several SISO channels (see below), with
the symbol level channel gain being derived from the eigenvalues of the Wishart matrix.

BeamFormingGain (dB) = 10log;(EigenValue) (16)

e [t must be noted that the eigenvectors are not required as they are only a part of the
receive and transmit signal processing, and NetSim only needs to work with the equivalent
symbol-by-symbol flat fading SISO channels.

e [f fast fading is disabled, NetSim reduces the MIMO transmission to a set of parallel,
independent channels with constant gain, since the Beamforming gain does not change
with time.

e Note that the LOS probability parameter in NetSim is solely used to compute the large
scale pathloss per the 3GPP 38.901 standard. This parameter is not used in the channel
rank (MIMO layers) computations.
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Table 3-3: Determination of (i) No. of MIMO layers and (ii) Gains in each layer using Fading and
Beamforming parameters.

Fading and No. of MIMO Beamforming Gain (per layer) and

Beamforming layers Model

No Fading MIMO unit — min(N¢, N,;) Unity (0 dB). A theoretical model useful

gain for benchmarking.

No fading MIMO array — min(N¢, N,.) Max (N¢, N;). Assumes Matched Filter

gain Precoding (MFP) and Maximal Ratio
Combining (MRC)

Rayleigh with Eigen min(Ng, N,.) Eigenvalues of the Wishart Matrix.

beamforming Assumes MFP and MRC

Rician with Eigen min (N, Ny) Eigenvalues of HH* (Rician channel

beamforming covariance matrix). Assumes MFP and
MRC.

3.9.4 Type-1 Codebook (per TS 38.214)
This section explains the implementation of Typel CSI feedback-based precoding codebooks as
defined in 3GPP LTE/NR (TS 38.214) for MIMO beamforming systems.
The implementation is generic and supports:
Different antenna geometries (N7 x N3). Single rectangular array of antenna ports with:
Ni: Number of antenna elements in horizontal direction
Ny: Number of antenna elements in vertical direction
Multiple oversampling factors (O1, O2)
O1: Horizontal oversampling factor
O»: Vertical oversampling factor
1 to 8 transmission layers
Total antenna ports:
Posi—rs = 2 x N1 x Na (17)
The factor 2 represents dual polarization.
Algorithm:

Step 1: A random MIMO channel matrix H € CV*M is generated (Rayleigh fading) between
the UE and the gNB.

Step 2: Perform Singular Value Decomposition (SVD) of H to calculate Rank:

H=U.x.v# (18)
For each layer L:
o W=V[,: L]

e [ giving maximum rate is selected as the Rank.

Where:
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P: power of gNB multiplied by the path loss between gNB and UE
L: number of layers (Rank)

B: system bandwidth

H: channel matrix

e W: precoding matrix

e Nj: noise spectral density

e [: Interference

Step 3: For the selected rank, construct all candidate precoding matrices (W) from the Type-1
codebook (as defined in 3GPP TS 38.214, Sec. 5.2.2.2.1).

Select the Precoder with maximum Frobenius norm Fj:

F=|H-Wlr (19)

Step 4: To reduce search time, we have adopted a new search pattern:

Coarse phase: Compute Frobenius norm for every 4th codebook entry to find a coarse best
index.

Fine phase: Perform an exhaustive search within +8 entries around this coarse index to locate
the optimal precoder.

Step 5: After testing all codebook entries, the UE selects the precoder and calculates eigen-
values.

Step 6: Record the layer wise SINR and Beamforming Gains in LTENR_Radio_Measurements_Log.csv.
Codebook Generation:

Each rank corresponds to a structured precoder matrix built from ¢n, Op, tm; V(1m), Om as
specified in Tables 5.2.2.2.1-5 through 5.2.2.2.1-12.

©n, 0p: Phase rotation terms, used to create different phase-shifted versions of the same beam.

jmn

Yn=¢€2 (20)

Op=e1 (21)

m: It is a steering vector in the vertical direction:

j2wrm j2mm(Ng—1)
Hm = [1 eJO2N2 ... € 0N } (22)
V(1,m)> V,m: Combines horizontal and vertical (from fi,,) steering into a 2D beam.
j2ml 32rl(Ny = 1) T
V(im) = [Mm eOtM iy, ... e O1M Hm} (23)
- janl Jaml(Ny /2—1) r
Vi,m = [,um eorN -y, ... e 91N ,um} (24)

Each precoder is identified by indices i11,%12,713,%2. The ranges of these indices depend on
Nl,NQ,Ol,OQ and Rank L.

N1, No: Number of antennas in the horizontal and vertical direction of the panel.
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01, O2: Oversampling factor in horizontal and vertical direction. They increase the resolution
of the beam grid in the horizontal (O;) and vertical (O3) directions.

Example: If the horizontal dimension has Ni = 4 antenna elements, we will normally get 4
discrete beams. With O; = 2 oversampling, the grid is refined, and we now get 4 x 2 = 8
candidate beams in the horizontal direction, allowing better coverage of possible beam angles.

The code loops over all valid index combinations, generating all possible candidate precoders.

3.9.5 MIMO (Digital) Beamforming Assumptions in NetSim
NetSim makes the following assumptions to simplify MIMO operations for a packet-simulator:

e Operation in spatial multiplexing mode only and not in transmit diversity mode.

e The LayerCount = min(Ng, N,) where N; is the number of transmit antennas and N, is
equal to the number of receive antennas.

e The rank of the channel is assumed to be equal to the layer count. NetSim doesn’t perform
any Rank indicator (RI) computations.

e Each layer is reduced to a flat fading SISO channel, i.e., for layer j,1 < j < LayerCount,

Yj = VAT +wj (25)

e where, x; is the symbol transmitted, A; is the corresponding eigenvalue of the Wishart
matrix obtained as in the previous section, w; is circular symmetric complex Gaussian
noise, and y; is the complex valued baseband received symbol.

e Since the distance between the transmitter and receiver is much larger than the antenna
spacings, a common pathloss is assumed for every layer. The pathloss is modelled, as usual,
using distance dependent pathloss (power law), log normal shadowing, and a statistical
model for fast fading (e.g., Rayleigh fading).

e Then, given the transmit power in the symbol x;, the layer SNR can be obtained directly
from the flat fading SISO equivalent model displayed above.

e [t is assumed that the transmit power is equally split between all Layers transmitted. At
a high SNR, (iterative) water-filling will lead to nearly equal power allocation across all
subcarriers and all layers.

e The transmit power (or total radiated power) is not split equally among the antennas.
The per-antenna power depends on the beamforming vector used. For example, if the
(eigenvalue) beamforming vector is [1,0]7 in the 2-antenna case, all the power is radiated

. . 1 1
out of the first antenna. If it is [\ﬁ’ 7

antennas ... and so on. NetSim abstracts out the actual beamforming operation and
computes the received SINR when the beamforming vectors are used.

T
} , then the power is split equally among the

e Downlink parallel transmission to multiple users is enabled by utilising multiple parallel
resource blocks. Within each resource block, all MIMO layers are transmitted to the same

UE.

e UEs receive no interference from other gNBs, and a gNB does not receive interference from
UEs connected to any other gNB.
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e Error free channel: This arises due to the practical fact that the adaptive MCS algorithm
chooses the modulation order and coding scheme based on the SNR, in such a way that
the data is decoded successfully at the receiver with a very high probability.

e The MAC scheduler will assign the subcarriers to the UEs. If required, all available sub-
carriers can also be assigned to a single UE.

e The channel is flat across the bandwidth per user. Modelling frequency selective fading
within each user has been avoided to reduce computation time; NetSim already chooses a
different fading gain every coherence time. Hence further averaging over frequency is not
modelled. Note that the scheduler does not allot RBs based on CQI feedback and hence
modelling frequency selectivity is not necessary.
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Figure 3-9: An example NetSim output showing SINR vs. time for each MIMO layer, as the UE mowves
away from the gNB. The beamforming gain is recalculated every coherence time.

In summary, NetSim models the effect of eigen-beamforming in MIMO systems via the eigen-
values of the gram matrix formed using (random) channel instantiations. These eigenvalues are
used to compute layer-wise SNRs and the corresponding CQI. The CQI values are used by a
scheduler to fix the TBS parameters, and this in turn determines the throughput.

NetSim’s power lies in its ability to incorporate the impact of link-level factors (such as beam-
forming) on the network-level performance with high precision and computational efficiency.
This, in turn, allows the simulator to scale to 10s of gNBs and 100s of UEs, and yet return
performance results in a short time.

3.9.6 Analog beamforming in the SSB

e In Analog beamforming, multiple antennas are used to concentrate the radiated power
towards a particular direction (e.g., a part of a sector), thus improving the received SINR
and the probability of detecting the SSB from the gNB (at a UE.)

e Analog beamforming and digital beamforming are different as shown in Table 3-4.
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Table 3-4: Difference between Analog and digital beamforming

Analog Beamforming Digital Beamforming
Benefit Array gain Spatial Multiplexing/Diversity
Principle Use the antennas to steer the Transmit and receive coding to
main lobe towards the users in a  create parallel channels. Eigen
particular area (e.g., a sector, vector based. Channel dependent

and e.g., using a phased array).
Directional (Spatial). Channel
independent
Use Case mmWave, Short range, LOS Low and Mid Band, Medium and
long ranges, NLOS

e In NetSim, downlink Analog beamforming is implemented only in the control plane, i.e.,
broadcast beams for the SS/PBCH channel. If Analog beamforming is enabled in the UI
then it will be used in signal strength calculations for purposes of Initial access (association)
and Handovers.

e The Analog beamforming gain computed is a wideband estimate.

e A certain fraction of the (time-frequency) resources is deducted for control plane operations,
when computing available resources in the PDSCH. This fraction is termed as overheads
(OH) and the fractions are different for DL, UL and for FR1, FR2 as explained in section
3.9. Analog beamforming measurements are assumed to be part of this overhead.

e The Initial access and handover decisions are based on received SSB SNR, defined as

RxSignalLevel (dB) + AnalogBFGain (dB)

SNR =
N()XW

(26)

where Ny is the noise spectral density and W is the channel bandwidth. Recall, that rate (MCS
selection) is based on PDSCH SINR.

e Given the directional beamforming and the periodic transmission bursts we assume that
SSB interference from other gNBs is NIL. The probability of two SSB (directional) beams
from two gNBs arriving at the same time at a UE is low. Even if this were to occur then
both beams would be impacted almost equally by interference and the relative impact is
negligible. This stems from the fact that UEs would see nearly equal powers from each
gNB when H/O is occurring. Hence SNR is used.

e In the above formula:

RxSignalLevel = gNBTxPower + PathGain + ShadowFading (27)

e The gNBTxPower is the transmit power in the SSB. This is different from the per-layer
transmit power that NetSim uses in PDSCH transmissions. The SSB power is set equal to
the total power across all layers in the data channel (PDSCH).
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e NetSim does not (currently) implement Analog beamforming in the PDSCH or in the
PUSCH. Digital beamforming can be enabled in the PDSCH/PUSCH as explained in sec-
tion 3.9.

¢ Analog beamforming is supported both in 5G (gNBs) as well as 4G (eNBs).

3.9.6.1 Assumptions

The UE’s optimal receive beam is perfectly aligned to the gNB’s optimal transmit beam. As
shown in the figure below, UE needs to measure RSRP based on the selected best SSB from
serving cell and neighbouring cells, respectively. In this example, NetSim assumes beam 3 from
s-gNB and beam 1 from neighbor gNB is perfectly aligned with the UE’s receive beams.

Serving cell —

= ——— | 4
\ . / Neighboring cell

Figure 3-10: UFE Measuring RSRP using Beamforming

Based on the above, NetSim computes an upper bound on the average Analog beamforming
gain (dB) as 10log;o(N¢ x N;.). Here Ny is the transmit antenna count at the gNBs and N, is
the receive antenna count at the UE.

The beam selection and alignment are assumed to occur instantaneously. There is no time
delay to account for beam-selection, SSB burst periodicity etc. Users requiring such time delays
can attempt modelling it using the Handover interruption time variable available in the gNB
properties. In any case, the beam selection/monitoring of the best beams from both serving
and neighbouring cells are assumed to be occurring in parallel with the other data processing
taking place at the UE.

3.9.6.2 Logging

There is a change in radio measurements data logging in comparison with v13.1.

e The column DL/UL is being replaced as “Channel” and will have three types of entries (i)
PDSCH (ii) PUSCH and (iii) SSB.

e PUSCH/PDSCH transmit/receive powers will continue to be logged on a per MIMO layer
basis.

e The SSB is transmitted/received as a single stream using all Tx/Rx antennas. Hence this
will have a single value for Tx-power (equal to the gNB Tx-power set in UI), for Rx-power
and for AnalogBFGain.
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3.9.7 Rank Estimation

The channel rank determines the number of parallel data streams (layers) that can be trans-
mitted between the base station (BS) and user equipment (UE) in a MIMO system. This value
is influenced by the propagation environment, channel model and the beamforming technique
used.

The table below shows the rank algorithms supported when different fading and beamforming
models are used.

Table 3-5: Rank algorithms with respect to Fading models.

Fading BeamformingRank Algorithm(s) Supported
Model

No Fading Unit Gain Max Rank, Min (IV¢, V)
No Fading Array Gain ~ Max Rank, Min (N, N;)

Rayleigh Eigen Max Rank, Min (V¢ N,.), Max
Rate

Rician Eigen Max Rank, Min (N¢, N;), Max
Rate

Rayleigh Type-1 BF Max Rate

Rician Type-1 BF Max Rate

The Max Rate Algorithm

In this case, each UE sees a channel matrix H of dimensions N, x IN; representing the channel
from the BS to the UE. The optimal number of layers is selected by solving:

“ SINR
1§m§$${NT,Nt} (; log <1 v m >> (28)

where the SINR for the ¢-th layer is computed as:

P.j3-0?

INR=—"""_
S R NOB+I

Where:

P: Tx power of BS (gNB)

B: path loss between BS and U Fj,
o: i-th largest singular value of Hy,
N,: noise spectral density

B: system bandwidth

I: Out-of-cell Interference

3.9.7.1 Logging of the Channel Rank

The channel rank selected by the system is logged for each transmission instance in the file
LTENR_Radio_Measurements_Log.csv, under the column titled “Rank”.
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3.9.8 Fast fading

For a transmitter (gNB or eNB) with ¢ antennas and a receiver with r antennas, the N, x IV
channel gain matrix (between every transmit-receive antenna pair) on a given subcarrier has
complex Gaussian elements. We assume in the standard model that the complex Gaussian
elements are statistically independent across elements (which is the case the antennas are spread
sufficiently far apart, e.g., of the order of a few wavelengths), and each element is a circularly
symmetric Gaussian. We denote this matrix by H.

In NetSim, Fast-Fading is modeled by the elements of the H-Matrix being time-varying, with
some coherence time. NetSim abstracts out the actual (digital) beamforming operation and
computes the received SINR when the beamforming vectors are used. The MIMO link is mod-
elled by parallel SISO channels, and the beamforming gain/loss would be equal to Eigenvalues
of the Gram matrix of H (which would also be time-varying). This is the case when the
transmitter/receiver uses Eigen beamforming to precode/combine the signals across antennas,
respectively. In turn, it assumes the availability of channel state information at both the trans-
mitter and receiver. In the case where multiple layers are transmitted to different users, the
interference is calculated by considering its statistics, by assuming that the channels between
the base station and the different users to be independent of each other.

3.9.8.1 Rician Fading for MIMO Systems

We denote N;: Number of transmit antennas, N,: Number of receive antennas, and K: Rician
K-factor. The range of K in NetSim is 0 to 10,000 with support for two decimals. When K =0
we get Rayleigh fading and when K — oo we get a deterministic LOS channel i.e., a constant
gain channel.

NetSim applies Eigen beamforming and precoding with the number of MIMO-layers (also called
channel-rank) m = min(N¢, N,.).

NetSim creates a H matrix of size N, X N; with each element
hij = x + iy (30)

where Z’,yNN(M,0'2) Wlth/j:\/%, and o = m

Let \; be the eigen values of HH. Then the layer wise gains (in linear scale) are given by

Gains = {)\1, )\2, ceey )\min(Nt,Nr)} (31)

These gains are recorded in the columns “Beamforming Gain” in the Radio Measurements log
file.

3.9.9 Antenna: Omni and Sector

NetSim implements both Omni and sector antennas. With Omni directional antennas the gain
in all directions is 0 dB.

The sector antennas are modeled per the 2D parabolic antenna pattern given in 3GPP TR
37.840. To accurately simulate a tri-sector gNB, it is necessary to deploy three “Macro Cell
Sector Antennas,” each configured with the appropriate boresight angles to represent the three
120-degree sectors effectively. For example, the boresight angles could be set to 60°, 180°, and
300°. This configuration ensures that the antennas collectively cover a full 360° area, with each
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sector providing a 120-degree field of coverage. By adjusting the boresight angles in this manner,
the configuration can accurately reflect the directional characteristics of a tri-sector gNB.

The horizontal radiation pattern of a sector antenna is given by

2
Ag,u (p) = —min [12 < L > yAm

¥3dB

(32)

where, A, is the front to back ratio (i.e., the ratio of power gain between the front and rear of
a directional antenna). This is a user input with a default setting of 30 dB.

¢ is the angle formed between the direction of interest (i.e., the line connecting the UE to the
gNB) and the antenna’s boresight direction (azimuth angle).

p34p is the 3 dB, or half power, beam width of the antenna.

The sector antenna gain is given by the expression
Ap (9,0) = Gemar — min{—[Ap u () + Apy (0)], Am} (33)

where, Ag v (0) is currently 0 dB, and is a parameter reserved for future use to include the
vertical radiation pattern of the antenna, and

GE,maz is the maximum directional gain of the radiation element (in dB) i.e., the gain along
the antenna boresight; this is a user input and the default value is 8 dBi.

The boresight angle denotes the azimuthal direction of maximum gain, or the highest radiated
power, and is a user input. This can vary from 0 to 360 degrees. Angle in NetSim is defined
to start at 0 from the positive X-axis. If positive Y points downward, the angle increases on
clockwise rotation from the positive X-axis. If positive Y points upward, the angle increases in
an anti-clockwise direction from the positive X-axis. The unit for angle is degrees.

3.9.10 NR Frequency Bands

The definition of frequency ranges is per the table given below.

Table 3-5: NR Frequency Bands Ranges

Frequency range Designation Corresponding frequency range

FR1 FR1 410 MHz — 7125 MHz
FR2 FR2-1 24250 MHz - 52600 MHz
FR2 FR2-2 52600 MHz — 71000 MHz

3.9.10.1 NR Band - FR 1

The FR1 bands (per 3GPP TS 38.101-1 V15.5.0 (2019-03)) implemented in NetSim are those
that run:

e TDD Single Band in Duplex mode, namely n34, n38, n39, n40, n41, n50, n51, n77, n78,
n79, n259, n260, n261 and n262.

e FDD Single Band in Duplex mode, namely nl, n2, n3, n5, n7, n8, n12, n20, n25, n28, n66,
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n70, n71 and n74.

Table 3-6: NR operating bands in FR1 in NetSim

Ver 15.0

NR op- Uplink (UL) operating Downlink (DL) Duplex
erating band operating band Mode
band BS receive / UE BS transmit / UE

transmit receive

Furiow — Fur_nigh Fpriow — FDIL_high
nl 1920 MHz — 1980 MHz 2110 MHz — 2170 MHz FDD
n2 1850 MHz — 1910 MHz 1930 MHz — 1990 MHz FDD
n3 1710 MHz — 1785 MHz 1805 MHz — 1880 MHz FDD
nd 824 MHz — 859 MHz 869 MHz — 894 MHz FDD
n7 2500 MHz — 2570 MHz 2620 MHz — 2690 MHz FDD
n8 880 MHz — 915 MHz 925 MHz — 960 MHz FDD
nl2 699 MHz — 716 MHz 729 MHz — 746 MHz FDD
n20 832 MHz — 862 MHz 791 MHz — 821 MHz FDD
n25 1850 MHz — 1915 MHz 1930 MHz — 1995 MHz FDD
n28 703 MHz — 748 MHz 758 MHz — 803 MHz FDD
n34 2010 MHz — 2025 MHz 2010 MHz — 2025 MHz TDD
n38 2570 MHz — 2620 MHz 2570 MHz — 2620 MHz TDD
n39 1880 MHz — 1920 MHz 1880 MHz — 1920 MHz TDD
n40 2300 MHz — 2400 MHz 2300 MHz — 2400 MHz TDD
n4l 2496 MHz — 2690 MHz 2496 MHz — 2690 MHz TDD
nb0 1432 MHz — 1517 MHz 1432 MHz — 1517 MHz TDD
nd1 1427 MHz — 1432 MHz 1427 MHz — 1432 MHz TDD
n66 1710 MHz — 1780 MHz 2110 MHz — 2200 MHz FDD
n70 1695 MHz — 1710 MHz 1995 MHz — 2020 MHz FDD
n7l 663 MHz — 698 MHz 617 MHz — 652 MHz FDD
n74 1427 MHz — 1470 MHz 1475 MHz — 1518 MHz FDD
n77 3300 MHz — 4200 MHz 3300 MHz — 4200 MHz TDD
n78 3300 MHz — 3800 MHz 3300 MHz — 3800 MHz TDD
n79 4400 MHz — 5000 MHz 4400 MHz — 5000 MHz TDD
n259 39500 MHz — 43500 MHz 39500 MHz — 43500 MHz TDD
n260 37000 MHz — 40000 MHz 37000 MHz — 40000 MHz TDD
n261 27500 MHz — 28350 MHz 27500 MHz — 28350 MHz TDD
n262 47200 MHz — 48200 MHz 47200 MHz — 48200 MHz TDD

Maximum transmission bandwidth configuration The maximum transmission band-
width configuration Npp for each UE channel bandwidth and subcarrier spacing is specified

below.
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Table 3-7: Mazimum transmission bandwidth configuration Nrp

SCS 5 10 15 20 25 30 40 50 60 80 90 100
(kHz) MHz MHz MHz MHz MHz MHz MHz MHz MHz MHz MHz MHz
Nrp Nrp  Nrp  Nrp Nrp Nrp Nrp Nrp Ngp Nrp Nrp Ngp Nrp
15 95 52 79 106 133 160 216 270 N/A N/A N/A N/A
30 11 24 38 51 65 78 106 133 162 217 245 273
60 N/A 11 18 24 31 38 51 65 79 107 121 135

Minimum guard band and transmission bandwidth configuration The minimum
guard band for each UE channel bandwidth and SCS is specified below.

Table 3-8: Minimum guard band for each UE channel bandwidth and SCS (kHz)

SCS 5 10 15 20 25 30 40 50 60 80 90 100

15 242.5 3125 382.5 452.5 5225 5925 5525 6925 N/A N/A N/A N/A
30 505 665 645 805 785 945 905 1045 825 925 885 845
60 N/A 1010 990 1330 1310 1290 1610 1570 1530 1450 1410 1370

NOTE: The minimum guard bands have been calculated using the following equation:

(BWahannet % 1000 (kHz) — Ngp x SCS x 12) — SCS

5 (34)

where Ngrp are from Table 3-8.

The minimum guard band of receiving BS SCS 240 kHz for each UE channel bandwidth is
specified below.

Table 3-9: Minimum guard band (kHz) of SCS 240 kHz from Standards Table 5.5.5-2

SCS (kHz) 100 MHz 200 MHz 400 MHz

240 3800 7720 15560

3.9.10.2 NR Band - FR 2

The FR2 bands (per 3GPP TS 38.101-2 V15.5.0 (2019-03)) implemented in NetSim are shown
below.
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Table 3-10: NR operating bands in FR2 in NetSim

Ver 15.0

Operating Uplink (UL) Downlink (DL) Duplex

Band operating band operating band Mode
BS receive BS transmit
UE transmit UE receive

n257 26500 MHz — 29500 26500 MHz — 29500 TDD
MHz MHz

n258 24250 MHz — 27500 24250 MHz — 27500 TDD
MHz MHz

n259 39500 MHz — 43500 39500 MHz — 43500 TDD
MHz MHz

n260 37000 MHz — 40000 37000 MHz — 40000 TDD
MHz MHz

n261 27500 MHz — 28350 27500 MHz — 28350 TDD
MHz MHz

n262 47200 MHz — 48200 47200 MHz — 48200 TDD
MHz MHz

n263 57000 MHz — 71000 57000 MHz — 71000 TDD

MHz

MHz

Table 3-11: Mazimum transmission bandwidth configuration Nrp from Standards Table 5.5.2-1

SCS 50 100 200 400 800 1600 2000
(kHz) MHz MHz MHz MHz MHz MHz MHz
Nrp Nrp  Nrp Nrp Nrp Nrp Nrp Ngsp
60 66 132 264 N/A N/A N/A N/A
120 32 66 132 264 N/A N/A N/A
480  N/A  N/A N/A 66 124 248  NJ/A
960  N/A N/A N/A 33 62 124 148

Table 3-12: Minimum guard band for each UE channel bandwidth and SCS (kHz) from Standards Table

5.3.3-1
SCS 50 100 200 400 800 1600 2000
(kHz) MHz MHz MHz MHz MHz MHz MHz
60 1210 2450 4930 N/A N/A  NJA  N/A
120 1900 2420 4900 9860 N/A N/A  N/A
480  N/A  N/A  NJ/A 9680 42640 85520 N/A
960  N/A  N/A N/A 9440 42400 85280 147040

Maximum transmission bandwidth configuration

3.9.11 UE channel bandwidth

Copyright TETCOS LLP

Page 60 of 262



NetSim — 5G NR Ver 15.0

3.9.11.1 General

All UEs connected to BS (gNB) have the same channel bandwidth. This is a user settable
bandwidth available in the gNB properties. Bandwidth is a single parameter in TDD; in FDD
users can set DL bandwidth and UL bandwidth. It is currently not possible in NetSim to
configure different channel bandwidths to different UEs connected to a BS.

The above is true even in the case of carrier aggregation (CA). All component carriers (CCs)
are assigned to all UEs, and the pooled OFDM resources are shared between the UEs.

3.9.12 Frame structure and physical resources

3.9.12.1 Numerologies

Multiple OFDM numerologies are supported as given by Table 4.2-1 where u and the cyclic
prefix for a bandwidth part is obtained from the higher-layer parameter subcarrierSpacing and
cyclicPrefix, respectively.

Table 3-13: Supported transmission numerologies from Standards Table 4.2-1

p Af=15x2* (kHz) Cyclic prefix

0 15 Normal
1 30 Normal
2 60 Normal, Extended
3 120 Normal
4 240 Normal
5 480 Normal
6 960 Normal

3.9.12.2 Frames and subframes

Downlink and uplink transmissions are organized into frames with 7 = 10 ms duration, each
consisting of ten subframes of Ty = 1 ms duration. The number of consecutive OFDM symbols

. subframe,ir __ arslot subframe,u
per subframe is Nsymb = Nsymb "N .

3.9.12.3 Slots

For subcarrier spacing configuration u, slots are numbered n§ € {0,..., N subframe. _ 1} in

slot
N, ;;Z’Zme’“ —1} in increasing order within a

frame. There are IV Sszf,%b consecutive OFDM symbols in a slot where IV Sséf,’flb depends on Tables 3-

14 and 3-15. The start of slot n in a subframe is aligned in time with the start of OFDM

“ slot 3
symbol ng - N, symb 10 the same subframe.

increasing order within a subframe and n’; 5 € {0,...,

OFDM symbols in a slot can be classified as ‘downlink’; ‘flexible’, or ‘uplink’.
Signaling of slot formats is described in subclause 11.1 of [5, TS 38.213].

In a slot in a downlink frame, the UE shall assume that downlink transmissions only occur in
‘downlink’ or ‘flexible’ symbols.

In a slot in an uplink frame, the UE shall only transmit in ‘uplink’ or ‘flexible’ symbols.

A UE not capable of full-duplex communication among a group of cells is not expected to
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transmit in the uplink in one cell within the group of cells earlier than Ng,_ 7. - T, after the
end of the last received downlink symbol in the same or different cell within the group of cells
where Ng,_7. is given by Table 3-16.

A UE not capable of full-duplex communication among a group of cells is not expected to receive
in the downlink in one cell within the group of cells earlier than Np,_gr, - T, after the end of
the last transmitted uplink symbol in the same or different cell within the group of cells where
Nry—_pRe is given by Table 3-16.

Table 3-14: Number of OFDM symbols per slot, slots per frame, and slots per subframe for normal
cyclic prefix from Standards Table 4.5.2-1

Nslot Nframe,/l, Nsubframe,u,

H symb slot slot
0 14 10 1
1 14 20 2
2 14 40 4
3 14 80 8

Table 3-15: Number of OFDM symbols per slot, slots per frame, and slots per subframe for extended
cyclic prefix from Standards Table 4.3.2-2

slot frame,p subframe,u
K Nsymb NsloL Nslot

2 12 40 4

Table 3-16: Transition time Ngy_7, and Np,_ g, from Standards Table 4.3.2-3

Transition time FR1 FR2

Npo—Tz 25600 13792
N7y Ry 25600 13792

3.9.12.4 Slot structure in NetSim

We show below the slot structure, in NetSim, for two examples of = 0 and p = 1.

1. If we take p = 0, the number of slots in a sub frame is 1. The total number of slots, therefore,
in a frame is 1 x 10 = 10. For different DL:UL ratios the slot structures are as follows.

Copyright TETCOS LLP Page 62 of 262



NetSim — 5G NR Ver 15.0

Table 3-17: The Slot structures for different DL:UL ratios when p = 0

Ratio 1:1 Ratio 1:4 Ratio 4:1
Sub Frame ID Slot Type | Sub Frame ID Slot Type | Sub Frame ID Slot Type
1 UL 1 UL 1 UL
2 DL 2 DL 2 DL
3 UL 3 UL 3 DL
4 DL 4 UL 4 DL
5 UL 5 UL 5 DL
6 DL 6 UL 6 UL
7 UL 7 DL 7 DL
8 DL 8 UL 8 DL
9 UL 9 UL 9 DL
10 DL 10 UL 10 DL

2. For p = 1, the number of slots in a sub frame is 2. The total number of slots, therefore, in a
frame is 2 x 10 = 20. For different DL:UL ratios the slot structures are as follows.

Table 3-18: The Slot structures for different DL:UL ratios when y =1

Ratio 1:1 Ratio 1:4 Ratio 4:1
Sub Frame ID Slot Type | Sub Frame ID Slot Type | Sub Frame ID Slot Type
1 UL 1 UL 1 UL
1 DL 1 DL 1 DL
2 UL 2 UL 2 DL
2 DL 2 UL 2 DL
3 UL 3 UL 3 DL
3 DL 3 UL 3 UL
4 UL 4 DL 4 DL
4 DL 4 UL 4 DL
5 UL 5 UL 5 DL
5 DL 5 UL 5 DL
6 UL 6 UL 6 UL
6 DL 6 DL 6 DL
7 UL 7 UL 7 DL
7 DL 7 UL 7 DL
8 UL 8 UL 8 DL
8 DL 8 UL 8 UL
9 UL 9 DL 9 DL
9 DL 9 UL 9 DL
10 UL 10 UL 10 DL
10 DL 10 UL 10 DL

For a DL/UL mixed configuration, the first slot in NetSim is always UL and the second slot is
always DL, and subsequent slots are based on the DL:UL ratio set.
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3.9.13 Channel state information

Perfect CSIT and CSIR: The channel matrix H is assumed to be known perfectly and instan-
taneously at the transmitter and receiver, respectively. With perfect CSIT the transmitter can
adapt its transmission rate (MCS) relative to the instantaneous channel state (SNR).

3.9.13.1 Channel quality indicator (CQI)

A wideband CQI is computed based on the spectral efficiency obtained from the SINR calculated
on the PDSCH and PUSCH. The SINR calculation is done at the start of the simulation, then
every UE measurement interval and at every instant a UE moves. In calculating SNR, the noise
power is obtained from N = k x T x B. Based on the SNR, the Adaptive Modulation and
Coding (AMC) functionality determines the values of @), the modulation order, and R, the code
rate, in the TBS formula.

The modulation order and code rate are based on the table chosen by the user. In the NetSim
GUT users can select “tablel” (corresponding to Table 3-19), “table2” (corresponding to Table 3-
20) or “table3” (corresponding to Table 3-21 or the URLLC table).

NetSim does not implement Sub-band Offset. The AMC determines a wideband CQI which
indicates the highest rate MCS that it can reliably decode, if the entire system bandwidth were
allocated to that user.

Table 3-19: 4-bit CQI Table 1 from Standards Table 5.2.2.1-2

CQI index Modulation Code rate x 1024 Spec. Eff.

0 out of range  — -

1 QPSK 78 0.1523
2 QPSK 120 0.2344
3 QPSK 193 0.3770
4 QPSK 308 0.6016
5 QPSK 449 0.8770
6 QPSK 602 1.1758
7 16QAM 378 1.4766
8 16QAM 490 1.9141
9 16QAM 616 2.4063
10 64QAM 466 2.7305
11 64QAM 567 3.3223
12 64QAM 666 3.9023
13 64QAM 772 4.5234
14 64QAM 873 5.1152
15 64QAM 948 5.5547
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Table 3-20: 4-bit CQI Table 2 from Standards Table 5.2.2.1-3

CQI index Modulation Code rate x 1024 Spec. Eff.

0 out of range  — -

1 QPSK 78 0.1523
2 QPSK 193 0.3770
3 QPSK 449 0.8770
4 16QAM 378 1.4766
5 16QAM 490 1.9141
6 16QAM 616 2.4063
7 64QAM 466 2.7305
8 64QAM 567 3.3223
9 64QAM 666 3.9023
10 64QAM 772 4.5234
11 64QAM 873 5.1152
12 256QAM 711 5.5547
13 256QAM 797 6.2266
14 256QAM 885 6.9141
15 256QAM 948 7.4063

Table 3-21: 4-bit CQI Table 3 from Standards Table 5.2.2.1-4

CQI index Modulation Code rate x 1024 Spec. Eff.

0 out of range  — —

1 QPSK 30 0.0586
2 QPSK 50 0.0977
3 QPSK 78 0.1523
4 QPSK 120 0.2344
5 QPSK 193 0.3770
6 QPSK 308 0.6016
7 QPSK 449 0.8770
8 QPSK 602 1.1758
9 16QAM 378 1.4766
10 16QAM 490 1.9141
11 16QAM 616 2.4063
12 64QAM 466 2.7305
13 64QAM 567 3.3223
14 64QAM 666 3.9023
15 64QAM 772 4.5234

3.9.14 Modulation order, code rate, and TBS determination

To determine the modulation order, target code rate, and transport block size(s) in the physical
downlink shared channel, the UE shall first determine the modulation order (Q,,) and target
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code rate (R), and second the UE shall use the number of layers (v), the total number of
allocated PRBs to determine the transport block size.

3.9.14.1 MCS tables

The user can select from the following MCS tables, for each gNB and associated UEs, from the
GUIL:

e QAMG64 Table 3-23 (Table 1)
e QAM256 Table 3-24 (Table 2)
e QAMG64LowSE Table 3-25 (Table 3)

The UE and gNB then use this table to determine the modulation order ), and Code Rate,
R. The selection is based on looking up the MCS for the given spectral efficiency, which is
computed as explained in Section 3.9.18. Different tables can be chosen for DL (gNB to UE)
and for UL (UE to gNB). The UL table index selection based on transform precoding selection
in the GUI is given in the table below.

Table 3-22: Uplink MCS Table index determination based on transform precoding and MCS table
selection in GUI

Transform Precoding MCS Table (PUSCH Config) MCS Table Index

Enabled QAM256 5.1.3.1-2
Enabled QAMG64LowSE 6.1.4.1-2
Enabled QAMG64 6.1.4.1-1
Disabled QAM256 5.1.3.1-2
Disabled QAMG64LowSE 5.1.3.1-3
Disabled QAMG64 5.1.3.1-1

Table 3-23: MCS index table 1 for PDSCH from Standards Table 5.1.3.1-1

MCS Index Modulation Order Target code Rate Spectral

Ines Qm R x [1024] efficiency
0 2 120 0.2344
1 2 157 0.3066
2 2 193 0.3770
3 2 251 0.4902
4 2 308 0.6016
) 2 379 0.7402
6 2 449 0.8770
7 2 526 1.0273
8 2 602 1.1758
9 2 679 1.3262
10 4 340 1.3281
11 4 378 1.4766
12 4 434 1.6953
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Table 3-23 continued
MCS Index Modulation Order Target code Rate Spectral

Ives Qm R x [1024] efficiency

13 4 490 1.9141
14 4 553 2.1602
15 4 616 2.4063
16 4 658 2.5703
17 6 438 2.5664
18 6 466 2.7305
19 6 517 3.0293
20 6 567 3.3223
21 6 616 3.6094
22 6 666 3.9023
23 6 719 4.2129
24 6 772 4.5234
25 6 822 4.8164
26 6 873 5.1152
27 6 910 5.3320
28 6 948 5.5547
29 2 Reserved

30 4 Reserved

31 6 Reserved

Table 3-24: MCS index table 2 for PDSCH from Standards Table 5.1.5.1-2

MCS Index Modulation Order Target code Rate Spectral

Ives Qm R x [1024] efficiency
0 2 120 0.2344
1 2 193 0.3770
2 2 308 0.6016
3 2 449 0.8770
4 2 602 1.1758
5 4 378 1.4766
6 4 434 1.6953
7 4 490 1.9141
8 4 553 2.1602
9 4 616 2.4063
10 4 658 2.5703
11 6 466 2.7305
12 6 517 3.0293
13 6 567 3.3223
14 6 616 3.6094
15 6 666 3.9023
16 6 719 4.2129
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Table 3-24 continued

Ver 15.0

MCS Index Modulation Order Target code Rate Spectral
Ives Qm R x [1024] efficiency

17 6 772 4.5234

18 6 822 4.8164

19 6 873 5.1152

20 8 682.5 5.3320

21 8 711 5.5547

22 8 754 5.8906

23 8 797 6.2266

24 8 841 6.5703

25 8 885 6.9141

26 8 916.5 7.1602

27 8 948 7.4063

28 2 Reserved

29 4 Reserved

30 6 Reserved

31 8 Reserved

Table 3-25: MCS index table 8 for PDSCH from Standards Table 5.1.5.1-3

MCS Index Modulation Order 7Target code Rate Spectral
Ivces Qm R x [1024] efficiency
0 2 30 0.0586
1 2 40 0.0781
2 2 50 0.0977
3 2 64 0.1250
4 2 78 0.1523
5 2 99 0.1934
6 2 120 0.2344
7 2 157 0.3066
8 2 193 0.3770
9 2 251 0.4902
10 2 308 0.6016
11 2 379 0.7402
12 2 449 0.8770
13 2 526 1.0273
14 2 602 1.1758
15 4 340 1.3281
16 4 378 1.4766
17 4 434 1.6953
18 4 490 1.9141
19 4 553 2.1602
20 4 616 2.4063
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21
22
23
24
25
26
27
28
29
30
31

(2B SN R e B o) B o) BN e e e e N e

438
466
517
567
616
666
719
772
Reserved
Reserved
Reserved

2.5664
2.7305
3.0293
3.3223
3.6094
3.9023
4.2129
4.5234

Ver 15.0

Table 3-26: MCS index table for PUSCH with transform precoding and 64QAM. Standards table 6.1.4.1-

1

MCS Index Modulation Order Target code Rate Spectral
Ines Qm R x [1024] efficiency
0 q 240/q 0.2344
1 q 314/q 0.3066
2 2 193 0.3770
3 2 251 0.4902
4 2 308 0.6016
5 2 379 0.7402
6 2 449 0.8770
7 2 526 1.0273
8 2 602 1.1758
9 2 679 1.3262
10 4 340 1.3281
11 4 378 1.4766
12 4 434 1.6953
13 4 490 1.9141
14 4 553 2.1602
15 4 616 2.4063
16 4 658 2.5703
17 6 466 2.7305
18 6 517 3.0293
19 6 567 3.3223
20 6 616 3.6094
21 6 666 3.9023
22 6 719 4.2129
23 6 772 4.5234
24 6 822 4.8164
25 6 873 5.1152
26 6 910 5.3320

Copyright TETCOS LLP

Page 69 of 262



NetSim — 5G NR Ver 15.0

27 6 948 5.5547
28 q Reserved
29 2 Reserved
30 4 Reserved
31 6 Reserved

Table 3-27: MCS indez table 2 for PUSCH with transform precoding and 64QAM Low SE. Standards
table 6.1.4.1-2

MCS Index Modulation Order Target code Rate Spectral

Iyvics Qm R x [1024] efficiency

0 q 60/q 0.0586
1 q 80/q 0.0781
2 q 100/q 0.0977
3 q 128/q 0.1250
4 q 156/q 0.1523
5 q 198/q 0.1934
6 2 120 0.2344
7 2 157 0.3066
8 2 193 0.3770
9 2 251 0.4902
10 2 308 0.6016
11 2 379 0.7402
12 2 449 0.8770
13 2 526 1.0273
14 2 602 1.1758
15 2 679 1.3262
16 4 378 1.4766
17 4 434 1.6953
18 4 490 1.9141
19 4 553 2.1602
20 4 616 2.4063
21 4 658 2.5703
22 4 699 2.7305
23 4 772 3.0156
24 6 567 3.3223
25 6 616 3.6094
26 6 666 3.9023
27 6 772 4.5234
28 q Reserved

29 2 Reserved

30 4 Reserved

31 6 Reserved
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3.9.15 Transport block size (TBS) determination

Ver 15.0

The procedure for TBS determination is standardized in TS 38.214 Section 5.1.3.2 (DL) and
6.1.4.2 (UL). The standard specifies the TBS determination through Step 1, Step 2, Step 3, and
Step 4, all of which are implemented in NetSim.

NetSim first determines the TBS as specified below:

e The UE shall first determine the number of REs (Ngrg) within the slot.

— A UE first determines the number of REs allocated for PDSCH within a PRB (N ) by
Npp = NEBx NPRB_ NDIRE,  NERB wwhere NEP = 12 is the number of subcarriers

symb

in a physical resource block, N5 is the number of symbols of the PDSCH allocation

l
sym

within the slot, N 5]@[%5 is the number of REs for DM-RS per PRB, and N (fZRB is set

to 0.

— A UE determines the total number of REs allocated for PDSCH (Ngg) by Nrp =
min(156, N, ;) X nprp, where nprp is the total number of allocated PRBs for the

UE.

e Intermediate number of information bits (N;y¢,) is obtained by

e When Nj,r, < 3824, TBS is determined as follows:

— Quantized intermediate number of information bits

where n = max (3, [logy(Ninfo)| — 6).

Ninfo:NREXRXQmXV

TBStemp = NrE X R X Qup X v

N!

info

= max (24,20 | X2 |},

— Use Table 5.1.3.2-1 to find the closest TBS that is not less than Ni/nfo‘

Table 3-28: TBS for N0 < 3824 from Standards Table 5.1.8.2-1

Index TBS \ Index TBS \ Index TBS | Index TBS

24
32
40
48
o6
64
72
80
88
96
104
112
120
128

© 00 N O U W N

e e S
B oW N = O
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31
32
33
34
35
36
37
38
39
40
41
42
43
44

336
352
368
384
408
432
456
480
504
528
552
576
608
640

61
62
63
64
65
66
67
68
69
70
71
72
73
74

1288
1320
1352
1416
1480
1544
1608
1672
1736
1800
1864
1928
2024
2088

91
92
93

3624
3752
3824
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15 136 45 672 75 2152
16 144 46 704 76 2216
17 152 47 736 7 2280
18 160 48 768 78 2408
19 168 49 808 79 2472
20 176 50 848 80 2536
21 184 o1 888 81 2600
22 192 52 928 82 2664
23 208 53 984 83 2728
24 224 54 1032 | 84 2792
25 240 95 1064 | 85 2856
26 256 o6 1128 | 86 2976
27 272 o7 1160 | 87 3104
28 288 o8 1192 | 88 3240
29 304 99 1224 | 89 3368
30 320 60 1256 | 90 3496

e When Nj,r, > 3824, TBS is determined as follows:
— Quantized Nmfo max (3840 2" x round <M>>, where n = [logy(Nipso — 24)]—

5.
— lfR < 1 TBS = SC ’VM—‘ Nzlnfo+24—‘

— 24, where C = { T

+24

— else if N}, , > 8424: TBS = 8C [ "2t =

-‘ — 24, where C = [ ngé4

+24" _ o4

— else: TBS =8 {%

3.9.16 HARQ

3.9.16.1 Introduction

We start with a brief and simplistic explanation of the HARQ mechanism.

e Hybrid automatic repeat request (hybrid ARQ or HARQ) is a combination of retransmis-
sions and error correction. The HARQ protocol runs in the MAC and PHY layers.

e In the 5G PHY, a code block group (CBG) is transmitted over the air by the transmitter
to the receiver. If the CBG is successfully received the receiver sends back an ACK, else if
the CBG is received in error the receiver sends back a NACK (negative ACK).

e [f the transmitter receives an ACK, it sends the next CBG. However, if the transmitter
receives a NACK, it retransmits the previously transmitted CBG.

e In 5@G, the incorrectly received CBG is not discarded but stored at the receiver. When the
re-transmitted CBG is received, the two CBGs are combined. This is called Hybrid ARQ
with chase-combining (HARQ-CC).
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3.9.16.2 Implementation in NetSim
e HARQ is implemented in 4G (eNB) and in 5G (gNB) in both downlink and uplink.

e A HARQ entity is defined for each gNB-UE pair, separately for Uplink and Downlink and
for each component carrier. The HARQ entity handles the HARQ processes.

— Max number of HARQ processes is 8 in 4G
— Max number of HARQ processes is 16 in 5G

e Each HARQ process transmits one Transport Block (TB) at any time.

e When operating in MIMO, each layer handles a different TB. This means that one TB is
not transmitted across multiple layers.

e Each TB is split into Code blocks (CBs) and CBs are grouped into Code Block Groups
(CBGs).

e At the receiver the CBGs are given to a multiplexer which combines the CBGs into a TB.

e CBGs are always retransmitted at the same MCS as the first transmission. This restriction
comes from the specification of the rate matcher in the 3GPP TS 38.212 standard.

Tx Rx

~

\*\

CBG,(1) [——— |
- NO SINR;(1)

N SINR;(2)

;
|
roc s
|
|
|
|

CBG,(1)

Figure 3-11: We see the HARQ transmission process. The transmitter sends CBG1 which is errored.
Therefore, the receiver sends a NACK. CBG1 is then retransmitted (transmission attempt 2). The
receiver then soft combines the first and second transmissions, which is successful and hence sends back
an ACK.

e HARQ entity is terminated during handover-triggered de-association from a gNB and re-
created at the new gNB after the handover procedure is completed.

e HARQ retransmissions have priority over new data transmissions. Within a HARQ process,
new data transmissions are not taken up when retransmission data is in the queue.

e HARQ processes are multiplexed in time (slots) in a round robin fashion. For example, if
we had a case with 4 HARQ processes then:

Slot 1 — HARQ Process 1 > Success
Slot 2 — HARQ Process 2 > Success
Slot 3 — HARQ Process 3 > Error
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Slot 4 — HARQ Process 4 > Success
Slot 5 — HARQ Process 1 > Success
Slot 6 — HARQ Process 2 > Success
Slot 7 — HARQ Process 3 > Retransmission Success

...and so on

3.9.16.3 Assumptions and limitations

e The HARQ ACK/NACK is sent out-of-band by the receiver immediately after receipt
(At — 01). Tt is then instantaneously and correctly received at the transmitter. The
ACK/NACKs are not logged.

e If DL/UL transmission can occur, then reverse direction (UL/DL respectively) ACK/NACK
will be successful. Specifically, even if the UL data link is in outage, ACK/NACK trans-
mitted in the UL will be correctly received by the gNB.

3.9.16.4 Transmission flow

e Packets are either split or combined into transport blocks (TBs) depending on the packet
size and the TB size. It is the TB that needs to be transmitted over the air.

— Users can set the application layer packet size in NetSim GUI > Application properties.
The packet size at the MAC is the application packet size plus transport layer and IP
layer overheads. Users can obtain the MAC layer packet size from the packet trace.

— The TB size is determined by the LTE and 5G NR protocol running in the MAC/PHY.
Users can obtain the TB size from the code block log file (explained subsequently in
section 3.9.15).

e TBs are then split to Code blocks (CBs). The code block size calculation and TB segmen-
tation is explained in Section 3.9.17.

e CBs are grouped into code block groups (CBGs).

— The max number of CBGs per TB can be set in the NetSim GUI (based on RRC
parameter MAX CBG PER TB in the NetSim GUI).

e TBs are transmitted by transmitting CBGs, which in turn comprise CBs.
e BLER is applied upon CBG reception at the receiver.

e If any CB is in error, the transmitter retransmits the entire CBG of which that CB is a
part.

e The receiver then soft combines the first transmission and all subsequent retransmissions.

— Soft combining is modelled by adding their SINRs in the linear scale. For example, if
there were 2 retransmissions, then the combined SINR would be given by

CombinedSINRga’ = SINRsTI + SINRQT“” + SINRIT”” (35)

e BLER is applied on the improved (combined) SINR by tossing a biased coin.
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e If any CB is in error, go to step 6, subject to transmit limit of 4 (retransmit limit of 3).
e If all CBGs (in a TB) are successful, then at the receiver, the TB is sent up to the RLC.

e Else, the entire TB is dropped.

3.9.16.5 Special cases

If there is a retransmission scheduled in a multi-layer scenario, then the scheduler cannot re-
transmit data in one layer and transmit new data in another layer to the same UE. Hence during
retransmissions, the scheduler allows other UEs to use the resources. The reason is: the next
TB can only be sent after receiving a successful ACK or if the current TB is dropped. Therefore,
another TB (to the same UE) cannot be scheduled on the remaining resources. For example, if
Max-throughput scheduling is used, when a CBG is received in error the NDI flag is false. When
the NDI flag is false, the UE is not passed through the scheduler function; only the CB that
needs to be transmitted is retransmitted. Hence remaining PRBs left — after retransmitting
the errored CBG — must be allocated to a non-Max-SINR UE. Also note that, the non-Max-
SINR UE’s CBGs may also be errored in which case those CBGs need to be retransmitted. This
complicating factor leads to a breakdown in the general belief that Max-throughput scheduler
leads to Max-SINR UE getting all throughput with other UEs getting NIL throughput.

Again, consider a multi-layer scenario with CBG errors in 2 or more layers. How many PRBs
should then be allocated for retransmissions and how many for new data from different UEs? In
such cases NetSim calculates the PRBs required for retransmission as the max of PRBs required
for retransmission in each layer.

3.9.16.6 Logging

A B © D E F G H ! J K L M N o P Q R s T u \% w x [
Time (ms| - gNBId | - gNBIf - UEId | - UEIf |- Channel~ CA - Frameld - Sub - Slotid - Layerld - Processid - Re ¥|TBS |~ ior - | Codel - |CBS |~ | CBS_ | - SINR(Combined - BLE - |CBG - CBI¢~ NDI |~ Tra -
2 130005 10 4 12 1 PDSCH 0 1301 1 2 1 1 888 2560AM 711 968 888 43.169552 0 1 1 TRUE [4
3 130005 10 4 12 1 PDSCH 0 1301 1 2 2 1 888 2560AM 711 968 888 50.511929 0 1 1 TRUE q
Y 130005 10 4 12 1 PDSCH 0 1301 1 2 3 1 888 256QAM 711 968 888 56.157132 0 1 1 TRUE 4
3 130005 10 4 12 1 PDSCH 0 1301 1 2 4 1 888 256QAM 711 968 888 58.955028 0 1 1 TRUE 4
3 130015 10 4 12 1 PUSCH 0 1301 2 2 1 1 888 256QAM 711 968 888 51.730194 0 1 1 TRUE 4
1 13003 10 4 12 1 PDSCH 0 1301 4 1 1 1 888 2560AM 711 968 888 43.169552 0 1 1 TRUE 4
3 13003 10 4 12 1 PDSCH 0 1301 4 1 2 1 888 2560AM 711 968 888 50.511929 0 1 1 TRUE «
I} 13003 10 4 12 1 PDSCH 0 1301 4 1 3 1 888 2560AM 711 968 888 56.157132 0 1 1 TRUE q
3 13003 10 4 12 1 PDSCH 0 1301 4 1 3 1 888 2560AM 711 968 888 58.955028 0 1 1 TRUE «
)| 130055 10 4 12 1 PDSCH 0 1301 6 2 1 1 80808 256QAM 711 8448 8112 43.169552 0 1 1 TRUE [4
| 13005.5 10 4 12 1 PDSCH 0 1301 6 2 1 1 80808 2560AM 711 8448 8112 43.169552 0 1 2 TRUE «
) 130055 10 4 12 1 PDSCH 0 1301 6 2 1 1 80808 2560AM 711 8448 8112 43.169552 0 2 1 TRUE q
3 130055 10 4 12 1 PDSCH 0 1301 6 2 1 1 80808 2560AM 711 8448 8112 43.169552 0 2 2 TRUE 4
Y 130055 10 4 12 1 PDSCH 0 1301 6 2 1 1 80808 2560AM 711 8448 8112 43.169552 0 3 1 TRUE q
5| 130055 10 4 12 1 PDSCH 0 1301 6 2 1 1 80808 2560AM 711 8448 8112 43.169552 0 4 1 TRUE «
5| 130055 10 4 12 1 PDSCH 0 1301 6 2 1 1 80808 256QAM 711 8448 8112 43.169552 0 5 1 TRUE [4
13005.5 10 4 12 1 PDSCH 0 1301 6 2 1 1 80808 256QAM 711 8448 8112 43.169552 0 6 1 TRUE 4
3 130055 10 4 12 1 PDSCH 0 1301 6 2 1 1 80808 256QAM 711 8448 8112 43.169552 0 7 1 TRUE q
) 130055 10 4 12 1 PDSCH 0 1301 6 2 1 1 80808 2560AM 711 8448 8112 43.169552 0 8 1 TRUE 4
) 130055 10 4 12 1 PDSCH 0 1301 6 2 2 1 80808 2560AM 711 8448 8112 50.511929 0 1 1 TRUE q
| 13005.5 10 4 12 1 PDSCH 0 1301 6 2 2 1 80808 256QAM 711 8448 8112 50.511929 0 1 2 TRUE «
) 130055 10 4 12 1 PDSCH 0 1301 6 2 2 1 80808 256QAM 711 8448 8112 50.511929 0 2 1 TRUE [4
3 130055 10 4 12 1 PDSCH 0 1301 6 2 2 1 80808 2560AM 711 8448 8112 50.511929 0 2 2 TRUE 4
} 130055 10 4 12 1 PDSCH 0 1301 6 2 2 1 80808 2560AM 711 8448 8112 50.511929 0 3 1 TRUE q
5| 130055 10 4 12 1 PDSCH 0 1301 6 2 2 1 80808 2560AM 711 8448 8112 50.511929 0 4 1 TRUE 4

5| 130055 10 4 12 1 PDSCH 0 1301 6 2 2 1 80808 2560AM 711 8448 8112 50.511929 0 5 1 TRUE (4

Figure 3-12: HARQ log file showing code block transmission. Here CBS represents the information bits
within a code block (CBS column).

e Transmission attempts 1, 2, 3 and 4 are indexed as 0, 1, 2, 3. If the 4th attempt is errored,
the CBG is dropped.

e Packet trace only logs “packet” flow, and does not log flow of TBs, CBGs etc. Therefore,
the packet trace logs a packet in the MAC OUT of the transmitter and subsequently if
received successfully at the MAC IN of the receiver. If the packet is errored, it is also
marked in the packet trace.

e Note that if a TB is in error then all the packets that were part of the TB will be marked
as error.
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e The transmission/re-transmission of CBs is logged in the Code Block logfile.

e The remarks column would have messages for HARQ preparation and would be blank for
actual transmissions.

e TBS is always logged on a per layer basis.
e CBGID is also on a per layer basis.

e SINR reported in the CBG log is the post-soft combining SINR.

Time (ms] - |gNBId |~ |gNBIf [~ | UEId |~ |UEIf |~ |Channel - |cA| ~ |Frameld ~ |sub| - |slotid | - |Layerld ~ | Processid - |Re/T|TBS [~ iorl | Codef + |cBS |~ |cBS_ |~ |SINR(Combined - |BLI
160.999 9 4 11 1 0 17 1 2 0 N/A HARQ entity created
160.999 9 4 13 1 0 17 1 2 0 N/A HARQ entity created
160.999 10 4 12 1 0 17 1 2 0 N/A HARQ entity created
160.999 10 4 14 1 0 17 1 2 0 N/A HARQ entity created
161 9 4 11 1 PUSCH 0 17 2 1 o 1 Process number = 1, NDI = True, Transmission number =0
161 9 4 13 1 PUSCH 0 17 2 1 0 1 Process number = 1, NDI = True, Transmission number = 0
161 9 4 1 1 PUSCH 0 17 2 1 o 1 Allocated PRBs for new data =0
161 9 4 13 1 PUSCH 0 17 2 1 0 1 Allocated PRBs for new data=0
161 10 4 12 1 PUSCH 0 17 2 1 o 1 Process number = 1, NDI = True, Transmission number =0
161 10 4 14 1 PUSCH 0 17 2 1 0 1 Process number = 1, NDI = True, Transmission number =0
161 10 4 12 1 PUSCH 0 17 2 1 o 1 Allocated PRBs for new data =0
161 10 4 14 1 PUSCH 0 17 2 1 0 1 Allocated PRBs for new data =0
161.5 9 4 1 1 PUSCH 0 17 2 2 o 1 Process number = 1, NDI = True, Transmission number =0
161.5 9 4 13 1 PUSCH 0 17 2 2 0 1 Process number = 1, NDI = True, Transmission number =0
161.5 9 4 1 1 PUSCH 0 17 2 2 o 1 Allocated PRBs for new data =0
161.5 9 4 13 1 PUSCH 0 17 2 2 0 1 Allocated PRBs for new data =0
161.5 10 4 12 1 PUSCH 0 17 2 2 ] 1 Process number = 1, NDI = True, Transmission number = 0
161.5 10 4 14 1 PUSCH 0 17 2 2 0 1 Process number = 1, NDI = True, Transmission number = 0
161.5 10 4 12 1 PUSCH 0 17 2 2 o 1 Allocated PRBs for new data =0
161.5 10 4 14 1 PUSCH 0 17 2 2 0 1 Allocated PRBs for new data =0
162 9 4 1 1 PUSCH 0 17 3 1 o 1 Process number = 1, NDI = True, Transmission number = 0
162 9 4 13 1 PUSCH 0 17 3 1 0 1 Process number = 1, NDI = True, Transmission number = 0
162 9 4 1 1 PUSCH 0 17 3 1 o 1 Allocated PRBs for new data =0
162 9 4 13 1 PUSCH 0 17 3 1 0 1 Allocated PRBs for new data =0
162 10 4 12 1 PUSCH 0 17 3 1 o 1 Process number = 1, NDI = True, Transmission number =0
162 10 4 14 1 PUSCH 0 17 3 1 0 1 Process number = 1, NDI = True, Transmission number = 0
LTENR CodeBlock Loa [ ra1

Figure 3-13: HARQ log showing HARQ working via information provided in the Remarks columns

3.9.16.7 HARQ turn off

There are ongoing discussions of abandoning HARQ for the 1 ms end-to-end latency use case
of URLLC. This decision implies that the code rate has to be lowered such that a single shot
transmission, i.e., no retransmissions and no feedback, achieves the required BLER.

NetSim allows users to turn HARQ OFF via the GUI. Note that the code block log will continue
to be written. Users will notice that errored CBGs are not retransmitted if HARQ is turned
OFF. Since the CB/CBG is in error, that entire TB to which it belongs will be in error.

Users can inspect the packet trace and will see large numbers of packet errors if HARQ is turned
OFF and if the UE is seeing a high BLER.

3.9.17 Segmentation of transport block into code blocks

e If the transport block size is larger than 3824, a 16-bit CRC is added at the end of the
transport block or a 24-bit CRC is added.

e The transport block is divided into multiple equal size code blocks when the transport
block size exceeds a threshold.

e For quasi-cyclic low-density parity-check code (QC-LDPC) base graph 1, the threshold is
equal to 8448.

e For QC-LDPC base graph 2, the threshold is equal to 3840. In 5G NR, the maximum code
block size number is 8448.

Copyright TETCOS LLP Page 76 of 262



NetSim — 5G NR Ver 15.0

e An additional 24-bit CRC is added at the end of each code block when there is a segmen-
tation.

e A CBG can have up to 2/4/6/8 CBs.

e Maximum transport block size: 1,277,992.

LDPC BG 1, CBS Max, (K.) = 8448, LDPC BG 2, CBS Max, (K») = 3840

YES NO LDPC BG= 1 | ’| CBS=22 x Zc

No

| CBS=10 x Zc

B’ = TBS | B =TBS+CXxL |

L = Extra CRC bits, C = Number of Code blocks, TBS = Size of Transport block, K’ =
Information bits in code block. The base matrix expansion factor Z. is calculated by selecting
minimum Z, in all sets of lifting size tables, such that: K; x Z. > K. K, denotes the number
of information bit columns for the lifting size Z..

3.9.18 BLER and CQI/MCS selection

NetSim GUI allows users to set the BLER, via the BLER drop down option. This option has
two settings, and each setting in turn has different options for MCS selection. Both BLER, and
MCS selection are global options and will apply to all gNBs and UEs in both DL and UL in
the network scenario.

e Zero BLER

— MCS Selection: Ideal Shannon theorem-based rate
* The spectral efficiency (SE) is computed as

SpectralEfficiency = logy(1 + SINR) (36)

e This Spectral efficiency (SE) is matched with the Channel Quality Indicator (CQI) table,
selecting the highest SE that does not exceed this calculated value. This SE (determined
from the CQI table) then guides the selection of modulation and coding from the MCS
table. For example if the SINR is —1.4 dB, then log,(1 + 10~14/10) = (.782. The highest
SE < 0.782 from the CQI table-2 is 0.3770. This value is then looked up in the MCS table-2;
the modulation order is 2 and the code rate is 193.
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e Data is transmitted at this MCS with zero BLER.

e The spectral efficiency to MCS table is explained in section 3.9.14.1 (Modulation order
and target code rate determination).

e MCS Selection: Shannon rate with attenuation factor — MCS is chosen as in the case of
Ideal Shannon Theorem-based rate, but with the spectral efficiency calculated as:

SpectralEfficiency = a x logy(1 + SINR) (37)

Where « is the attenuation factor and generally 0.5 < o < 1.00. Default: 0.75.
Data is transmitted at this MCS with zero BLER.

A more general formula, available in literature, is Spectral Efficiency = a x logy(1+ 8 x SINR)
with 0 < 8 < 1. This can be easily programmed in NetSim by modifying the code to include
and then rebuilding it.

SINR in the above expressions is in linear scale.

¢ BLER Enable: Within this, users can set outer loop link adaptation (OLLA) to True or
False.

— OLLA False: The MCS is chosen in exactly the same way as described in the Zero
BLER case. Data is, however, transmitted at the chosen MCS, with BLER. The
BLER is looked up from NetSim’s proprietary BLER-MCS-SINR. curves.

— OLLA True: In this case, the user needs to set a target BLER (t-BLER), for example
10%. Based upon the set t-BLER the MCS is dynamically adjusted based on an
outer-loop link adaptation algorithm that uses HARQ ACK-NACK messages. Note
that the t-BLER is based on initial transmission and not after a re-transmission. See
3.9.17 for working of OLLA.

3.9.19 BLER-MCS-SINR Curves
NetSim has exhaustive SINR-BLER data for various transport block sizes for all MCSs (1, 2,
..., 28) for Base graphs (1, 2) for all three tables (1, 2, 3). The SINR-BLER data was generated

using an in-house proprietary link-level simulation program and the results have been carefully
validated against published literature.

3.9.20 Outer Loop Link Adaptation (OLLA)

(@)

HARQ-ACK.

Figure 3-14: UE reports CQI based on SINR and the gNB transmits data at an MCS based on CQI
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During the downlink AMC process, a user equipment (UE) reports the channel quality indicator
(CQI) of the link to the gNB. This CQI is based on the received instantaneous SINR. OLLA is
a feedback loop technique that adjusts the instantaneous SINR value by adding or subtracting
an offset, using positive or negative acknowledgement signals (ACK or NACK). The offset is
updated continuously based on the HARQ feedback, such that the average Block Error Rate
(BLER_) converges to a predefined target (BLERT).

UE
: 1 : gNB . :
1 | SINR :4 MCS } W I
| to | I |
| e | —SL [ CQIwSNR |— |
I : I |
‘ |

: |

Figure 3-15: MCS selection per inner loop link adaptation (without OLLA)

Rate adaptation has two parts:

e an inner loop adaptation where the SINR measured by the user is used as an anchor to
determine the transmission rate. This transmission rate is fed back, and

e OLLA is used at the base-station to make appropriate corrections to this transmission rate.

:UE | MCS :gNB|—| ~ :
! < L] ILLA |« |
1| cQl | HARQ-ACK, powza T
| I I
! I I

1 »| OLLA
1 |
1

Figure 3-16: MCS selection with OLLA

The OLLA compensation is as follows:
AOLLA(k) = AOLLA(k = 1) + Aup X €(l€) — Ajown X (1 = e(k)) (38)
Where e(k) = 0 for ACK and e(k) = 1 for NACK. This can be written as:

AOLLA(k' — 1) — Adown ACK,G(k‘) =0

39

Aorra(k) = {

We see that when ACK is received, Ao 4 is decreased by Agown, and when NACK is received,
Aorra is increased by Ay,.

The estimated SINR compensated by the OLLA mechanism is given by the following relationship
in the log scale (units of dB):

'Yeff(ka n) = @m(k% a) - Aolla(ka n) (40)
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A positive value of Aprr4 leads to a lower value of 7.r¢, which translates into a pessimistic
interpretation of the reported channel conditions and the selection of a conservative MCS.
Conversely, a negative value of Aprra leads to a higher 7.sy, translating into an optimistic
interpretation of the channel conditions and the selection of an aggressive MCS.

At the beginning of each radio resource control (RRC) connection, Aprra is initialized to a
fixed value, Ajn;, defined on a cell basis. As the connection progresses, Ao is progressively
modified by OLLA based on HARQ feedback.

The ratio AAd‘:;" controls the target BLER:

1 A .
~ down, if Aup > Adouwn

(1 4 M) Ayp

Adown

BLERT =

Typical values for A, and Agoyr are 1 dB and 0.1 dB, respectively, to ensure quick recovery
from high BLER situations and smooth convergence to equilibrium. These values yield a target
BLER of 0.1 (10%).

Note that the target BLER is only reached at the end of large activity connections, for which
a large number of ACKs and NACKSs are received by the gNB. For these connections, OLLA
reaches steady state and Aprra fluctuates around the proper value due to random system
errors. In contrast, for small activity connections, convergence is not guaranteed, unless Aprra
is properly initialized.

When A;y,; is too large, 7.y is initially far below the actual channel conditions. This leads to
an excessively conservative selection of the initial MCS and, therefore, user throughput is below
the maximum achievable value. Considering a typical value of Agypn = 0.1 dB, OLLA needs
at least 10 consecutive successful transmissions (i.e., 10 ms) to compensate for a 1 dB bias in
SINR reporting.

On the other hand, when A;,; is too small, 7.y is far above the actual channel conditions and
a too aggressive MCS is initially selected. This causes high BLER figures and unnecessary re-
transmissions, thus lowering the net user data flow. In both cases, user throughput is negatively
affected.

The target BLER for OLLA is at a transport block level and is defined as the ratio of TBs
errored to the TBs transmitted. In the NetSim PHY, TBs are split into code blocks (CBs),
which are sent over the air. CBs are aggregated into code block groups (CBG); the HARQ plus
soft combining operates at a CBG level.

3.9.21 Out of coverage

As explained in the assumptions, NetSim does not model physical control channels or reference
signals. All measurements are made on the physical data channels. The downlink received SNR
is determined from large scale pathloss and shadowing calculated per the stochastic propagation
models in the 3GPP TR 38.900 standard, and fast fading calculated from the H matrix. This
SNR calculation is done at the start of the simulation, and then at every instant a UE moves.
It is a single wideband measurement at the center frequency. Interference from other gNBs is
not considered in the SNR calculations.

Out of coverage in NetSim is based on the calculated spectral efficiency of the physical data
channel. Spectral Efficiency is equal to a x logy(1 + %) A UE is out-of-coverage when this
spectral efficiency falls below a threshold. This threshold is the value of the spectral efficiency
of index 1 per 3GPP 38.214 Table 5.2.2.1-2 for CQI Table 1, or 5.2.2.1-3 for CQI Table 2, or
5.2.2.1-4 for CQI Table 3.
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The NetSim log would report CQI as 0 whenever this condition occurs. Note that the RRC
connection is not released and NetSim does not currently model Radio Link Failures (RLF).
If the UE’s spectral efficiency with the same serving gNB again crosses the threshold, data
transmissions can occur. Due to mobility, if the UE’s spectral efficiency from a different gNB
crosses the threshold, then a handover procedure is initiated.

3.9.22 Carrier Aggregation

In NetSim carrier aggregation (CA) is done in both DL and in the UL. When doing CA, the
PHY layer is separate for each component carrier (CC). Thus, each CC will have a different
pathloss, SINR and TBS. Then the resources of all component carriers (CCs) are pooled at
the MAC, and scheduling is across the pooled resources. However, in practice each UE may
be assigned resources from a particular CC. Since NetSim doesn’t model frequency selective
channel fading, there is generally negligible difference in network performance between allotting
from a pool vs. allotting from one CC. The exception is when the data demand from any UE is
greater than the capacity of a CC.

NetSim v13.3 GUI by default has options for Single Band and 2-band carrier aggregation.
Loading all CA options — Single Band, 2 component carriers (CCs) and more than 2 CCs —
requires the following change to be carried out.

e Go to <NetSim-Install-directory>/docs/xml (for example C:\ProgramFiles\NetSim
\Pro_v13_3\Docs\xml). Here you will find two folders (i) Properties, and (ii) Properties
5G All Carriers. NetSim GUI by default reads from the Properties folder which has only
Single Band and 2CC CA.

e Rename the Properties folder as say Properties 1CC_2CC and then rename Properties 5G
All Carriers as Properties. Once this is done NetSim GUI will read the new properties
folder which supports all CA options as explained in the section below.

e The reason for having a separate folder with Single Band and 2 CC is because loading all
CA options takes a long time in the NetSim GUI.

3.9.23 CA Configuration Table (based on TR 38 716 01-01 Rel 16 NR)

The Intra band CA configuration is based on TR 38716 01-01 Rel 16 NR. The interband CA
configuration is based on 38.716 02-00 for 2 bands DL / x bands UL, and TR 38.716 03 01 for
3 bands DL and 1 band UL. Carrier aggregation can be configured in the gNB’s Physical layer
properties. Following are the various configuration options that are available:

Table 3-29: CA Configuration Table

CC Configuration CcC CC Type Frequency Uplink Low Uplink High
Count Range (MHz) (MHz)

TDD Bands

Inter-Band CC

CC_2DL_1UL_n39.n41 2 CC1, CC2 FR1 1880, 2496 1920, 2690
CC_2DL_2UL_n39.n41 2 CC1, CC2 FR1 1880, 2496 1920, 2690
CC_2DL_1UL_n41.n79 2 CC1, CC2 FR1 2496, 4400 2690, 5000
CC_2DL_2UL_n41.n79 2 CC1, CC2 FR1 2496, 4400 2690, 5000
CC_2DL_1UL_n40_n41 2 CC1, CC2 FR1 2300, 2496 2400, 2690
CC_2DL_2UL_n40.n41 2 CC1, CC2 FR1 2300, 2496 2400, 2690

Continued on next page
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CC Configuration CcC CC Type Frequency Uplink Low Uplink High
Count Range (MHz) (MHz)
CC_2DL_1UL_n50_n78 2 CC1, CC2 FR1 1432, 3300 1517, 3800
CC_2DL_2UL_n50_n78 2 CC1, CC2 FR1 1432, 3300 1517, 3800
CC_2DL_1UL_n41.n50 2 CC1, CC2 FR1 2496, 1432 2690, 1517
CC-2DL_2UL_n41.n50 2 CC1, CC2 FR1 2496, 1432 2690, 1517
CC_2DL_1UL_n39.n79 2 CC1, CC2 FR1 1880, 4400 1920, 5000
CC-2DL-2UL_n39.n79 2 CC1, CC2 FR1 1880, 4400 1920, 5000
CC_-2DL_1UL_n40-n78 2 CC1, CC2 FR1 2300, 3300 2400, 3800
CC_2DL_2UL_n40.n78 2 CC1, CC2 FR1 2300, 3300 2400, 3800
CC_-2DL_1UL_n40-n79 2 CC1, CC2 FR1 2300, 4400 2400, 5000
CC_-2DL_2UL_n40-n79 2 CC1, CC2 FR1 2300, 4400 2400, 5000
CC_2DL_1UL_n77_n258 2 CC1, CC2 FR1, FR2 3300, 24250 4200, 27500
CC_-2DL_2UL_n77_n258 2 CC1, CC2 FR1, FR2 3300, 24250 4200, 27500
CC-2DL_1UL_n78.n258 2 CC1, CC2 FR1, FR2 3300, 24250 3800, 27500
CC_2DL_2UL_n78_n258 2 CC1, CC2 FR1, FR2 3300, 24250 3800, 27500
CC_-2DL_1UL_n79.n258 2 CC1, CC2 FR1, FR2 4400, 24250 5000, 27500
CC-2DL_2UL_n79.-n258 2 CC1, CC2 FR1, FR2 4400, 24250 5000, 27500
CC-2DL_1UL_n78_n257 2 CC1, CC2 FR1, FR2 3300, 26500 3800, 29500
CC_-2DL_2UL.n78.n257 2 CC1, CC2 FR1, FR2 3300, 26500 3800, 29500
CC-2DL_1UL_n41_n260 2 CC1, CC2 FR1, FR2 2496, 37000 2690, 40000
CC-2DL_2UL_n41.n260 2 CC1, CC2 FR1, FR2 2496, 37000 2690, 40000
Intra-Band Contiguous CC
CC_2DL.n41C_1UL_n41A 2 CC1, CC2 FR1 2496, 2496 2690, 2690
CC_2DLn257G_2UL_n257G 2 CC1, CC2 FR2 26500, 26500 29500, 29500
CC_3DLn257H_3ULn257G 3 CC1, CC2, CC3 FR2 26500, 26500, 26500 29500, 29500, 29500
CC_3DL.n257H_3UL_n257H 3 CCl1, CC2, CC3 FR2 26500, 26500, 26500 29500, 29500, 29500
CC_4DL_n2571.4UL_n257G 4 CCl1, CC2, CC3, CC4 FR2 26500, 26500, 29500, 29500,
26500, 26500 29500, 29500
CC_4DL.n2571_4UL_n257H 4 CC1, CC2, CC3, CC4 FR2 26500, 26500, 29500, 29500,
26500, 26500 29500, 29500
CC_4DL.n2571_4UL_n2571 4 CC1, CC2, CC3, CC4 FR2 26500, 26500, 29500, 29500,
26500, 26500 29500, 29500
CC_5DLn257J_5UL_n257G 5 CCl1, CC2, CC3, CC4, CC5 FR2 26500, 26500, 29500, 29500,
26500, 26500, 26500 29500, 29500, 29500
CC_5DLn257J_5UL_n257H 5 CC1, CC2, CC3, CC4, CCh FR2 26500, 26500, 29500, 29500,
26500, 26500, 26500 29500, 29500, 29500
CC_5DLn257J_5UL_n2571 5 CC1, CC2, CC3, CC4, CCh FR2 26500, 26500, 29500, 29500,
26500, 26500, 26500 29500, 29500, 29500
CC_5DL n257J_5UL_n257J 5 CC1, CC2, CC3, CC4, CCh FR2 26500, 26500, 29500, 29500,
26500, 26500, 26500 29500, 29500, 29500
CC_6DLn257K_6UL_n257G 6 CCl1, CC2, CC3, CC4, CC5, FR2 26500, 26500, 29500, 29500,
CC6 26500, 26500, 29500, 29500,
26500, 26500 29500, 29500
CC_6DLn257K_6UL_n257H 6 CC1, CC2, CC3, CC4, CC5, FR2 26500, 26500, 29500, 29500,
CC6 26500, 26500, 29500, 29500,
26500, 26500 29500, 29500
CC_6DLn257K_6UL_n2571 6 CC1, CC2, CC3, CC4, CCs5, FR2 26500, 26500, 29500, 29500,
CC6 26500, 26500, 29500, 29500,
26500, 26500 29500, 29500
CC_6DLn257K_6UL n257J 6 CC1, CC2, CC3, CC4, CC5, FR2 26500, 26500, 29500, 29500,
CC6 26500, 26500, 29500, 29500,
26500, 26500 29500, 29500
CC_6DLn257K_6UL_n257K 6 CCl1, CC2, CC3, CC4, CCs5, FR2 26500, 26500, 29500, 29500,
CC6 26500, 26500, 29500, 29500,
26500, 26500 29500, 29500
CC_7DLn257L_7ULn257G 7 CCl1, CC2, CC3, CC4, CC5, FR2 26500, 26500, 29500, 29500,
CcCe, CC7 26500, 26500, 29500, 29500,
26500, 26500, 26500 29500, 29500, 29500
CC_7DLn257L_7UL_n257H 7 CC1, CC2, CC3, CC4, CC5, FR2 26500, 26500, 29500, 29500,

CCe, CC7

26500, 26500,
26500, 26500,

29500, 29500,
26500 29500, 29500, 29500
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CC Configuration CcC CC Type Frequency Uplink Low Uplink High
Count Range (MHz) (MHz)
CC_7DL_n257L_7UL_n2571 7 CC1, CC2, CC3, CC4, CCs5, FR2 26500, 26500, 29500, 29500,
CC6, CCT7 26500, 26500, 29500, 29500,
26500, 26500, 26500 29500, 29500, 29500
CC_7DL_n257L_7UL_n257J 7 CC1, CC2, CC3, CC4, CCs, FR2 26500, 26500, 29500, 29500,
CCe6, CCT7 26500, 26500, 29500, 29500,
26500, 26500, 26500 29500, 29500, 29500
CC_7DLn257L_7UL_n257K 7 CCl1, CC2, CC3, CC4, CCs5, FR2 26500, 26500, 29500, 29500,
CC6, CCT 26500, 26500, 29500, 29500,
26500, 26500, 26500 29500, 29500, 29500
CC_7DLn257L_7UL_n257L 7 CC1, CC2, CC3, CC4, CCs5, FR2 26500, 26500, 29500, 29500,
CC6, CCT7 26500, 26500, 29500, 29500,
26500, 26500, 26500 29500, 29500, 29500
CC_8DL_n257M_8UL_n257G 8 CC1, CC2, CC3, CC4, CCs5, FR2 26500, 26500, 29500, 29500,
CCe6, CC7, CC8 26500, 26500, 29500, 29500,
26500, 26500, 29500, 29500,
26500, 26500 29500, 29500
CC_8DL_n257M_8UL_n257H 8 CC1, CC2, CC3, CC4, CCs5, FR2 26500, 26500, 29500, 29500,
CC6, CC7, CC8 26500, 26500, 29500, 29500,
26500, 26500, 29500, 29500,
26500, 26500 29500, 29500
CC_8DL_n257M_8UL_n2571 8 CCl1, CC2, CC3, CC4, CCb, FR2 26500, 26500, 29500, 29500,
CC6, CC7, CC8 26500, 26500, 29500, 29500,
26500, 26500, 29500, 29500,
26500, 26500 29500, 29500
CC_8DL_n257M_8UL_n257J 8 CC1, CC2, CC3, CC4, CCs5, FR2 26500, 26500, 29500, 29500,
CCe6, CC7, CC8 26500, 26500, 29500, 29500,
26500, 26500, 29500, 29500,
26500, 26500 29500, 29500
CC_8DL_n257M_8UL_n257K 8 CC1, CC2, CC3, CC4, CCs5, FR2 26500, 26500, 29500, 29500,
CC6, CC7, CC8 26500, 26500, 29500, 29500,
26500, 26500, 29500, 29500,
26500, 26500 29500, 29500
CC_8DL_n257M_8UL_n257L 8 CCl1, CC2, CC3, CC4, CCb, FR2 26500, 26500, 29500, 29500,
CC6, CC7, CC8 26500, 26500, 29500, 29500,
26500, 26500, 29500, 29500,
26500, 26500 29500, 29500
CC_8DL_n257M_8UL_n257M 8 CC1, CC2, CC3, CC4, CCs5, FR2 26500, 26500, 29500, 29500,
CCe6, CC7, CC8 26500, 26500, 29500, 29500,
26500, 26500, 29500, 29500,
26500, 26500 29500, 29500
CC_n258B 2 CC1, CC2 FR2 24250, 24250 27500, 27500
CC_n258C 3 CC1, CC2, CC3 FR2 24250, 24250, 24250 27500, 27500, 27500
CCn258D 2 CC1, CC2 FR2 24250, 24250 27500, 27500
CC_n258E 3 CC1, CC2, CC3 FR2 24250, 24250, 24250 27500, 27500, 27500
CC_n258F 4 CC1, CC2, CC3, CC4 FR2 24250, 24250, 27500, 27500,
24250, 24250 27500, 27500
CCn258G 2 CC1, CC2 FR2 24250, 24250 27500, 27500
CC-n258H 3 CC1, CC2, CC3 FR2 24250, 24250, 24250 27500, 27500, 27500
CC_n2581 4 CCl1, CC2, CC3, CC4 FR2 24250, 24250, 27500, 27500,
24250, 24250 27500, 27500
CC_n258J 5 CC1, CC2, CC3, CC4, CC5h FR2 24250, 24250, 27500, 27500,
24250, 24250, 24250 27500, 27500, 27500
CCn258K 6 CC1, CC2, CC3, CC4, CCs5, FR2 24250, 24250, 27500, 27500,
CC6 24250, 24250, 27500, 27500,
24250, 24250 27500, 27500
CCn258L 7 CC1, CC2, CC3, CC4, CCb, FR2 24250, 24250, 27500, 27500,
CC6, CCT7 24250, 24250, 27500, 27500,
24250, 24250, 24250 27500, 27500, 27500
CC_n258M 8 CCl1, CC2, CC3, CC4, CCs5, FR2 24250, 24250, 27500, 27500,
CCe6, CC7, CC8 24250, 24250, 27500, 27500,
24250, 24250, 27500, 27500,
24250, 24250 27500, 27500
Intra-Band Non-Contiguous CC
CC_2DL.n41(2A)-1UL_n41A 2 CC1, CC2 FR1 2496, 2496 2690, 2690
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CC Configuration CcC CC Type Frequency Uplink Low Uplink High
Count Range (MHz) (MHz)
CC_n260(5A) 5 CC1, CC2, CC3, CC4, CCh FR2 37000, 37000, 40000, 40000,
37000, 37000, 37000 40000, 40000, 40000
CC_n260(6A) 6 CC1, CC2, CC3, CC4, CC5, FR2 37000, 37000, 40000, 40000,
CC6 37000, 37000, 40000, 40000,
37000, 37000 40000, 40000
CC_n260(7A) 7 CC1, CC2, CC3, CC4, CCb, FR2 37000, 37000, 40000, 40000,
CCe, CCT7 37000, 37000, 40000, 40000,
37000, 37000, 37000 40000, 40000, 40000
CC_n260(8A) 8 CC1, CC2, CC3, CC4, CC5, FR2 37000, 37000, 40000, 40000,
CC6, CC7, CC8 37000, 37000, 40000, 40000
37000, 37000, 40000, 40000,
37000, 37000 40000, 40000
CC_n260(2D) 4 CC1, CC2, CC3, CC4 FR2 37000, 37000, 40000, 40000,
37000, 37000 40000, 40000
CC-n260(2G) 4 CCl1, CC2, CC3, CC4 FR2 37000, 37000, 40000, 40000,
37000, 37000 40000, 40000
CCn260(3G) 6 CC1, CC2, CC3, CC4, CCsh, FR2 37000, 37000, 40000, 40000,
CC6 37000, 37000, 40000, 40000,
37000, 37000 40000, 40000
CC-n260(4G) 8 CC1, CC2, CC3, CC4, CC5, FR2 37000, 37000, 40000, 40000
CC6, CC7, CC8 37000, 37000, 40000, 40000,
37000, 37000, 40000, 40000,
37000, 37000 40000, 40000
CC_n260(2H) 6 CC1, CC2, CC3, CC4, CC5, FR2 37000, 37000, 40000, 40000,
CC6 37000, 37000, 40000, 40000,
37000, 37000 40000, 40000
CC_n260(20) 4 CC1, CC2, CC3, CC4 FR2 37000, 37000, 40000, 40000,
37000, 37000 40000, 40000
CC_n260(30) 6 CC1, CC2, CC3, CC4, CCb, FR2 37000, 37000, 40000, 40000,
CC6 37000, 37000, 40000, 40000,
37000, 37000 40000, 40000
CC_n260(40) 8 CC1, CC2, CC3, CC4, CC5h, FR2 37000, 37000, 40000, 40000,
CC6, CC7, CC8 37000, 37000, 40000, 40000,
37000, 37000, 40000, 40000,
37000, 37000 40000, 40000
CC_n260(2P) 6 CC1, CC2, CC3, CC4, CC5, FR2 37000, 37000, 40000, 40000,
CCé 37000, 37000, 40000, 40000
37000, 37000 40000, 40000
CC_n260(4P) 12 CC1, CC2, CC3, CC4, CC5, FR2 37000, 37000, 40000, 40000,
CC6, CC7, CC8, CC9Y, 37000, 37000, 40000, 40000,
CcC1o, CC11, CC12 37000, 37000, 40000, 40000,
37000, 37000, 40000, 40000,
37000, 37000, 40000, 40000,
37000, 37000 40000, 40000
CC_n260(2Q) 8 CC1, CC2, CC3, CC4, CC5, FR2 37000, 37000, 40000, 40000,
CCe6, CC7, CC8 37000, 37000, 40000, 40000,
37000, 37000, 40000, 40000,
37000, 37000 40000, 40000
CC_n261(2H) 6 CC1, CC2, CC3, CC4, CC5, FR2 27500, 27500, 28350, 28350,
CC6 27500, 27500, 28350, 28350,
27500, 27500 28350, 28350
CC_n261(2I) 8 CC1, CC2, CC3, CC4, CCb, FR2 27500, 27500, 28350, 28350,
CCe6, CC7, CC8 27500, 27500, 28350, 28350,
27500, 27500, 28350, 28350,
27500, 27500 28350, 28350
CCn261(2D)-n261A 4 CC1, CC2, CC3, CC4 FR2 27500, 27500, 28350, 28350,
27500, 27500 28350, 28350
CC_n261(2G)n261A 4 CC1, CC2, CC3, CC4 FR2 27500, 27500, 28350, 28350,
27500, 27500 28350, 28350
CC_n261(3G)-n261A 6 CC1, CC2, CC3, CC4, CCb, FR2 27500, 27500, 28350, 28350,

CC6

27500, 27500,
27500, 27500

28350, 28350,
28350, 28350
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Table 3-29 continued

CC Configuration CcC CC Type Frequency Uplink Low Uplink High
Count Range (MHz) (MHz)
CC_n261(4G)-n261A 8 CCl1, CC2, CC3, CC4, CC5, FR2 27500, 27500, 28350, 28350,
CC6, CC7, CC8 27500, 27500, 28350, 28350,
27500, 27500, 28350, 28350,
27500, 27500 28350, 28350
CC_n261(20)n261A 4 CC1, CC2, CC3, CC4 FR2 27500, 27500, 28350, 28350,
27500, 27500 28350, 28350
CCn261(40)n261A 8 CC1, CC2, CC3, CC4, CCs5, FR2 27500, 27500, 28350, 28350,
CC6, CC7, CC8 27500, 27500, 28350, 28350,
27500, 27500, 28350, 28350,
27500, 27500 28350, 28350
CC_n261(70)n261A 14 CCl1, CC2, CC3, CC4, CCs5, FR2 27500, 27500, 28350, 28350,
CC6, CC7, CC8, CC9, 27500, 27500, 28350, 28350,
CC10, CC11, CC12, CC13, 27500, 27500, 28350, 28350,
CC14 27500, 27500, 28350, 28350,
27500, 27500, 28350, 28350,
27500, 27500, 28350, 28350,
27500, 27500 28350, 28350
CC_n261(2P)n261A 6 CCl1, CC2, CC3, CC4, CC5, FR2 27500, 27500, 28350, 28350,
CC6 27500, 27500, 28350, 28350,
27500, 27500 28350, 28350
CC_n261(2Q)-n261A 8 CC1, CC2, CC3, CC4, CC5, FR2 27500, 27500, 28350, 28350,
CCe6, CCT7, CC8 27500, 27500, 28350, 28350,
27500, 27500, 28350, 28350,
27500, 27500 28350, 28350
Single Band
n34 1 CC1 FR1 2010 2025
n38 1 CC1 FR1 2570 2620
n39 1 CC1 FR1 1880 1920
n40 1 CC1 FR1 2300 2400
n4l 1 CC1 FR1 2496 2690
n50 1 CC1 FR1 1432 1517
n51 1 CC1 FR1 1427 1432
n77 1 CC1 FR1 3300 4200
n78 1 CC1 FR1 3300 3800
n79 1 CC1 FR1 4400 5000
n257 1 CC1 FR2 26500 29500
n258 1 CC1 FR2 24250 27500
n259 1 CC1 FR2 39500 43500
n260 1 CC1 FR2 37000 40000
n261 1 CC1 FR2 27500 28350
n262 1 CC1 FR2 47200 48200
n263 1 CC1 FR2 57000 71000
FDD Bands
Inter-Band CC
CC.nlA_n8A 2 CC1.UL — CC2_.UL — FR1 1920 — 880 — 1980 — 915 —
CC1.DL — CC2_.DL 2110 — 925 2170 — 960
CC._nlA n28A 2 CC1.UL — CC2_.UL — FR1 1920 — 703 — 1980 — 748 —
CC1.DL — CC2.DL 2110 — 758 2170 — 803
CC_n3A_n8A 2 CC1_.UL — CC2_.UL — FR1 1710 — 880 — 1785 — 915 —
CC1.DL — CC2.DL 1805 — 925 1880 — 960
CCn3A_n28A 2 CC1.UL — CC2_.UL — FR1 1710 — 703 — 1785 — 748 —
CC1.DL — CC2.DL 1805 — 758 1880 — 803
CC_n7A_n28A 2 CC1.UL — CC2_UL — FR1 2500 — 703 — 2570 — 748 —
CC1.DL — CC2.DL 2620 — 758 2690 — 803
CC_n7A n66A 2 CC1.UL — CC2_.UL — FR1 2500 — 1710 — 2570 — 1780 —
CC1.DL — CC2_.DL 2620 — 2110 2690 — 2200
CC_n20A_n28A 2 CC1.UL — CC2_.UL — FR1 832 — 703 — 791 862 — 748 — 821
CC1.DL — CC2.DL — 758 — 803
CCn25A n71A 2 CC1.UL — CC2_.UL — FR1 1850 — 663 — 1915 — 698 —
CC1.DL — CC2.DL 1930 — 617 1995 — 652

Continued on next page
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CC Configuration CcC CC Type Frequency Uplink Low Uplink High
Count Range (MHz) (MHz)

CC_n66A_n70A 2 CC1.UL — CC2_.UL — FR1 1710 — 1695 — 1780 — 1710 —
CC1.DL — CC2.DL 2110 — 1995 2200 — 2020

CC_n66B_n70A 2 CC1.UL — CC2_.UL — FR1 1710 — 1695 — 1780 — 1710 —
CC1.DL — CC2.DL 2110 — 1995 2200 — 2020

CCn66(2A)_-n70A 2 CC1.UL — CC2_.UL — FR1 1710 — 1695 — 1780 — 1710 —
CC1.DL — CC2.DL 2110 — 1995 2200 — 2020

CC_n66A_n71A 2 CC1.UL — CC2_UL — FR1 1710 — 663 — 1780 — 698 —
CC1.DL — CC2.DL 2110 — 617 2200 — 652

CC_n66B_n71A 2 CC1.UL — CC2_.UL — FR1 1710 — 663 — 1780 — 698 —
CC1.DL — CC2.DL 2110 — 617 2200 — 652

CCn66(2A)n71A 2 CC1.UL — CC2_.UL — FR1 1710 — 663 — 1780 — 698 —
CC1.DL — CC2.DL 2110 — 617 2200 — 652

CCn70A_n71A 2 CC1.UL — CC2_UL — FR1 1695 — 663 — 1710 — 698 —
CC1.DL — CC2.DL 1995 — 617 2020 — 652

CC_n66A_n70A_n71A 3 CC1.UL — CC2_UL — FR1 1710 — 1695 — 1780 — 1710 —
CC3.UL — CC1.DL — 663 — 2110 — 698 — 2200 —
CC2.DL — CC3.DL 1995 — 617 2020 — 652

CC_n66B_n70A_n71A 3 CC1.UL — CC2_UL — FR1 1710 — 1695 — 1780 — 1710 —
CC3.UL — CC1.DL — 663 — 2110 — 698 — 2200 —
CC2.DL — CC3.DL 1995 — 617 2020 — 652

CCn66(2A)_n70A n71A 3 CC1.UL — CC2_.UL — FR1 1710 — 1695 — 1780 — 1710 —
CC3.UL — CC1.DL — 663 — 2110 — 698 — 2200 —
CC2.DL — CC3.DL 1995 — 617 2020 — 652

Intra-Band Contiguous CC

CConlB 2 CC1.UL — CC2_.UL — FR1 1920 — 1920 — 1980 — 1980 —
CC1.DL — CC2_.DL 2110 — 2110 2170 — 2170

CCn7B 2 CC1.UL — CC2_.UL — FR1 2500 — 2500 — 2570 — 2570 —
CC1.DL — CC2.DL 2620 — 2620 2690 — 2690

CC_n66B 2 CC1.UL — CC2_.UL — FR1 1710 — 1710 — 1780 — 1780 —
CC1.DL — CC2.DL 2110 — 2110 2200 — 2200

CCnT71B 2 CC1.UL — CC2_UL — FR1 663 — 663 — 617 698 — 698 — 652
CC1.DL — CC2.DL — 671 — 652

Intra-Band Non-Contiguous CC

CCm3(24) 2 CC1.UL — CC2_.UL — FR1 1710 — 1710 — 1782 — 1785 —
CC1.DL — CC2.DL 1805 — 1805 1880 — 1880

CCn7(24) 2 CC1.UL — CC2_UL — FR1 2500 — 2500 — 2570 — 2570 —
CC1.DL — CC2.DL 2620 — 2620 2690 — 2690

CC_n25(2A) 2 CC1.UL — CC2_.UL — FR1 1850 — 1850 — 1915 — 1915 —
CC1.DL — CC2_.DL 1930 — 1930 1995 — 1995

CC_n66(2A) 2 CC1.UL — CC2_.UL — FR1 1710 — 1710 — 1780 — 1780 —
CC1.DL — CC2.DL 2110 — 2110 2200 — 2200

Single Band

nl 1 CC1 FR1 1920 1980

n2 1 CC1 FR1 1850 1910

n3 1 CC1 FR1 1710 1785

nb 1 CC1 FR1 824 859

n7 1 CC1 FR1 2500 2570

n8 1 CC1 FR1 880 915

nl2 1 CC1 FR1 699 716

n20 1 CC1 FR1 832 862

n25 1 CC1 FR1 1850 1915

n28 1 CC1 FR1 703 748

n66 1 CC1 FR1 1710 1780

n70 1 CC1 FR1 1695 1710

n71 1 CC1 FR1 663 698

n74 1 CC1 FR1 1427 1470
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3.9.24 PHY: Omitted Features

The currently omitted features include:

e Physical control channels: While calculating the TBS capacity, a fixed overhead is reduced
to account for the control channels. This overhead fraction varies for UL and DL, across
FR1 and FR2, and is provided in the standard.

e Random access procedure

e Power control

3.10 Supported Max Data Rate

For NR, the approximate data rate for a given number of aggregated carriers in a band or band
combination is computed as follows.

I, N NEWGME 9 :
data rate (in Mbps) = 107° Z <vl(i)yers> QY- f9. R % <1 - OH(])) (41)
j=1 ’

Where,

e J is the number of aggregated component carriers in a band or band combination Ryax =
948 /1024.

e For the j-th Component Carrier, v](gyers is the maximum number of supported layers given
by higher layer parameter maxNumberMIMO-LayersPDSCH for downlink and maximum
of higher layer parameters maxNumberMIMO-LayersCB-PUSCH and maxNumberMIMO-
LayersNonCB-PUSCH for uplink.

. Q%) is the maximum supported modulation order given by higher layer parameter sup-
portedModulationOrderDL for downlink and higher layer parameter supportedModula-
tionOrderUL for uplink.

e fJ is the scaling factor given by higher layer parameter scalingFactor and can take the
values 1, 0.8, 0.75, and 0.4.

e 1 is the numerology (as defined in TS 38.211 [6]).

e T! is the average OFDM symbol duration in a subframe for numerology u, i.e., T4 =
1073
1421
e Note that normal cyclic prefix is assumed, which has 14 OFDM symbols per slot or 14 x 2#
symbols per millisecond.

NE&U ) is the maximum Resource Block allocation in bandwidth BWY) with numerology

1 as defined in 5.3 TS 38.101-1 [2] and 5.3 TS 38.101-2 [3], where BWY) is the UE
supported maximum bandwidth in the given band or band combination. The number of
subcarriers per physical resource block (PRB) is fixed to 12.

e OHY) is the overhead and takes the following values.
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0.14, for frequency range FR1 for DL
0.18, for frequency range FR2 for DL
0.08, for frequency range FR1 for UL
0.10, for frequency range FR2 for UL

The approximate maximum data rate can be computed as the maximum of the approximate data
rates computed using the above formula for each of the supported band or band combinations.

For EUTRA in case of MR-DC, the approximate data rate for a given number of aggregated
carriers in a band or band combination is computed as follows.

J
data rate (in Mbps) = 1073 Z TBS; (42)
j=1

Where,

e J is the number of aggregated EUTRA component carriers in MR-DC band combination.

e TBS; is the total maximum number of DL-SCH transport block bits received within a
1ms TTI for j-th CC, as derived from T'S36.213 [22] based on the UE supported maximum
MIMO layers for the j-th carrier and based on the modulation order and number of PRBs
based on the bandwidth of the j-th carrier.

e The approximate maximum data rate can be computed as the maximum of the approx-
imate data rates computed using the above formula for each of the supported band or
band combinations.

e For MR-DC, the approximate maximum data rate is computed as the sum of the approx-
imate maximum data rates from NR and EUTRA.

3.11 Propagation Models (Per 3GPP TR 38.900)

3.11.1 Overview

The pathloss and channel between a UE and a BS depends on:

e Location: The pathloss depends on the UE’s location (UE-gNB distance) and is calcu-
lated separately for each connected UE. The pathloss computations are recomputed every
time a UE moves.

e Scenario: Rural Macro (RMa), Urban Macro (UMa), Urban Micro (UMi). This param-
eter is available as Outdoor Scenario in gNB properties > Interface (5G RAN) > Physical
Layer > Channel Model. Each scenario has a different pathloss model defined in the
standard. This property is common for the gNB and all connected UEs.

e Whether the UE-gNB is Line-of-sight or Non-line-of-sight (LOS/NLOS): This
parameter is available as LOS probability in gNB properties > Interface (5G RAN) >
Physical Layer > Channel Model. The pathloss models defined in the standard differ for
LOS and NLOS. This property is common for the gNB and all connected UEs. However,
a different (uniform) random number is sampled for each associated UE so that different
UEs will see different LOS/NLOS channels. For each UE, the LOS/NLOS random variable
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is sampled every time a UE moves, and hence a UE may switch from LOS to NLOS if it
moves.

e Shadow fading: This parameter is available as a Shadow fading model in gNB properties
> Interface (5G RAN) > Physical Layer > Channel Model. This property is common for
the gNB and all connected UEs. In this case, a different log-normal random variable
is sampled for each associated UE. For each UE, the shadow fading random variable is
sampled every time a UE moves.

e Fading and beamforming: Fast fading is enabled by turning on the parameter Fading
and Beamforming in gNB properties > Interface (5G RAN) > Physical Layer > Channel
Model. Please see sections 3.9.3 and 3.9.4 for a detailed explanation. In essence, the
eigenvalue of an (NN, x N;) random matrix is the fast-fading gain. Since the random
matrix would be different for each gNB-UE pair the gains would be different. The fast-
fading gains are recomputed every (user settable) coherence time whose default value is
10 ms. The coherence time is common to all UEs attached to a gNB.

NetSim also features Indoor and Outdoor pathloss (PL) models.

e NetSim GUI (gNB properties > Interface (5G RAN) > Physical Layer > Channel Model)
allows users to configure both indoor and outdoor PL models. Both indoor and outdoor
options are shown in the GUI irrespective of the underlying scenario.

e Based on gNBs/UEs placement within or outside a building NetSim automatically chooses
the indoor/outdoor propagation models. The selection is as follows:
— Outdoor gNB to Outdoor UE: Outdoor PL model

— Outdoor gNB to Indoor UE: Outdoor PL till building, then penetration (O2I) loss,
and finally indoor PL within the building

Indoor gNB to Indoor UE: Indoor PL model
An Indoor gNB cannot be connected to an Outdoor UE in NetSim

3.11.2 Pathloss Formulas

The pathloss models are summarized in the table below and the distance definitions are indicated
in the accompanying figures. Note that the distribution of the shadow fading is log-normal, and
its standard deviation for each scenario is given in the table.

- o - -y g

Figure 3-17: Definition of dop and dsp from Stan-  Figure 3-18: Definition of dep_out, dop-in, and
dards Figure 7.4.1-1 dac-out and d3p_out, d3p-out for indoor UTs from
Standards Figure 7.4.1-2
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Note that,
d3D-out + d3D-in = \/ (dap-out + dap-in)” + (hps — hur)®  (7.4.1-2) (43)
Table 3-30: Pathloss model from Standards Table 7.4.1-1.
Scenario LOS/ Pathloss [dB] Shadow Applicability
NLOS fading range, antenna
std height default
[dB] values
RMa LOS PLRMa_1.08 = iil’ iomfsw f f(flfm osr =4 hps=35m
4071_;;)chBP = 92D = ogp =6 hyr=15m
PLy=20logyo( —— > ) + min(0.03h1-72,10) log;o(dsp) hW_=5i(l)m
—min(0.044h-72,14.77) + 0202 logyo(h) dsp h = avg. building height
— 3D W = avg. street width
PLQ—PLl(dBp)+4010g10(dBP SmSth 50m
see note 5 5m<W <50m
10m < hgs < 150m
Im < hyr <10m
RMa NLOS PLiva-NLos = 161.04 — 7.11logo(W) + 7.5logg(h) 8 h = avg. building height
—(24.37 — 3.7(h/hps)?) logio(hps) W = avg. street width
+(43.42 — 3.11og¢(hps))(logio(dsp) — 3) The applicability ranges apply.
+201og;o(fe) — (3.2(logyo(11.75hyT))? — 4.97)
PLrMa-NLOs = max(PLrMa-1L0s; PLRva—NLOS)
10m S ng S 5km
U
UMa LOS PLusa1os = 4 L1 19‘“ S dop < dpp 4 hps = 25m
PLQ, dBPSd2DS5km hUT:1.51’Il
PLy =28.0+22logo(dsp) + 201ogyo(fc) 1.5m < hyp < 22.5m
PLy =28.0+40logo(dsp) + 201og ¢ (fe)
—9logyo((dgp)?* + (hes — hur)?)
see note 1
UMa NLOS PL{\a_NLOs = 13.54 4 39.081og4(d3p) 6 Explanations:
+201log;o(fc) — 0.6(hyr — 1.5) see note 3
PLuyMa-—~NLOs = max(PLuMa-10s: PLyya_NLOS)
10m < dsp < 5km
UMa NLOS Optional
U
UMi — LOS PLusi-Los = 4 LEb 1,0m S dzp < dpp 4 hps =10m
Street PLa, dpp < dyp < 5km hyr = 1.5m
Canyon PL; =324+21 loglo(dgp) + 20 IOgIO(fC) 1.5m < hyp < 22.5m
PLy = 32.4 + 40log, o (dsp) + 201og, o (fe)
—9.5log1o((dzp)* + (hps — hur)?)
see note 1
UMi — NLOS PLyi—nLos = 22.4 + 35.3log(d3p) 7.82 Explanations:
Street +21.3logo(fe) — 0.3(hyr — 1.5) see note 4
Canyon PLuymi-NLos = max(PLumi—Los, PLyi_~Los)
10m S ng S 5km
UMi — NLOS Optional
Street
Canyon
InH — LOS PLiya—_Los = 32.4 + 17.3log;(d3p) + 20log;o(fe) 3 hps =3m
Office 1m <d3p <150m Im < hyr <25m
InH — NLOS  PLpp_nLos = 17.30 + 38.3logyo(dsp) + 24.9logy (fe)8.03
Office 1I11Sd3D §150m
InH — NLOS  PLpn_~Los = 32.4 + 31.91og,o(dsp) + 20log,o(fe) 8.29 Optional
Office 1m <dsp <150m

Note 1: Breakpoint distance dgp =

4 x hgg X hyp X fe

C

, where f. is the centre frequency in

Hz, ¢ = 3 x 108 m/s is the propagation velocity in free space, and h;BS and h/UT are the effective
antenna heights at the BS and the UT, respectively. The effective antenna heights hjzq and Ay
are computed as follows: h;gs = hgs — hg, hIUT = hyT — hg, where hgg and hyt are the actual
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antenna heights, and hp is the effective environment height. For UMi hp = 1.0 m. For UMa

1
hg = 1 m with a probability equal to and chosen from a discrete uniform
P y e 1+ C(d2p, hur)

distribution uniform (12,15, ..., (hyr — 1.5)) otherwise. With C'(dap, hut) given by

0 ,h,UT < 13 m
C (dop. _ _ 13\ 15 44
(d2p, hut) <hUT103> g(dep) ,13m < hyr <23 m e
Where,
0 ydep < 18 m
9(d2p) = ¢ 5 (dap\® —dap )
1(56) eo(Ta) rem <

Note that hg depends on dyp and hyt and thus needs to be independently determined for every
link between BS sites and UTs. A BS site may be a single BS or multiple co-located BSs.

Note 2: The applicable frequency range of the PL formula in this table is 0.5 < f. < fg
GHz, where fig = 30 GHz for RMa and fg = 100 GHz for all the other scenarios. It is noted
that RMa pathloss model for > 7 GHz is validated based on a single measurement campaign
conducted at 24 GHz.

Note 3: UMa NLOS pathloss is from TR 36.873 with simplified format and
PLuma1,0s = Pathloss of UMa LOS outdoor scenario.

Note 4: PLywmi.Los = Pathloss of UMi-Street Canyon LOS outdoor scenario.

21 X hBS X hUT X fc

c
Hz, ¢ = 3 x 108 m/s is the propagation velocity in free space, and hgg and hyr are the antenna

heights at the BS and the UT, respectively.

Note 5: Break point distance dgp = , where f. is the centre frequency in

Note 6: f. denotes the center frequency normalized by 1 GHz, all distance related values are
normalized by 1m, unless it is stated otherwise.

NetSim enforces the following:
RMa, UMa, UMi: If dop < 10 m then dop = 10 m
InH: If dsp < 1 m then dop = 1m

3.11.3 LOS Probability

The Line-Of-Sight (LOS) probabilities are given in the table below.

Table 3-31: LOS probability from Standards Table 7.4.2-1.

Scenario LOS probability (distance is in meters)
RMa PLOS = 1, d2D < 10
P exp( — 22— 10 dap > 10
= X _——
LOS p 1000 ) 2D
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Scenario LOS probability (distance is in meters)
UMi — Street canyon Prpg = 1, dop < 18
18 dap 18
P - 2 2= 1-— dap > 18
LOS = 4 + eXp( 36 > ( d2D> ) 2D
UMa, PLOS = 1, dQD < 18

18 dap 18
Pros = — A
s = (- (=) (1-2))

5 (dop’ d
X (1 —i—C’(hUT)Z (1315) exp(—iffé)) )

dop > 18
Indoor — Mixed Pros =1, dop < 1.2
dop — 1.2
office Pros = exp<—2D47 R 1.2 < dsp < 6.5
dop 6.5
Pros = 0.32 exp (—21;)2.6> . dep > 6.5
Indoor — Open office  Prpos =1, dap <5
dop — 5
P = — 5 < dop <49
LOS eXP< 70.8 > ) 2D =
dap — 49
P, =0.54 - d 4
ros = 0.5 eXP( 2117 >, 2D > 49

NOTE: The LOS probability is derived with assuming antenna heights of 3m
for indoor, 10m for UMi, and 25m for UMa. For UMa, C’(hyr) = 0 when

hur —

1 1.5
hUT < 13m and C/(hUT) = < 10 3) when 13m < hUT < 23 m.

3.11.4 O2I Penetration Loss

3.11.4.1 O2I Building Penetration Loss

The pathloss incorporating O2I building penetration loss is modelled as in the following:

PL = PLy+ PLy, + PLiy + N (0,07) (7.4-2) (46)

where PLy is the basic outdoor pathloss given in Sub Clause 7.4.1, where dsp is replaced by
dsD-out + d3p-in. PLyy is the building penetration loss through the external wall, PL;, is the
inside loss dependent on the depth into the building, and op is the standard deviation for the
penetration loss.

PL;, is characterized as:

L

N
PLiw = PLyyi — 101ogy (Z (pi x 10 111“?8“11)) (7.4.3) )

i=1

PL,,; is an additional loss added to the external wall loss to account for non-perpendicular
incidence; Lmateriali = @materiali + Omateriali, J 1S the penetration loss of material ¢ example
values of which can be found in the table below, p; is proportion of i-th materials, where
Ei]ilpi = 1; and N is the number of materials.
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Table 3-32: Material penetration losses from Standards Table 7.4.3-1.

Material Penetration loss [dB]
Standard multi-pane glass Lglass =2+ 0.2f

IRR glass LIRRglass =23+ 03f
Concrete Leoncrete = 5 +4f
Wood Luood = 4.85 4+ 0.12f

NOTE: f is in GHz

The following table gives PLy,, PL;,, and op for two O2I penetration loss models. The O21
penetration is UT-specifically generated and is added to the SF realization in the log domain.

Table 3-33: 021 building penetration loss model from Standards Table 7.4.3-2.

Model Pathloss through external wall: Indoor Standard
PLy, [dB] loss: PL;, deviation:
[dB] op [dB]
Low-loss model 5 —10log;q (0.3 x 10~ Legtass/10 0.5 dop-in 4.4
+0.7 x 107 Leoncrete/10)
High-loss model 5 — 101logy( (0.7 x 10~ L1RRgiass/10 0.5 dap-in 6.5

+O3 X 10_Lconcrete/10)

dop-in is minimum of two independently generated uniformly distributed variables between 0
and 25m for UMa and UMi-Street Canyon, and between 0 and 10m for RMa. dop_jn shall be
UT-specifically generated.

Both low-loss and high-loss models are applicable to UMa and UMi-Street Canyon.
Only the low-loss model is applicable to RMa.

3.11.4.2 021 Model Usage

The O2I Models such as Low Loss and High Loss are associated with the type of material used
in the buildings and are used to calculate the penetration loss in case of an indoor scenario. In
case of scenarios where UEs are not inside a building these parameters will not have any impact
on the results. In an indoor scenario, users will be able to notice differences in the SNR.

3.12 Additional Loss Model
Apart from the channel losses per the 3GPP TR, 38.900 specifications, NetSim allows modelling
additional losses using MATLAB. This includes attenuation due to rain, fog, and gas.

Note that this implementation interfaces with MATLAB R2020(a/b). Lower versions of MAT-
LAB are not directly supported.

The following is required to run these models:

e An installed version of MATLAB R2020(a/b) in the same system where NetSim is installed
or in a different system in the same network.
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e Registration of MATLAB as a COM server. Reference:
https://in.mathworks.com/help/matlab/matlab_external/register-matlab-as-a
utomation-server.html

3.12.1 Configuration

Additional Loss Model can be configured in the gNB’s 5G RAN interface properties under
channel models section of Physical Layer as shown below.

i ;: Macro cell gNB Omni Ant._S Properties - 0O X

AR B

4 Channel Meodel -
PathLoss Model 3GPPTR38.901-74.1 ~
Outdoor Scenario URBAN_MACRO ~
Indoor Scenario INDOOR_OFFICE
Indoor Office Type MIXED_OFFICE ~
LOS NLOS Selection USER_DEFINED ~
LOS Probability 0
Shadow Fading Model NONE v
Fading and Beamforming NO_FADING_MIMO_UNI"
021 Building Penetration Model HIGH_LOSS_MODEL ~
Additional Loss Model NONE ~

None | =
MATLAB

Figure 3-17: gNB > Interface (5G-RAN) > Physical layer properties.

Similarly, this can be configured in the eNB’s LTE interface properties under channel models
section of Physical Layer as shown below.
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¥ Macro cell eNB Omni Ant,_5 Properties

" AN O

L
m

. \
E]_. [Elﬁ

Building Height (m)
Street Width (m)
Indoor Scenario
Indoor Office Type
LOS NLOS Selection
LOS Probability

Shadow Fading Model

Shadow Fading Standard...

Fading and Beamforming

02l Building Penetration...

20

INDOOR_OFFICE

MIXED_OFFICE ~

USER_DEFINED ~

3GPPTR38.901-7 ~

3GPPTR38.901-Tablei

NO_FADING_MI ~

LOW_LOSS_MOL ~

Additional Loss Model

NONE v
MATLAB

Figure 3-18: eNB > Interface (LTE) > Physical layer properties.

Ver 15.0

Additional Loss Model is set to NONE by default. When MATLAB is selected, MATLAB
MODEL drop down with options GAS, FOG, and RAIN will appear along with associated

parameters as shown below.
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LY
N

¥ Macre

nt._Y Properties

AN O ==

LOS Probability

Shadow Fading Model

Fading and Beamforming

NONE v

NO_FADING_MIMO_UNI' ~

02l Building Penetration Mode! NONE hd
Additional Loss Model |MATLAB v |
MATLAB Model GAS v
Ambient Temperature (*C) 15

Dry Air Pressure (Pa) 101300

Water Vapor Density (g/m?) 4

> Interference Model

> Error Model and MCS Selection

B> Component Carrier 2

Ver 15.0

Figure 3-19: Additional Loss Model set to MATLAB in gNB > Interface (5G RAN) > Physical layer

properties.

Each model has associated parameters that can be configured, which is listed in the table below.
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Table 3-34: Parameters in the various MATLAB additional loss models.

Additional Loss Associated Parameters Value

Model

RAIN Rain Rate (mm/hr) 16 (default), Range 0 to 100

RAIN Tilt Angle 0 (default), Range —90 to 90

RAIN Elevation Angle 0 (default), Range —90 to 90

RAIN Exceedance Rain (%) 0.01 (default), Range 0.001 to 1

GAS Ambient Temperature 15 (default), Range —50 to 50
(Celsius)

GAS Dry Air Pressure (Pa) 101300 (default), Range 50000 to

300000

GAS Water Vapor Density 4 (default), Range 1 to 10
(g/m?)

FOG Ambient Temperature 15 (default), Range —50 to 50
(Celsius)

FOG Liquid Water Density 0.5 (default), Range 0 to 5

(g/m?)

NOTE: Rain and Gas models support frequencies from 1 to 1000 GHz and Fog model supports
frequencies from 10 to 1000 GHz only.

3.12.2 Running Simulation

When Additional Loss Model option is set to MATLAB NetSim Simulation console waits for
MATLAB Interface process to connect.

B C\Users\USER\Documents\NetSim\Workspaces\LTE-UAV-\bin_x64\NetSimCore.exe b m] X

NEL_MODEL
t value and proceeding

ng complete

xe ing
Cou Not
Emulation

ri

configured to connect to NetSim.
a the NetSim GUI, please wait

ndow g
im GUI and

- R the
MATLAB Inter nection is established.

Figure 3-20: NetSim Simulation console waits for MATLAB Interface process to connect.

MATLAB Interface process can be started and connected to the running instance of NetSim
simulation using one of the following methods depending on where MATLAB is installed:

e If MATLAB is installed in the same system where NetSim is installed. MATLAB Interface
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process can be launched directly from the design window of NetSim.

— Go to Options Menu and select the Open MATLAB Interface option as shown below:

w File Options Help | Network 5G_NR_mmWave | Workspace: f

Ji Create Scenario o, Set Traffic [;l Configure Reports |_® Show/Hide Info

MR cave @ .

i R ave | @ A7 | Macro cell gNB Omni Ant. ) Macro cell gME Sector Ant.
]| Close % | Small cell gNB Ornni Ant,

File Run Simulation Base Station

Figure 3-21: Open MATLAB Window Options.
— Click on the OK button when the following message is displayed.

[ MetSim MATLAR Interfacing X

Please make sure you have MATLAE installed and configured before you proceed.
MATLAB Interfacing can be used in two cases:

Case 1: Using MATLAB's models via NetSim device/link properties.
Example: 5G NR-> gNB properties -> RAN Interface -> Additional loss models.

Case 2: Medifying source codes and calling NetSim-MATLAB APIs

Ref. User manual, section 10.3: Interfacing MetSim with MATLAB

Then,
Step 1. Create your scenario in NetSim
Step 2. Select this menu option to interface with MATLAB
Step 3. Click the "Run” button to run simulation in NetSim

MetSim simulation will commence, and MATLAE interfacing will be initiated.

0K Cancel

Figure 3-22: MATLAB Interface warning message.

e If MATLAB is installed in a different system in the same network, then MATLABInter-
face.exe (present in <NetSim Install Directory>/bin folder), can be started in that
system, manually from command prompt and the IP address of the system where NetSim
simulation has started can be passed as an argument as shown below:

B C:\Windows\System32\cmd.exe — m| W

Figure 3-23: MATLAB interface over an IP address.

In both above cases, the MATLAB Interface process starts MATLAB process (MATLAB com-
mand window will open in minimized state) after which simulation in NetSim will start. During
the simulation communication between NetSim and MATLAB is established to send inputs from
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NetSim to MATLAB pathloss models and to receive pathloss from MATLAB to NetSim happens
via the MATLAB Interface process as shown below:

B C\Program FilestMetSim'\Pro_v13_0\bin\Matlabinterface.exe - [m] x
ting M b

5]
5]

Figure 3-24: Runtime MATLAB interfacing window.

The pathloss value obtained from MATLAB is added to the total loss calculated as per the
3GPP TR 38.900 specifications. At simulation end the MATLAB Interface process closes the
MATLAB process that it started.

3.13 Downlink Interference Model
3.13.1 Configuration

Downlink Interference Model can be configured in the gNB’s 5G RAN interface properties under
channel models section of Physical Layer as shown below.
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AR B e

| [ Macro cell gNB Omni Ant_9 Properties — O pod

gMB Height {m) 10
TX Power [dBm) 40

L

b Duplex Mode oD~

u

_ CA Type Single band -
CA Configuration nig -

1 CA Count 1

= Component Carrier 1
PDSCH Configuration
PUSCH Configuration

v VvV ¥

Sl Report Configuration

o

Antenna
= Channel Model and MIMO

4 Interference Model

Downlink Interference Mode

No interference -

Mo interference

Exact geometric model

= Error Model and MCS Selg Interference over thermal

Rapid Confi

Server_t

Uplink Interference Model | Graded distance based Wyner mode|

Figure 3-25: gNB > Interface (5G RAN) > Physical layer properties.

Downlink Interference Model is set to NO INTERFERENCE by default.

3.13.2 Graded Distance-Based Wyner Model

Ver 15.0

The Wyner model is widely used due to its simplicity and analytical tractability. In this model:

e Only interference from (two) adjacent cells is considered.

e Random user locations and pathloss variations are ignored, and
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e The interference intensity from each neighbouring base station (BS) is characterized by
a single fixed parameter (0 < o < 1). The channel gain between BS and its home user
is 1 and the intercell interference intensity is a. Thus, a user sees constant interference
irrespective of its location.

These three simplifications lose a lot of information. We alter the Wyner model to address these
flaws by:

e Considering interference from arbitrary number of BSs.

e Factoring in the user location. The UEs distance from the interfering BS is an obvious
factor that determines the interference intensity since the amount of interference caused
depends on the signal attenuation with distance, the pathloss law. Since the Wyner model
uses relative interference, the ratio of a UEs distance from serving and interfering BSs is
used as one of the interference parameters.

e Using a graded interference intensity model, whereby a UE will see a different value of «
at different locations, thereby modelling the effect of interference more accurately.
3.13.2.1 Technical Description

e We model DL interference from any number of interfering BSs. Let BS; be the serving
BS to UE}. Let BS; be any other BS (j # i). Then the distance between UE}, and BS;

is denoted as Dggl’ while the distance between UE and BS; is denoted as Dggi .

BS]' BS;
(DUEK - DUE'K)

e A UE sees interference if is within a User Defined threshold (for ex-

BS,;
DUEJK
BS;
. . UE} BS; BS;
ample, 20%). This ratio is also equal to 1 — —Bs, - When DUEK < DUEK, we see that
UEg
BSj BS;
(DUEK B DUEK) .. BS; BS; . BS;
0< BS < 1. The ratio is 0 when DUEZK = DUEK and is 1 when DUEZK = 0.
D J
UEg

When Dggi{ = Dgfj; the UE is equidistant from both BS i.e., at the cell edge. When
DgziK = 0, the UE is at the centre of the serving BS, BS;.

e Users at the cell-edge will see out of cell interference; as the user moves closer to the cell
centre, it sees lesser interference.

e We call this User Defined threshold as differential distance ratio threshold and denote it
by DDRy,. The DDR threshold is used to define K thresholds, which are in turn used to

determine the out of cell interference experienced by U Fy, as explained below. First, we
bin the DD Ry, conditional on Dgg; < Dgg; , into K steps, as follows:

BS; BS;
D23 — DPei )
( UEk UEk DDRyy,
0< BS; << % )xl (48)
DUEK
BS; BS;
D7 — D3
DDRyy, < UEk UEK> DDRyy,
<K> x1< S, < % X 2 (49)
UEg
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(50)
st BSi
DDR <DUE - Dyg ) DDR
...<Kth)><(K—1)< Kst - << Kth>><K (51)
DUEK
BS; BSZ'

DDRy, (DUEJK - DUEK)

| XK < - (52)
DUEJK

Where DD Ry, is a user input varying from 0.00 to 1.00 (default is 0.1 or 10%), and K, the
number of steps, is a user input varying from 1 to 4 (default is 1). For example: if the given value
for the DDR is 0.2 and nSteps is 4, then the range of the curves will be from 0 to % = 0.05,
i.e 0 to 0.05, 0.05 to 0.10, 0.10 to 0.15, 0.15 to 0.2.

The relative interference for each of these steps would be I,, (0 < n < K) where K is the
number of steps and n represents each individual step (n = p if the p" inequality in the above
is satisfied, counting the first inequality as the zeroth inequality).

We specify the interference power relative to the power received from B.S;. Therefore, given
the value of I, interference power is calculated as the received power from BS; (excluding
beamforming gain) less I,,. Thus

InterferencePower from BS; (dB) = ReceivedPower from BS; (dBm) — IZ (dB) (53)

Therefore, we have I’ (dB) = Psflf,ing (dBm) — Pﬂserfering (dBm). This is equivalent to the
BS
. B Interfering . . . .
Wyner model with a = “pBS in the linear scale; however, note that in our interference
serving

model, a depends on the UE’s location, because I,, depends on the distance.

This interference powers (linear) from all interfering BSs are added to the noise power (in linear
scale) and then

SINR — Received power from B.S; + BeamFormingGain

54
NoisePower + > InterferencePower (54)

e Each I, is a user input. It is subject to the limits 0 < I,, < 20 dB. NetSim will enforce
the sanity check 20 > Ix_ 1 > ... > Iy > 0. Here Ix is the relative interference seen
when the UE is near BS; and Iy is the relative interference seen when the UE is nearly
equidistant from its two nearest BSs (and hence far from BS;).

e In an ideal case, when the user is at the cell edge, the received power from BS; will be
roughly equal to the received power from BS; (since it is equidistant from the two BSs),
and so SIN Rcelgdge Will necessarily be less than 0dB.

e As the UE moves away from the cell edge and towards B.S;, the received power from B.S;
increases and that from BS; decreases, and so the SINR improves. For this reason, we
have the limits on I,, as 0 dB < I, < 20 dB. If the user sets I,, to a large value, it will be
equivalent to having no inter-cell interference.
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BSj _pBSi BS;  BS;
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Figure 3-26: Interference zones are the regions within the four curves and the cell boundary of gN B;.
This example is for a case involving just 2 BSs with DDR = 0.4 and K = 4. The four curves are

BS; BS.
D J K
(UEKB—SJ,UEK> is equal to % =0.1, % =0.2, % = 0.3, and % =0.4. The
UEg

handover interference region is also shown.

therefore the equations where

BS; BSi
(Pos, — D)
BS;

Dygy
to Ix. The default value of Ix is 0, i.e., cell centre users do not see any out of cell
interference. The default values of I, for k =1,2,..., K —1is 10dB.

e In case > DDRyy,, the out of cell interference seen at the UE is set

e In NetSim, handover is triggered when the signal strength from BS; is offset (3dB by
default) higher than signal strength from BS;. A handover is not triggered when U E}, is
equidistant from both BSs but only when it is slightly nearer to BS;. Therefore, the short

. , BS; . . .. . .
time when Dg%K > Dy, EJK is a special case requiring a different interference power. We
term this interference as “Handover interference” and is a separate user input. Handover
interference is denoted as I_; and —3dB <71_; <0dB.

e Sample interference file format and example:
e <gNB_i>, <gNB_j>, <DDRth>, <nSteps>,<i -1>,<i 0>,<i 1>,<i 2> ... <i_(n-1)>

e gNB_11, gNB_12, 0.2, 4, -1, 1, 2, 3, 4

3.13.3 Exact Geometric Model
In this model NetSim computes interference from one or more interfering base-stations (BS or

gNB) at a UE, based on (i) the gNB UE locations and (ii) the pathloss between the interfering
gNB and the UE.
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Figure 3-27: A simple scenario with 8 BSs and 6 UEs. The bold lines represent direct signals while the
dashed lines represent interfering signals.

NetSim supports various 3GPP propagation models to calculate the pathloss between every BS
(gNB) and every UE. One of the parameters in the pathloss equations is the distance between
the BS and the UE. Some of the other user settable parameters used in the 3GPP models are
(i) Centre frequency (chosen from the band selected) (ii) Rural or Urban environments (iii) UE-
BS channel is in LOS or NLOS (iv) Shadow-fading in the UE-BS channel (v) Indoor or outdoor
UE location, etc. Complete details of the 3GPP pathloss models supported in NetSim are given
in 3.11.1.

Let BS; be the serving BS to UE}),. Let BS; be any other BS (j # i). UE}, communicates

with BS; while all other BSs (j # i) act as interferers. The distance between UEj and B.S;
is denoted as Dgg;, while the distance between UE and BSj is denoted as D[E]}gi . The power
of the interfering signal from any BS; at any UFE}, depends on (i) the transmit power of the
interfering BS and (ii) pathloss between the interfering BS and the UE. It can therefore be

expressed as

BS; S. BS,;
Iy =PP% —PL (55)
where PB% is the transmit power of BS;j, PLg;gi represents the 3GPP model based pathloss

between BS; and UE}),. This pathloss is dependent on Dgi{c and the channel between BS; and
UE}). The interference powers (linear) from all interfering BSs (i.e., apart from the serving BS)
are added to the noise power (in linear scale) and we get the expression

Received power from BS; + (Eigen)BeamFormingGain

SINRyEg, = : —
NoisePower + ;I

(56)

SINR determines the 5G PHY rate (throughput) that the UE would get. This is because the
PHY Rate depends on the CQI/MCS which in turn depends on SINR. Section 3.2 explains the
details.

The Wyner model is approximate but is computationally faster, while the geometric model is
precise but computationally slower due to the calculations involved.
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3.13.4 Interference Modeling in OFDM in NetSim

NetSim doesn’t model the allocation of specific subcarriers to individual users. The aggregate
resources are divided amongst the UEs per UEs’ requirements and the scheduling algorithm.

e The received power at U E}, from BS;, with transmit power P; is given (in the linear scale)

as
. P,
PBSi — ( ! > (57)
UE BS;
o\ PLgy,

e I or the interference in linear scale at a UE}, (associated with BS;) from B.S;

e To normalize the power should we further multiply by the ratio given below

(o,
Iik: = Z] Izjk: X (RBSlotk (58)

total

e Assumptions:

The above formula assumes the interference seen by U E} is proportional to the number
of RBs allotted to UEy}.

Fast fading is not accounted for in the interfering signal calculations since it would require
too much computational time, given that it needs to be re-calculated every coherence time,
not just between BS and its associated UEs but between a BS and all the UEs in all cells.
Hence NetSim calculates average interfering signal power and not instantaneous interfering
signal power, which is a well-accepted assumption in multi-cell MIMO literature. Recall
that NetSim accounts for fast fading in the direct signal power calculations.

e The total noise seen will be

kx T x RBy%, (59)

Rleot
e The signal power Pljjg g; X ( UEk)

1
RBi
Therefore,
BS; RBy%
e, ~ (s pBs
SRS : RBslot - kxT Rleokt 3. Ij (60)
kx T x RBy% +3%; I x (RBgik> X X EiByora) + 245 L,
total

3.13.4.1 Interference in MIMO

If UE}, is receiving from BS; in multiple layers, the interference power Iljk is the same for all
layers.

BS;
PUE'k X )\L

kxT x RBI 4+ 5 17,

total

SINR; = (61)

Where L represents a MIMO layer. Note that neither the noise nor the interference is divided
by the layer count, because the combining vector has unit norm.

Copyright TETCOS LLP Page 105 of 262



NetSim — 5G NR Ver 15.0

3.13.4.2 Fast Fading Component of Interfering Signals

NetSim accounts for the Rx power from neighboring cells, in a statistical sense, as explained
below. Let us consider an example of two BSs and two UEs with BS1 transmitting to UE1 and
BS2 transmitting to UE2. The BSs employ digital (Eigen) beamforming to the UE they are
transmitting to, so there is no channel-dependent beamforming between BS1 and UE2 or BS2
and UEL.

Due to this, the interference seen by UE2 due to BS1’s transmission will depend on the inner
product between the beamforming vector employed by BS1 (which depends only on the channel
between BS1 and UE1) and the channel between BS1 and UE2 (which is independent of the
channel between BS1 and UEL.)

Now, since we model the fast-fading component of the channel as having i.i.d. circularly sym-
metric complex Gaussian entries, the expected interference power at UE2 is simply the transmit
power by BS1 times the pathloss between BS1 and UE2. This is because the long-term sta-
tistical average of the square of the magnitude of the inner product between the (unit-norm)
beamforming vector employed by BS1 and the channel between BS1 and UE2 is unity.

3.13.4.3 Limitations

e In the above interference formula NetSim assumes that all interfering BSs transmit data
in that slot.

e The interference calculations need to be done for each slot. Enabling interference will slow
down the simulation.

3.14 Uplink Interference Model

NetSim uses Interference-over-thermal (IoT), to model uplink interference. Modeling uplink
interference as IoT (also called as rise over thermal noise) allows for the calculation of the inter-
ference level relative to the thermal noise level. This can provide insight into the performance
of the system and the impact of uplink interference on the signal-to-noise ratio (SNR). For ex-
ample, if the uplink interference level is 10 dB higher than the thermal noise level, this indicates
that the interference is significantly affecting the SNR and the performance of the system.

Users can input IoT in the NetSim GUI and it available in the eNB/gNB properties. The
expression for the signal to interference noise ratio is given by

SINR (dB) = SNR (dB) — IoT (dB) (62)
IoT (dB) = SNR (dB) — SINR (dB) (63)
Converting to linear
10 x logy(IoT (linear)) = 10 x log ( SNE ) =10 x log < N > (64)
10 = 10 = 0| 5
SINR NLH
IoT (linear) = % (65)

Therefore, with N being the thermal noise, the interference power in linear scale is
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I =N x (IoT (linear) — 1) (66)

We thus get the Interference power in dBm as

I (dBm) = 10 x log;, (N X (1010T(dB> - 1)) (67)

This value of I in dBm units is logged in the Radio Measurements csv file (if turned on).
Example outputs are provided in the table below for various values of IoT and Bandwidth.

Table 3-35: Ezxzample table showing interference in dBm that will be logged in radio measurements file
for different IoT (dB) and Bandwidth (MHz) settings.

Bandwidth Noise (dBm) IoT (dB) Interference
(MHz) (dBm)
100 —93.82 3 —63.83
100 —93.82 2 —73.87
50 —96.83 2 —76.88
50 —96.83 1 —87.29
10 —103.82 1 —94.28

3.15 5G Core

NetSim 5G core functionality was introduced in NetSim v13. This 5G core includes entities,
which reside within the core devices (and partially within the gNB) such as Session Management
Function (SMF), Access and Mobility Management Function (AMF) and User Plane Function
(UPF) and the protocols these entities use for operation.

The NetSim 5G core model provides users the means to simulate the end-to-end IP connectivity.
It supports interconnection of multiple UEs to the Internet/Cloud via the Radio Access Network
or RAN. The RAN consists of multiple gNBs. These gNBs connect to the 5G core in the
backhaul. In NetSim, the 5G core comprises a single AMF, SMF and UPF.
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Figure 3-28: 5G Network scenario consisting of multiple UEs and gNBs connected to 5G Core — AMF,
SMF and UPF. The UPF is connected to the Data Network/Internet.

Copyright TETCOS LLP Page 107 of 262



NetSim — 5G NR Ver 15.0

NetSim 5G Core model has been designed as follows:

e The Packet type supported in NetSim 5G Core is [Pv4.

e A single set of SMF/UPF/AMF entities are only available. Scenarios with inter SMF
mobility / inter AMF mobility are not supported in NetSim.

e [t is possible for a single UE to use different applications with different QoS models. Hence,
multiple EPS Bearers are supported for each UE. This includes necessary classification of
TCP/UDP traffic over IP done at the UE in the Uplink and at the UPF in the downlink.

e The NetSim 5G model allows users to perform an XN based handover between two gNBs.

In the 5G standalone architecture, the roles played by each of the entities are different.

e A UE has the following interactions:

The random-access procedure to initiate communication with the gNB.
Setup the RRC connection with the gNB.
Perform NAS level authentication.

Handle the RRC Reconfiguration from the gNB and this message sets up the default
PDU session.

The UE concludes the registration procedure.

Data flow takes place in both the downlink and uplink directions.

e The gNB acts as a bridge between the UE and the 5G Core. The gNB:

Handles the random-access request from the UE and assigns resources for initiating
the RRC connection.

Set up the RRC connection with the UE. SRB1 is set up at this point. Starting at
this point the gNB starts assigning downlink and uplink resources to the UE.

Transports the Registration Request from the UE to the AMF.
Carries the NAS signalling between the UE and the gNB.

The 5G Core initiates the default PDU session setup. A Registration Accept is also
received from the UE.

Activates the default PDU session via the RRC Reconfiguration message. It also
transports the Registration Complete message to the AMF.

The downlink and uplink data flow takes place between the UE and the Internet.

e The AMF or Access Mobility Function coordinates the 5G Standalone registration proce-

dure.

Handles the Initial UE Message from the gNB. This message carries the Registration
Request from the UE.

On receiving the Registration Request, the AMF obtains the UE context.

AMF updates the SMF context and sends an Initial Context Setup Request to ac-
tivate the default PDU session. The message also carries the Registration Accept
message from the AMF.

When the gNB signals that the Initial Context setup has been completed, the AMF
updates the SMF context.
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— The AMF also notifies the SMF when the session is ready for uplink and downlink

data transfer.

— All messages related to session management are forwarded over the N11 reference

interface to the Session Management Function (SMF).

e The SMF or Session Management Function serves as a control plane entity and it is
responsible for the session management.

— The SMF assigns an IP address to be used for sending uplink data.
— The SMF selects the UPF to be used for the session.
— The SMF updates the UPF using PFCP messages via the N4 control-data plane

interface.

e The UPF or User Plane function is a data plane component that handles user data.

3.15.1

— The UPF is completely controlled from the SMF using the N4 interface. The SMF

uses the Packet Forwarding Control Protocol (PFCP) to update the data plane.

— The UPF is responsible for packet routing and forwarding, packet inspection, QoS

handling, and external PDU session for interconnecting Data Network (DN), in the
5G architecture.

— The UPF represents the data plane evolution of a Control and User Plane Separation

(CUPS) strategy and is introduced as an extension to existing Evolved Packet Cores
(EPCs).

— The UPF identifies user plane traffic flow based on information received from the

SMF over the N4 reference point. The N4 interface employs the Packet Forwarding
Control Protocol (PFCP).

5G Interfaces

5G Interfaces present in NetSim are as follows:

e 5G_N1_N2: NI1-N2 is the reference point between the gNB (gNodeB) and the AMF.

e 5G_N3: Interface between the RAN (gNB) and the (UPF).

e 5G_N4: Interface between the Session Management Function (SMF) and the UPF.

e 5G_NG6: Interface between the Data Network (DN) and the UPF.

e 5G_N11: Interface between the SMF and AMF.

¢ 5G_XN: Interface between two RAN (gNB) nodes.
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Figure 3-29: 5G Network scenario depicting the 5G Interfaces in NetSim.

The NG-AP interface (N2) provides control plane interaction between the gNB and the AMF.
In NetSim, this interface is modelled in an abstract manner, with direct interaction between
the gNB and the AMF. The encoding of NGAP messages and information elements specified in
[T'S36413] is not implemented.

The NG-AP primitives that are modelled are:

e INITIAL UE MESSAGE AND REGISTRATION REQUEST
e INITIAL CONTEXT SETUP REQUEST
INITIAL CONTEXT SETUP RESPONSE AND REGISTRATION COMPLETE

PATH SWITCH REQUEST

PATH SWITCH REQUEST ACKNOWLEDGE

The N11 interface provides control plane interaction between the SMF and the AMF using the
GTPv2-C protocol specified in [TS29274]. In NetSim, this interface is modelled with direct
interaction between the SMF and the AMF objects, without implementing the encoding of the
messages.

The N11 primitives that are modelled are:

e CREATE SESSION REQUEST

e CREATE SESSION RESPONSE

e MODIFY BEARER REQUEST

e MODIFY BEARER RESPONSE
Of these primitives, the first two are used during the initial UE attachment for the establishment
of the N2-U bearers; the other two are used during handover to switch the N2-U bearers from

the source gNB to the target gNB because of the reception by the AMF of a PATH SWITCH
REQUEST NG-AP message.

Copyright TETCOS LLP Page 110 of 262



NetSim — 5G NR Ver 15.0

3.15.2 Cell Selection and UE Attach Procedure
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Figure 3-30: A 5G network scenario with a Single UE connected to a gNB which is connected to the
5G Core and the UE downloads data from the Server (Wired Node).

As an example, consider a 5G network scenario with 5G Core devices (which consists of AMF,
SMF, UPF and three L2 Switches), a UE which is connected to a gNB, and in the server side,
a Wired Node which is connected to a Router which is connected to the 5G core via UPF.
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Figure 3-31: UFE Attach Procedure.

The attachment process is as follows:

e Radio Resource Control (RRC) Master Information Block (MIB) packets are broadcast
by each gNB to all the UEs. These packets are transmitted periodically every 80 ms.
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— If the number of gNBs is ‘m’ and the number of UEs is ‘n’, then the number of MIB
packets transmitted each time will be ‘m x n’.

— The transmission of MIB packets starts from the MAC Layer. The transmission time
can be calculated from the MAC Layer Arrival Time in the packet trace.

— The size of each MIB packet is 8 Bytes and can be observed in the Phy Layer Payload
field in the packet trace.

e RRC System Information Block 1 packets are broadcast by the gNBs to all the UEs.
These packets are transmitted periodically every 160 ms.

— The transmission of SIB1 packet starts from the MAC Layer. The transmission time
can be calculated from the MAC Layer Arrival Time in the packet trace.

— If the number of gNBs is ‘m’ and the number of UEs is ‘n’, then the number of SIB
packets transmitted each time will be ‘m x n’.

— The size of each SIB1 packet is 8 Bytes. This can be observed in the Phy Layer
Payload field in the packet trace.

e After the first set of packets, the cell selection occurs as explained below.

— The UE attaches itself initially to the gNB from which it receives the highest SSB
SNR.

— If SNRs from multiple gNBs are equal, the UE will attach to the gNB with the lowest
ID.

— The gNB to which the UE is connected by the user in NetSim GUI at the network
design stage, is only for visual purposes. It plays no role in determining to which
gNB the UE will eventually be attached.

e RRC System Information is broadcast by the selected gNBs to all UEs when the cell
selection is complete.

— The SI packet is sent only once during the simulation. It is not sent after every
Handover.

It occurs at 160.9 ms.

— The transmission of SI packet starts from the MAC Layer. The transmission time
can be calculated from the MAC Layer Arrival Time in the packet trace.

— The size of each SI packet is 8 Bytes. The size of the packet can be calculated from
the Phy Layer Payload field in the packet trace.

e The RRC Setup Request will be sent by the UE to the connected gNB within 2.5 ms of
receipt of RRC SI packet.

— The RRC Setup Request is sent with the random UE-Identity and an establishment
cause. This can be observed in the Headers column of the packet trace.

e The RRC Setup message is used to establish SRB1.

— Selected gNB sends the setup to UE which contains RRCTransactionldentifier, RRCRe-
sponsetype, PDCP Properties: UEID and GNBID, DiscardDelayTimer, T_Reordering,
Hdr Type, SN=0, dcBit.

— RRC Setup Packet Size is 24 Bytes. The size of the packet can be calculated from
the Phy Layer Payload field in the packet trace.

— UE stops the timer (T300) when it receives the RRC Setup message.
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— UE makes a transition to RRC connected mode.

e The RRC Setup Complete message is used to confirm the successful completion of an
RRC connection establishment.

— UE sends this message on receipt of the RRC Setup message.

— Contains RRCTransactionldentifier, Selected PLMNIdentity, AMFIdentifier, Gaumi
Type, Hdr Type, SN, dcBit.

e UE sends UE MEASUREMENT REPORT to the connected gNB. The measurement
report is sent by each UE to its serving gNB and it contains SINR from all gNBs.

If the SNR from another gNB is offset greater than SNR from serving gNB, it leads to handover.
After the handover procedure is completed RRC Reconfiguration would happen between target
gNB and UE. The UE will then send the UE MEASUREMENT REPORT to this gNB.

These can be observed in the NetSim Packet Trace.

PACKET_ID|~| SEGMENT ID|~ | PACKET TYPE|~ | CONTROL PACKET TYPE/APP_NAME|-T|SOURCE ID -
0 N/A Control_Packet [RRC_MIB GNB-7
0 N/A Control_Packet [RRC_SIB1 GNB-7
0 N/A Control_Packet [RRC_MIB GNB-7
0 N/A Control_Packet [RRC_SI GNB-7
0 N/A Control_Packet [RRC_SETUP_REQUEST UE-8 GNB-7 UE-8 GNB-7 N/A 161999
0 N/A Control_packet [RRC_SETUP GNB-7 UE-8 GNB-7 UE-8 N/A 162999
0 N/A Control_packet [RRC_SETUP COMPLETE UES gNe7 UES GNB.7 N/A 163999
0 0/Control_Packet |INITIAL_UE_MSG_AND_REGISTRATION_F GNB-7 AMF-3 GNB-7 SWITCH-5 164999 164999
0 0 Control_Packet INITIAL_UE_MSG_AND_REGISTRATION_F GNB-7 AMF-3 SWITCH-5 AMF-3 164999 164999

Figure 3-32: RRC connection establishment in Packet Trace.

3.15.3 5G Core Connection Management Process

This functionality is based on 3GPP 38.413.

e The gNB will introduce the UE to the 5G Core after the initial gNB-UE attachment
process.

e The gNB will send Initial UE message and Registration request to the selected AMF
(currently NetSim supports only one AMF). The message will be transmitted when gNB
receives the first NAS message to be transmitted from the radio link after the RRC Setup
Complete.

e Upon receiving the UE message and registration request, the AMF will send Create Session
Request to the SMF in-order to create a session for the UE.

e The SMF will send the PFCP Session Request to UPF to denote that the UE is present in
the network and the data packet flow may occur to UPF and to create/establish/modify
PFCP session for UE.

e Further, AMF will send the Initial Context Setup Request to the gNB to confirm the
setup of a UE context.

e The gNB will send Initial Context Setup and Registration Complete messages to the AMF
and then the UE will be associated with the core.

These can be observed in NetSim Packet Trace file.
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PACKET ID

Figure 3-33: 5G Core connection management process.

When the UE attachment is completed, the data packets will be transmitted from the source
to the destination via the UPF.

3.16 5G Non-Stand Alone (NSA)
3.16.1 Overview

NSA leverages the existing LTE radio access and core network (EPC) to anchor 5G NR using
the Dual Connectivity feature. This solution provides a seamless option to deploy 5G services
with very less disruption in the network. The eNB is connected to the EPC through the LTE
S1 interface and to the gNB through the XN interface. The gNB can be connected to the EPC
through the LTE_S1 interface and other gNBs through the XN interface. Similarly, the eNBs
and gNBs will be connected to 5G Core through the N1-N2, and N3 interfaces and gNB-eNB
and gNB-gNB connections through the XN interface. The control packets like RRC MIB, RRC
SIB1, RRC ST in NSA modes will be transmitted from the master nodes to the UE. Similarly,
the UE will send the UE MEASUREMENT REPORT and RRC SETUP messages to the master
nodes. The master node will be selected according to the deployment option selected.

The NSA modes in NetSim 5G module includes:

e Option 4 where only 5G Core devices are present, and EPC is not available. Here, gNB
is the Master Cell and eNB is the Secondary Cell. Option 4 is categorized into:

— Option 4: Only gNB connects to all the 5G Core interfaces. eNB connects to the
XN interface.

— Option 4a: gNB connects to all 5G Core interfaces and eNB connects to AMF and
UPF through respective interfaces.

e Option 7 where only 5G Core devices are present, and EPC is not available. Here, eNB
is the Master Cell and gNB is the Secondary Cell. Option 7 is categorized into:

— Option 7: eNB connects to all 5G Core interfaces. gNB connects only to the XN
interface.

— Option 7a: gNB connects to all the 5G Core interfaces. eNB connects to AMF and
UPF through the respective interfaces.
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Figure 3-34: NSA deployment — Option 4, Option 4a Networking modes.
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Figure 3-35: NSA deployment — Option 7, Option 7a Networking modes.

In Options 4 and 7, the secondary node is not directly connected with the LTE-EPC/5G-Core.
On reception of a packet, the secondary node, transmits all packet to the master node via the
XN interface for uplink cases and for downlink cases, the core/EPC transmits the packets to the
master node and the master node splits the traffic between itself and the secondary node, since
there is no connection between the core and secondary node. The master node also transmits
the packets to the UE.

In options 4a and 7a, the split happens at the EPC/UPF.

3.16.2 Option 4/4a

Option 4 consists of a 5G Core. The master node is the LTE NR cell or gNB and the secondary
node is LTE cell or eNB.

3.16.2.1 Option 4
In Option 4 of Non-Stand-alone mode, both LTE and 5G NR radio access technologies are
deployed and controlled through only the 5G Core, i.e., AMF, SMF and UPF.

The gNB has both the NG-U and NG-C interfaces. Both eNB and gNB connect over the XN
interface. The interface between gNB and AMF is called N2 interface and the interface between
gNB and UPF is called N3 interface, So the control plane is over N2 interface and user plane is
over N3 interface.

The eNB is not connected to 5G Core, hence data traffic is split over the XN interface. The
gNB is connected to 5G Core with NG-U and NG-C.

In NetSim, the gNB is connected to the UPF via Switch_5 using the 5G_N3 interface and to
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the AMF via Switch_4 using the 5G_N1_N2 interface, hence, gNB communicates directly with
the 5G Core and eNB does not communicate directly with the 5G Core. The gNBs and eNBs
are inter-connected using the XN interface via a Layer 2 Switch and the UEs present in the
network consists of two interfaces, an LTE interface and a 5G_RAN interface.

5G_N1_N2

Core_Switch_4

{ ) J Y
T

Macro cell eNB Omni,,
Ant_9 I

Macro cell gNB Omni
Ant_10

Core_Switch_6

2, 5G XN »”L
LTE J 5G RAN

Figure 3-36: NSA deployment — Option 4 networking mode in NetSim.

3.16.2.2 Option-4a

In Option 4a, the eNB is not connected to gNB over XN interface, but it is connected to 5G
Core over the NG-U interface.

The gNB has both NG-U and NG-C interfaces. Data traffic is split between 4G and 5G at the
5G Core, specifically the UPF.

In NetSim, the gNB and eNB are connected to the UPF via Switch 5 using the 5G N3 interface
and to the AMF via Switch 4 using the 5G N1 N2 interface. The gNBs can be inter-connected
using the XN interface and does not have XN interface for eNBs. Hence direct communication
between eNB and gNB is not possible. The UEs present in the network consists of two interfaces,
an LTE interface and a 5G RAN interface.
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Figure 3-37: NSA deployment — Option ja networking mode in NetSim.

3.16.3 Option 7/7a

The eNB has NG-U and NG-C interfaces to 5G Core and eNB connects with gNB over XN
interface. The master node is the LTE cell or eNB and the secondary node is the LTE-NR cell
or gNB in these deployment options.

3.16.3.1 Option-7

In Option 7, the gNB does not communicate to 5G Core. Data traffic flows through eNB
communicating to and from the 5G Core. Some part of the data can be transferred through
gNB over the XN interface.

In NetSim, the eNBs are connected to the UPF via Switch_5 using the 5G_N3 interface and to
the AMF via Switch 4 using the 5G N1-N2 interface. The gNBs and eNBs are inter-connected
using the XN interface and hence direct communication between eNB and gNB is possible. The
UEs present in the network consists of two interfaces, an LTE interface and a 5G RAN interface.
The data is delivered to the UE when it comes to the 5G NR through the LTE-RAN.
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Figure 3-38: NSA deployment — Option 7 networking mode in NetSim.

3.16.3.2 Option-7a

In Option 7a, eNB and gNB are not connected via the XN interface and instead gNB is connected
to 5G Core over NG-U. The eNB is connected to 5G Core over NG-C and NG-U. Data traffic
is split at the 56GC (UPF).

In NetSim, the gNB and eNB are connected to the UPF via Switch 5 using the 5G N3 interface
and to the AMF via Switch 4 using the 5G N1-N2 interface. The gNBs do not have an XN
Interface and eNBs are inter-connected using the XN interface and hence direct communication

between eNB and gNB is not possible. The UEs present in the network consists of two interfaces,
an LTE interface and a 5G RAN interface.

The user data goes directly from the 5G Core to the gNB and then to the UE.
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Figure 3-39: NSA deployment — Option 7a networking mode in NetSim.

3.17 NSA Packet Flow

3.17.1 Option 4

Consider the following network scenario:
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Figure 3-40: NSA deployment — Option 4 networking mode in NetSim.

All the devices have default properties, application start time was set to 1s and scenario is
simulated for 10s.

gNB is the Master Node and eNB is the Secondary Node in Options 4 and 4a.

The packet flow in the network takes place as explained below:
e The MN, gNB will broadcast the RRC MIB packets to the UE every 80 ms and RRC SIB1
every 160 ms.

e After the transmission of the RRC MIB and RRC SIB1 packets, the gNB will send RRC
SI packet to the UE.

e After reception of RRC SI packet, UE will send RRC Setup Request to the gNB.

e On receiving the RRC Setup Request packet, the gNB will acknowledge the request by
transmitting RRC Setup packet to the UE.

e The UE will send back the RRC Setup Complete packet on the receipt of RRC Setup
message.

e The gNB will send INITTAL UE MSG AND REGISTRATION REQUEST to the AMF
via Core Switch 4 through the N1 N3 interface.

e AMF will send a CREATE SESSION REQUEST to SMF through N8 interface.

e SMF will send PFCP SESSION REQUEST to UPF through N5 interface.

e UPF will send back the response packet to SMF, i.e., PFCP SESSION RESPONSE.

e SMF will send back the response packet to AMF, i.e., CREATE SESSION RESPONSE.

e AMF will send the INITIAL CONTEXT SETUP REQUEST to the gNB via Core Switch
4.
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e On the receipt of Context setup request, gNB will send INITTIAL CONTEXT SETUP RE-
SPONSE REGISTRATION COMPLETE packet to the AMF via Core Switch 4 through
the N1-N3 interface.

e This marks the completion of UE registration process.

e The UE will now send the UE MEASUREMENT REPORT every 120 ms to the MN which
contains the SNR information. The time interval at which the measurement report is to
be transmitted can be set by the user in the eNB/gNB properties — Interface LTE/5G
RAN — Data Link Layer.

e After the UE registration, the MN node will send DC SEC CELL ADDITION REQUEST
to the SN via the Core Switch 6.

e On the receipt of this secondary cell addition request, the SN sends back the response
packet, i.e. DC SEC CELL ADDITION RESPONSE.

e After the UE attachment procedure, the data packets will be transmitted from the server
to the UE based on the splitting algorithm.

e As per the current splitting algorithm in NetSim, when application QoS is set to BE,
RTPS, ERTPS, or NRTPS, the data packet will be transmitted to the UPF through the
N6 interface. From the UPF, it goes to the gNB (MN) via Core Switch 5 through the N2
interface, and from the gNB, it will be transmitted to the UE through the RAN interface.

e When the application QoS is set to UGS, the data packet will flow from the UPF to the
gNB via Core Switch 5. From the gNB, the packet gets transmitted to the eNB via Core
Switch 6 through the XN interface, and then to the UE.

Packet flow can be analyzed using the Packet Trace log file as shown below:

A T D E F G H
PACKET_ID| ~ |PACKET_TYPE| | CONTROL_PACKET_TYPE/APP_MAME| ~ | SOURCE_ID|~ | DESTINATION_ID| ~ | TRANSMITTER_ID| ~ | RECEIVER_ID| ~

0|Control_Packet RRC_MIB GNB-10 Broadcast-0 GNB-10 UE-11
0|Control_Packet RRC_MIB GMB-10 Broadcast-0 GNB-10 UE-11
0|Control_Packet RRC_SIB1 GMB-10 Broadcast-0 GNB-10 UE-11
0|Control_Packet RRC_MIB GMB-10 Broadcast-0 GNB-10 UE-11
0|Control_Packet RRC_SIB1 GMNB-10 Broadcast-0 GNB-10 UE-11
0|Control_Packet RRC_MIB GMB-10 Broadcast-0 GMNB-10 UE-11
0|Control_Packet RRC_SI GNB-10 UE-11 GNB-10 UE-11
0|Control_Packet RRC_SI GNB-10 UE-11 GNB-10 UE-11
O|Control_Packet RRC_SETUP_REQUEST UE-11 GNB-10 UE-11 GMNB-10
O|control_Packet RRC_SETUP_REQUEST UE-11 GNB-10 UE-11 GMNB-10
0|control_Packet RRC_SETUP GNEB-10 UE-11 GNB-10 UE-11
0|control_Packet RRC_SETUP GMNEB-10 UE-11 GNB-10 UE-11
0|Control_Packet RRC_SETUP_COMPLETE UE-11 GNB-10 UE-11 GMNB-10
0|Control_Packet RRC_SETUP_COMPLETE UE-11 GNB-10 UE-11 GMNB-10
0|Control_Packet INITIAL_UE_MSG_AND_REGISTRATIOM_F GNB-10 AMF-2 GNB-10 SWITCH-4
0|Control_Packet |INITIAL_UE_MSG_AND_REGISTRATIOM_FGNB-10 ANF-2 SWITCH-4 AMF-2
0|Control_Packet CREATE_SESSIOM_REQUEST AMEF-2 SMF-1 AMF-2 SMF-1
0|Control_Packet PFCP_SESSIOM_REQUSET SMF-1 UPF-3 SMF-1 UPF-3
O|Control_Packet PFCP_SESSIOMN_RESPOMNSE UPF-3 SMF-1 UPF-3 SMF-1
O|Control_Packet CREATE_SESSION_RESPOMNSE SMF-1 AMEF-2 SMF-1 AMF-2
O|Control_Packet [INITIAL_CONTEXT_SETUP_REQUEST AMEF-2 GNB-10 AMF-2 SWITCH-4

Figure 3-41: Packet flow can be analyzed using the Packet Trace.

3.17.2 Option 4a

Consider the following network scenario:
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Figure 3-42: NSA deployment — Option ja networking mode in NetSim.

Ver 15.0

All the devices have the default properties, application start time was set to 1s and scenario is
simulated for 10s.

The packet flow in the network takes place as explained below:

e The MN, gNB will broadcast the RRC MIB packets to the UE every 80 ms and RRC SIB1
every 160 ms.

e After the transmission of the RRC MIB and RRC SIB1 packets, the gNB will send RRC
SI packet to the UE.

e After reception of RRC SI packet, UE will send RRC Setup Request to the gNB.

e On receiving the RRC Setup Request packet, the gNB will acknowledge the request by
transmitting RRC Setup packet to the UE.

e The UE will send back the RRC Setup Complete packet on the receipt of RRC Setup
message.

e The gNB will send INITIAL UE MSG AND REGISTRATION REQUEST to the AMF
via Core Switch 4 through the N1 N3 interface.

e AMF will send CREATE SESSION REQUEST to SMF through N8 interface.

e SMF will send PFCP SESSION REQUEST to UPF through N5 interface.

e UPF will send back the response packet to SMF, i.e., PFCP SESSION RESPONSE.

e SMF will send back the response packet to AMF, i.e., CREATE SESSION RESPONSE.

e AMF will send the INITTAL CONTEXT SETUP REQUEST to the gNB via Core Switch

4.
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e On the receipt of Context setup request, gNB will send INITTIAL CONTEXT SETUP RE-
SPONSE REGISTRATION COMPLETE packet to the AMF via Core Switch 4 through
the N1-N3 interface.

e This marks the completion of UE registration process.

e The UE will now send the UE MEASUREMENT REPORT every 120 ms to the MN which
contains the SNR information. The time interval at which the measurement report is to
be transmitted can be set by the user in the eNB/gNB properties — Interface LTE/5G
RAN — Data Link Layer.

o After the UE registration, the MN node will send DC SEC CELL ADDITION REQUEST
to the SN via the Core Switch 6.

e On the receipt of this secondary cell addition request, the SN sends back the response
packet, i.e. DC SEC CELL ADDITION RESPONSE.

e After the UE attachment procedure, the data packets will be transmitted from the server
to the UE based on the splitting algorithm.

e As per the current splitting algorithm in NetSim, the first data packet will be transmitted
to the UPF through the N6 interface and from the UPF it goes to the MN, gNB via Core
Switch 5 through the N2 interface, and from the gNB it will be transmitted to the UE
through the RAN interface.

e The second data packet will flow from UPF to the gNB via Core Switch 5 and from the
gNB, the packet gets transmitted to the eNB via Core Switch 6 through the XN interface
and then to the UE.

e Similarly, the third packet will flow through the MN, fourth through the SN and so on.

Packet flow can be analyzed using the Packet Trace log file as shown below:

A T D E F G H
PACKET_ID|~ |PACKET_TYPE| * | CONTROL_PACKET_TYPE/APP_MAME| ~ | SOURCE_ID|~ | DESTINATION_ID|~ | TRANSMITTER_ID| * | RECEIVER_ID| ~

0|Control_Packet RRC_MIB GMB-10 Broadcast-0 GNB-10 UE-11
0|Control_Packet RRC_MIB GNB-10 Broadcast-0 GMB-10 UE-11
0|Control_Packet RRC_SIB1 GNB-10 Broadcast-0 GMB-10 UE-11
0|Control_Packet RRC_MIB GNB-10 Broadcast-0 GMB-10 UE-11
0|control_Packet RRC_SIB1 GNB-10 Broadcast-0 GMB-10 UE-11
0|control_Packet RRC_MIB GNB-10 Broadcast-0 GMB-10 UE-11
0|Control_Packet RRC_SI GNB-10 UE-11 GNB-10 UE-11
0|Control_Packet RRC_SI GNB-10 UE-11 GMB-10 UE-11
0|Control_Packet RRC_SETUP_REQUEST UE-11 GMNB-10 UE-11 GMNB-10
O|Control_Packet RRC_SETUP_REQUEST UE-11 GMB-10 UE-11 GMB-10
O|Control_Packet RRC_SETUP GNB-10 UE-11 GNB-10 UE-11
0|Control_Packet RRC_SETUP GNB-10 UE-11 GMNB-10 UE-11
0|Control_Packet RRC_SETUP_COMPLETE UE-11 GMB-10 UE-11 GMB-10
0|Control_Packet RRC_SETUP_COMPLETE UE-11 GMNB-10 UE-11 GMB-10
O|Control_Packet INITIAL UE_MSG_AND_REGISTRATION_F GNB-10 AMF-2 GMNB-10 SWITCH-4
O|Control_Packet INITIAL UE_MSG_AND_REGISTRATION_FGMNB-10 AMF-2 SWITCH-4 AMEF-2
O|Control_Packet CREATE_SESSION_REQUEST AMF-2 SMF-1 AMF-2 SMF-1
O|Control_Packet PFCP_SESSIOM_REQUSET SMF-1 UPF-3 SMF-1 UPF-3
0|control_Packet PFCP_SESSIOM_RESPOMSE UPF-3 SMF-1 UPF-3 SMF-1
0|Control_Packet CREATE SESSION_RESPONSE SMF-1 AMF-2 SMF-1 AMEF-2
0|control_Packet INITIAL CONTEXT_SETUP_REQUEST AMEF-2 GNB-10 AMF-2 SWITCH-4

Figure 3-43: Packet flow can be analyzed using the Packet Trace.
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3.17.3 Option 7

Consider the following network scenario:

_ @
) A
- T - sl 38
Macro cell eMB Omni - ~ ] Core_Switch_6 Macro cell gME Omni
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Figure 3-44: NSA deployment — Option 7 networking mode in NetSim.

All the devices have the default properties, application start time was set to 1s and scenario is
simulated for 10s.

eNB is the MN and gNB is the SN in deployment options 7, 7a.

The packet flow in the network takes place as explained below:
e The MN, eNB will broadcast the RRC MIB packets to the UE every 40 ms and RRC SIB1
every 80 ms.

e After the transmission of the RRC MIB and RRC SIB1 packets, the eNB will send RRC
SI packet to the UE.

e After reception of RRC SI packet, UE will send RRC Setup Request to the eNB.

e On receiving the RRC Setup Request packet, the eNB will acknowledge the request by
transmitting RRC Setup packet to the UE.

e The UE will send back the RRC Setup Complete packet on the receipt of RRC Setup
message.

e The eNB will send INITTAL UE message AND REGISTRATION REQUEST to the AMF
via Core Switch 4 through the N1-N3 interface.

e AMF will send CREATE SESSION REQUEST to SMF through N8 interface.
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e SMF will send PFCP SESSION REQUEST to UPF through N5 interface.
e UPF will send back the response packet to SMF, i.e., PFCP SESSION RESPONSE.
e SMF will send back the response packet to AMF, i.e., CREATE SESSION RESPONSE.

e AMF will send the INITIAL CONTEXT SETUP REQUEST to the eNB via Core Switch
4.

e On the receipt of Context setup request, eNB will send INITIAL CONTEXT SETUP RE-
SPONSE REGISTRATION COMPLETE packet to the AMF via Core Switch 4 through
the N1-N3 interface.

e This marks the completion of UE registration process.

e The UE will now send the UE MEASUREMENT REPORT every 120 ms to the MN which
contains the SNR information. The time interval at which the measurement report is to
be transmitted can be set by the user in the eNB/gNB properties — Interface LTE/5G
RAN — Data Link Layer.

e After the UE registration, the MN node will send DC SEC CELL ADDITION REQUEST
to the SN via the Core Switch 6.

e On the receipt of this secondary cell addition request, the SN sends back the response
packet, i.e., DC SEC CELL ADDITION RESPONSE.

e After the UE attachment procedure, the data packets will be transmitted from the server
to the UE based on the splitting algorithm.

e As per the current splitting algorithm in NetSim, when application QoS is set to BE,
RTPS, ERTPS, or NRTPS, the data packet will flow from UPF to the eNB via Core
Switch 5 and then from eNB to the gNB via Core Switch 6 through XN interface and
then to the UE.

e When the application QoS is set to UGS, the data packet will be transmitted to the UPF
through the N6 interface and from the UPF it goes to the MN, eNB via Core Switch 5
through the N2 interface, and from the eNB it will be transmitted to the UE through the
LTE interface.

Packet flow can be analyzed using the Packet Trace log file as shown below:
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A C | D | E , F , G | H |
PACKET_ID|~ |[PACKET TYPE|~| CONTROL PACKET TYPE/APP_NAME| ~ | SOURCE_ID|~ | DESTINATION ID|~| TRANSMITTER_ID| ~ | RECEIVER D[~ |

0O|Control_Packet RRC_MIB GMNB-10 Broadcast-0 GNB-10 UE-11
0|Control_Packet RRC_MIB GMB-10 Broadcast-0 GNB-10 UE-11
0|Control_Packet RRC_SIB1 GNB-10 Broadcast-0 GMB-10 UE-11
0|Control_Packet RRC_MIB GNB-10 Broadcast-0 GMB-10 UE-11
0|Control_Packet RRC_SIB1 GNB-10 Broadcast-0 GMB-10 UE-11
0|Control_Packet RRC_MIB GNB-10 Broadcast-0 GMB-10 UE-11
o|control_Packet RRC_SI GNB-10 UE-11 GNB-10 UE-11
0|control_Packet RRC_SI GNEB-10 UE-11 GNB-10 UE-11
o|control_Packet RRC_SETUP_REQUEST UE-11 GNB-10 UE-11 GNB-10
0|control_Packet RRC_SETUP_REQUEST UE-11 GNB-10 UE-11 GNE-10
o|control_Packet RRC_SETUP GNB-10 UE-11 GNB-10 UE-11
o|control_Packet RRC_SETUP GNE-10 UE-11 GNB-10 UE-11
o|control_Packet RRC_SETUP_COMPLETE UE-11 GNB-10 UE-11 GNB-10
o|control_Packet RRC_SETUP_COMPLETE UE-11 GNB-10 UE-11 GNE-10
o|control_Packet INITIAL UE_MSG_AND_REGISTRATION_F GNB-10 AMF-2 GNB-10 SWITCH-4
o|control_Packet INITIAL_UE_MSG_AND_REGISTRATION_FGNB-10 AMF-2 SWITCH-4 AMF-2
o|control_Packet CREATE_SESSION_REQUEST AMF-2 SMF-1 AMF-2 SMF-1
0|control_Packet PFCP_SESSION_REQUSET SMF-1 UPE-3 SMF-1 UPF-3
0|control_Packet PFCP_SESSION_RESPONSE UPF-3 SMF-1 UPF-3 SMF-1
o|control_Packet CREATE SESSION_RESPONSE SMF-1 AMF-2 SMF-1 AMF-2
o|control_Packet INITIAL CONTEXT SETUP_REQUEST  AMF-2 GNB-10 AMF-2 SWITCH-4

Figure 3-45: Packet flow can be analyzed using the Packet Trace.

3.17.4 Option 7a

Consider the following network scenario:

Macro cell eMB Omni - ~
Ant 9 o

Macro cell gMB Omni
- Ant_10

UE

Figure 3-46: NSA deployment — Option 7a networking mode in NetSim.

All the devices have the default properties, application start time was set to 1s and scenario is
simulated for 10s.
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The packet flow in the network takes place as explained below:
e The MN, eNB will broadcast the RRC MIB packets to the UE every 40 ms and RRC SIB1
every 80 ms.

e After the transmission of the RRC MIB and RRC SIB1 packets, the eNB will send RRC
SI packet to the UE.

e After reception of RRC SI packet, UE will send RRC Setup Request to the eNB.

e On receiving the RRC Setup Request packet, the eNB will acknowledge the request by
transmitting RRC Setup packet to the UE.

e The UE will send back the RRC Setup Complete packet on the receipt of RRC Setup
message.

e The eNB will send INITIAL UE MSG AND REGISTRATION REQUEST to the AMF
via Core Switch 4 through the N1-N3 interface.

e AMF will send CREATE SESSION REQUEST to SMF through N8 interface.

e SMF will send PFCP SESSION REQUEST to UPF through N5 interface.

e UPF will send back the response packet to SMF, i.e., PFCP SESSION RESPONSE.

e SMF will send back the response packet to AMF, i.e., CREATE SESSION RESPONSE.

e AMF will send the INITTAL CONTEXT SETUP REQUEST to the eNB via Core Switch
4.

e On the receipt of Context setup request, eNB will send INITIAL CONTEXT SETUP RE-
SPONSE REGISTRATION COMPLETE packet to the AMF via Core Switch 4 through
the N1 N3 interface.

e This marks the completion of UE registration process.

e The UE will now send the UE MEASUREMENT REPORT every 120 ms to the MN which
contains the SNR information. The time interval at which the measurement report is to
be transmitted can be set by the user in the eNB/gNB properties — Interface LTE/5G
RAN — Data Link Layer.

e DC SEC CELL ADDITION REQUEST to the SN via the Core Switch 5.

e On the receipt of this secondary cell addition request, the SN sends back the response
packet, i.e. DC SEC CELL ADDITION RESPONSE.

e After the UE attachment procedure, the data packets will be transmitted from the server
to the UE based on the splitting algorithm.

e As per the current splitting algorithm in NetSim, the first data packet will be transmitted
to the UPF through the N6 interface and from the UPF it goes to the MN, eNB via Core
Switch 5 through the N2 interface, and from the eNB it will be transmitted to the UE
through the LTE interface.

e The second data packet will flow from UPF to the gNB via Core Switch 5 and then from
gNB to the UE.

e Similarly, the third packet will flow through the MN, fourth through the SN and so on.
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Packet flow can be analyzed using the Packet Trace log file as shown below:

A iz D E F G H
PACKET_ID| ~ |PACKET_TYPE|~ CONTROL_PACKE[_TYPEfAPP_NAI‘\."IE ~ |SOURCE_ID |~ | DESTINATION_ID| ~ | TRANSMITTER_ID| ~ |RECEIVER_ID| ~
Control_Packet RRC_MIB GMNB-10 Broadcast-0 GNB-10 UE-11
Control_Packet RRC_MIB GMB-10 Broadcast-0 GNB-10 UE-11
Control_Packet RRC_SIB1 GNB-10 Broadcast-0 GNB-10 UE-11
Control_Packet RRC_MIB GMNB-10 Broadcast-0 GNB-10 UE-11
Control_Packet RRC_SIB1 GMB-10 Broadcast-0 GNB-10 UE-11
Control_Packet RRC_MIB GMB-10 Broadcast-0 GNB-10 UE-11
Control_Packet RRC_SI GNB-10 UE-11 GNB-10 UE-11
Control_Packet RRC_SI GNEB-10 UE-11 GNB-10 UE-11
Control_Packet RRC_SETUP_REQUEST UE-11 GNB-10 UE-11 GMB-10
Control_Packet RRC_SETUP_REQUEST UE-11 GNB-10 UE-11 GMNB-10
Control_Packet RRC_SETUP GNB-10 UE-11 GNB-10 UE-11
Control_Packet RRC_SETUP GNB-10 UE-11 GNB-10 UE-11
Control_Packet RRC_SETUP_COMPLETE UE-11 GNB-10 UE-11 GNB-10
Control_Packet RRC_SETUP_COMPLETE UE-11 GNB-10 UE-11 GMNB-10
Control_Packet [INITIAL UE_MSG_AND_REGISTRATION_F GNBE-10 AMEF-2 GNB-10 SWITCH-4
Control_Packet INITIAL UE_MSG_AND_REGISTRATIOM_FGNB-10 ANF-2 SWITCH-4 AMF-2
Control_Packet CREATE_SESSION_REQUEST AMF-2 SMF-1 AMF-2 SMF-1
Control_Packet PFCP_SESSION_REQUSET SMF-1 UPF-3 SMF-1 UPF-3
Control_Packet PFCP_SESSION_RESPONSE UPF-3 SMF-1 UPF-3 SMF-1
Control_Packet CREATE_SESSION_RESPONSE SMF-1 ANF-2 SMF-1 AMF-2
Control_Packet INITIAL_CONTEXT_SETUP_REQUEST AMEF-2 GNB-10 AMF-2 SWITCH-4

S o0 0 0 0 0 00 0 0 000000 8 o o o o

Figure 3-47: Packet flow can be analyzed using the Packet Trace.

3.18 Handover
3.18.1 Use of SNR Instead of RSRP

NetSim is a packet-level simulator for simulating the performance of end-to-end applications
over various packet transport technologies. NetSim can scale to simulating networks with 100s
of UEs, gNBs, routers, switches, etc. In order to achieve a scalable simulation that can execute
in reasonable time on desktop-level computers, many details of the physical layer techniques
have been abstracted.

In keeping with the above, in NetSim’s 5G model, there are no pilots/reference/synchronization
signals. The channel matrix H is assumed to be known perfectly and instantaneously at the
transmitter and receiver, respectively. The only difference between the SSB and PDSCH is the
beamforming gain calculations. The hand-over decision is based on the SSB-SNR, measured at
UE from the serving-gNB and the target-gNB. Since the noise power would typically be the
same for the s-gNB and t-gNB signals, in effect the handover is based on received signal level
on the SSB.

3.18.2 Handover Algorithm

The handover logic of NetSim 5G library is based on the Strongest Adjacent Cell Handover
Algorithm (Ref: Handover within 3GPP LTE: Design Principles and Performance. Konstanti-
nos Dimou. Ericsson Research). The algorithm enables each UE to connect to that gNB which
provides the highest SNR. Therefore, a handover occurs the moment a better gNB — adjacent
cell has offset stronger RSRP (measured as SNR in NetSim) — is detected. If there is more
than one gNB with offset higher signal strength, then the gNB with the highest signal strength
becomes the target gNB. If carrier aggregation and MIMO is enabled then the SNR is averaged
over all carriers and over all layers.
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This algorithm is similar to 38.331, 5.5.4.4 Event A3 wherein Neighbor cell’s RSRP becomes
Offset better than serving cell’s RSRP. Note that in NetSim report-type is periodical and not
eventTriggered since NetSim is a discrete event simulator and not a continuous time simulator.
Therefore, the signal strength comparisons between source-gNB and all other gNBs is done
every time a UE Measurement report is received at the source gNB. Note that:

e The signal strength compared is the average of all layers across all carriers.

e NetSim assumes that admission control during handover is always successful. Hence there
are no handover failures on this count.

3.18.3 Ping Pong Handovers

The above algorithm is susceptible to ping-pong handovers; continuous handovers between the
serving and adjacent cells on account of changes in SNR due mobility and shadow-fading. At
one instant the adjacent cell’s SNR, could be higher and the very next it could be the original
serving cell’s RSRP, and so on. To solve this problem the algorithm uses:

e Hysteresis (Hand-over-margin, HOM) which adds a SNR threshold (Adjacent cell SNR —
Serving cell SNR > Hand-over-margin or hysteresis), and

e Time-to-trigger (TTT) or hysteresis which adds a time threshold.

This HOM is part of NetSim implementation while TTT can be implemented as a custom
project in NetSim.

Users may also be interested in measuring Ping pong handovers. For this, users should log the
gNB to which the UE is attached. Users can then simulate scenarios where UE would attach
to gNB1 then to gNB2, back to gNB1, again to gNB2 ... and so on, within a short time frame.
Ping pong handovers can then be calculated per some (user-defined) criteria. Such scenarios
can be simulated by enabling shadow-fading and fading-and-beamforming (fast fading). These
phenomena would cause SINR to fluctuate over short distances and even over time at the same
location.

Custom coding is required to log the “attached gNB” for each UE. NetSim radio measurements
workspace (available in file-exchange/GitHub) can serve as the base for this development effort.

3.18.4 Packet Flow During Handover

NetSim implements those aspects of the 5G handover procedure that directly affects network
performance. Other aspects of the handover, for example security, are either not implemented
or abstracted since they do not affect network performance. Handovers can occur in RRC
CONNECTED (during active Tx or Rx) or in RRC IDLE states (no Tx or Rx).
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Figure 3-48: Control packet flow in the 5G handover process.

The packet flow (which can be observed from the packet trace) is as follows:

e Once the UE connection and association procedures are completed, the UE sends a UE
MEASUREMENT REPORT every UE Measurement Report Interval to the connected
gNB. UE Measurement Report Interval is by default set as 5ms in NetSim and is a user
configurable parameter.

e At some time, neighbor cell RSRP (measured as SNR in NetSim) becomes offset higher
than serving cell RSRP.

e Immediately after receiving the next UE MEASUREMENT REPORT, source gNB (also
sometimes called serving gNB) sends a HANDOVER REQUEST to the target (neighbor)
gNB. This packet is sent through the Xn interface via a 5G-Core Switch. All the links in
the 5G Core are by default 10 Gbps.

e The Target gNB sends back HANDOVER REQUEST ACK to serving gNB, again via the
Xn interface. If the HANDOVER REQUEST or the HANDOVER REQUEST ACK are
errored then if the target gNB signal strength continues to be offset higher than source
gNB signal strength, step 1 is repeated at the next UE MEASUREMENT REPORT.

e After receiving HANDOVER REQUEST ACK the serving gNB sends the HANDOVER
COMMAND to UE.

e Then the HANDOVER COMMAND packet is sent by source gNB to the UE.

e The target gNB then sends RRC Reconfiguration message to UE. If UE is in RRC Con-
nected mode then the target gNB is assigned as new source gNB for the UE.

e The target gNB will send the PATH SWITCH packet to the AMF through the N1-N2
interface (via a core switch).

e When the AMF receives the PATH SWITCH packet, it sends MODIFY BEARER RE-
QUEST to the SMF'. This is over the N11 interface.

e The SMF on receiving the MODIFY BEARER REQUEST sends back the MODIFY
BEARER RESPONSE to the AMF.
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e On receiving the MODIFY BEARER RESPONSE from the SMF, AMF acknowledges the
Path switch request sent by the target gNB by sending the PATH SWITCH ACK packet
back to the target gNB. This is over the N1-N2 interface, via a 5GC switch.

e The target gNB then sends a UE CONTEXT RELEASE to source gNB, and the source
gNB sends back UE CONTEXT RELEASE ACK to target gNB. The context release
request and ack packets are sent between the source and target gNB via the Xn interface.

e Then RRC Reconfiguration takes place between target gNB and UE.

e UE starts sending the UE MEASUREMENT REPORT to the new source gNB.

PACKET.ID |~ | SEGMENT.ID |+ | PACKET_TYPE | ~ | CONTROL PACKET_TYPE/APP_NAME

¥/ SOURCE_ID | + | DESTINATIONLID |~ | TRANSMITTER ID |+ | RECEIVER ID |+ | NW_LAYER ARRIVAL TIME(US)

~| MAC_LAYER ARRIVAL TIME(US) [+ | PHY_LAVER_ARF

0 N/A
0 N/A
0 N/A
0 N/A
0 N/A
0 N/A
0 N/A
0 N/A
0/N/A
0 N/A
0/N/A
0 N/A
0

oo oo

0
0 N/A
0 N/A
0 N/A
0 N/A
0/ N/A
0 N/A
0 N/A

Control_Packet
Control_Packet
Control_Packet
Control_Packet
Control_Packet
Control_Packet
Control_Packet
Control_Packet
Control_Packet
Control_Packet
Control_Packet
Control_Packet
0 Control_Packet
0 Control_Packet
0 Control_Packet
0 Control_Packet
0 Control_Packet
0 Control_Packet
Control_Packet
Control_Packet
Control_Packet
Control_Packet
Control_Packet
Control_Packet
Control_Packet

RRC_MIB
RRC_SIBL

RRC_SIB1

RRC_MIB

RRC_MIB
UE_MEASUREMENT_REPORT
UE_MEASUREMENT REPORT
HANDOVER_REQUEST
HANDOVER_REQUEST
HANDOVER_REQUEST ACK
HANDOVER_REQUEST_ACK
HANDOVER_COMMAND
PATH_SWITCH
PATH_SWITCH
MODIFY_BEARER_REQUEST
MODIFY_BEARER_RESPONSE
PATH_SWICTH_ACK
PATH_SWICTH_ACK
UE_CONTEXT_RELEASE
UE_CONTEXT_RELEASE
UE_CONTEXT_RELEASE_ACK
UE_CONTEXT_RELEASE_ACK
RRC_RECONFIGURATION
UE_MEASUREMENT_REPORT
UE_MEASUREMENT REPORT

GNB-7
GNB-8
GNB-8
GNB-8
GNB-8

Broadcast-0
Broadcast-0
Broadcast-0
Broadcast-0
Broadcast-0

GNB-7
GNB-8
GNB-8
GNB-8
GNB-3
UE-9
UE-10
GNB-7
SWITCH-6
GNB-8
SWITCH-6
GNB-7
GNB-8
SWITCH-5

SWITCH-5
GNB-8
SWITCH-6

UE-10
UE-9
UE-10

SWITCH-6
GNB-8
SWITCH-6
GNB-7
UE-9
SWITCH-5
AMF-3

SWITCH-5
GNB-8
SWITCH-6
GNB-7
SWITCH-6
GNB-8
UE-9
GNB-8
GNB-8

N/A
N/A

N/A

N/A
N/A
N/A

18600999
13600999
18601027.88
18601027.88

18602999

18602999
18603035.24
18603053.36
18603071.48
18603071.48
18603111.88
18603111.38
18603140.76
18603140.76

18560000
18560000
18560000
18560000
18560000
18600000
18600000
18600999
18600999
18601027.88
18601027.88
18601056.76
18602999
18602999
18603035.24
18603053.36
1860307148
1860307148
18603111.88
1860311188
18603140.76
18603140.76
18602999
18720000
18720000

Figure 3-49: Screenshot of NetSim packet trace file showing the control packets involved in handover.
Some columns have been hidden before the last column.

3.18.5 Handover Interruption Time

During this period the UE can neither transmit or receive user data. Handover Interruption
time can be configured in the Data Link layer properties of the gNB as shown below.
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Y Macro cell gNB Omni Ant._9 Properties ~ — O X

o |
A SO RN

RLC Poll Byte kB25 v
RLC Poll PDU pd -
RLC Max Retx Threshold |11 v
4 HARQ
HARQ Mode TRUE v
Max HARQ Process Co... 16 -
Max CBG Per TB 8 -
HARQ Retry Limit 4 -
4 Handover

(=]

Handover Interruption...

w

Handover Margin (dB)

Time-to-Trigger (ms) 3

Figure 3-50: Screenshot showing handover interruption time in gNB properties.

The value can range from 0.0 to 500.0 milliseconds. The handover process in NetSim is based on
event A3 i.e., the target signal strength is offset (3 dB) higher than the source signal strength.
Handover interruption time (HIT) is added at the time of handover command is delivered to
the UE. During this time there is no data plane traffic flow to the UE from the source/target.
The time at which the path switch is sent from the target cell to the AMF will get delayed by
the Handover interruption time. This can be observed in the packet trace log file.

3.18.6 Time-to-Trigger

Cellular networks can suffer from Ping-pong (or rapid) handovers. In such handovers one suc-
cessful handover is followed by a handover back to the original cell within short rapid handover
time, Try, e.g., within 3 seconds. Both handovers could potentially have been saved. Equiva-
lently, if a successful handover is followed by another successful handover to a third cell within
Tri, one could argue a single handover directly to this third cell would have served the purpose.

In the current version of NetSim, A3 based handover event is triggered the instant received SNR

(on the downlink in the SSB) from target gNB, SN RtU'gEI\g’S ) 18 offset, A, higher than received

signal strength (on the downlink in the SSB) from serving gNB SN R?}gEl\(ISS B)" This offset, A,
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is also known as the Hand Over Margin (HOM). Thus, A3 event is triggered when, in dB scale,

SNRifpssm®) = SNRpssn () 28 (1) (68)

where ¢ is a discrete time instant.

Given the way NetSim measures power, SN R is used to account for differences in the bandwidth
between serving and target gNBs. If their bandwidths are equal, then, in dB scale

t-gNB s-gNB t-gNB s-gNB
SNRUgE(SS B) (t) — SNRU%E( SSB) (t) = RSRPUgE(SSB) (t) — RSRPUgE(SS B) (t) (69)

In NetSim, SSB power between all UE-gNB pairs are computed.

e when a measurement report is sent, which is every measurement interval Ty; (default
5ms), and

e at every mobility event i.e., whenever a UE moves. Recall here that in NetSim mobility
is discretised over instants of time and movement is not continuous over time i.e., a UE
moves to (z1,y1) at time ¢, remains at (z1,y;) till just before time t5, and then instantly
moves to (x2,y2) at to.

Hence, the A3 trigger occurs at the instant power levels at t-gNB and s-gNB satisfies (68). This
could occur at a measurement report event or at a mobility event.

By definition of time to trigger, Trpr, a handover event should only be triggered if (68) holds
true for a duration equal to Tppr.

Since NetSim is a discrete event simulator its internal virtual clock progresses (virtual) time at
events. Therefore, NetSim cannot check for (68) continuously over time. The test of whether
(68) would continue to hold true can only be carried out at subsequent measurement report
events and mobility events.

TTT condition will be successfully met only if powers from t-gNB and s-gNB meet condition
(68) at all mobility and measurement events within the TTT period. If condition (68) fails to
hold at any event during TTT, then TTT condition will have failed. The A3 trigger will be
removed.

NetSim does not (recursively) average, or filter, SN REgEI\g 5By OF SN R‘;}%}ISBS B) within the Tprprr

window and (68) is evaluated on instantaneous powers at all events.

NetSim Time-to-trigger variable

e is global scope; it remains the constant across the network, and

e can be set by the user in the range [0ms, 5120 ms] as defined in the standards.
Algorithm

e When A3 condition is met AddTrigger event is added.
e Check (68) at all measurement report events and mobility events.

e If at any event (68) doesn’t hold remove the AddTrigger event.
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e Else, if (68) holds at all events within the TTT, initiate H/O trigger upon expiry of TTT

interval.
— Handover Interruption fime
sHR(B)] Connected 1o gNB1 _ *__ Connecled to gNB2
at UE

L/ s
-
gNB2 —
-

-

Time to Trigger
3 =}

Tuo

/ |/
'3 /
J//
.d/
/
i o
ghB1
/
—
Time
ty tz Tuo ty ty s ty Tyy b7 ty Tha 1y i tyy Two iz Byt by

Figure 3-51: We see the SNR variation with time measured by UE from gNBI (black) and gNB2 (blue).

Time to trigger starts the instant SZ\U:EQUJEB2 - SNRgUJEB1 > A. Once this condition holds for a duration

equal to time-to-trigger, handover is initiated. Users can also configure a handover interruption time
during which the UE is not connected to either gNB. Post this the UE gets associated with gNB2.

3.18.6.1 Assumptions and Limitations

e Time to trigger (Trrr) will be implemented for 5G Standalone (SA) mode. NetSim
assumes non failure of:

— Measurement reports

— Handover messages

e Handovers are always successful. There are no handover failures on account of admission
control at t-gNB.

e In NetSim, UEs can be handed over to gNBs of different frequencies as long as (68) is
met. There is no difference in handover functionality when the t-gNB and s-gNB operate
in (i) the same frequency (say s-gNB and t-gNB in C-band) and (ii) different frequencies
(say s-gNB in C-band and t-gNB in mmWave).

e Time-to-trigger implementation is based on Rel 15. Enhancements added in Rel 16 namely
(i) Dual active protocol stack (DAPS) and (ii) Conditional handovers, are not yet sup-
ported in NetSim.
3.18.6.2 Algorithm for Implementation in NetSim
e Each gNB maintains a matrix named as the Conditional HO TTT Matrix.

e The rows are the associated UEs, and the columns are all other gNBs in the scenario.

e Whenever a UE; associates with a gNB:
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— Initialize all the matrix entries for all j (i.e., for all gNBs) for the given row i as
follows:

« TV

trigger t0 —1 for all j // #define TTT not_set = -1

e Whenever a measurement report from an associated U E; is received:

— If the condition (SN R{;sep — SNRyS dgp) > A) is met:

x If matrix entry T’ is currently —1, then update T: = Teurrent, Where

trigger trigger
Teurrent 1s current simulation time.

> TTT, initiate handover

+ Else (matrix entry is not —1): If Teurrent — Tjigger >

procedure.

— Else: If the matrix entry TV

frigger 15 1Ot —1, set it equal to —1.

e Whenever a UFE; disassociates with a gNB, delete the row 3.

3.18.6.3 Configuring Time-to-Trigger

The desired TTT value in milliseconds can be configured in the Data Link layer properties of
the gNB as shown below.

¥ Macro cell gNB Omni Ant._9 Properties - O X

AN O W

Is NSA Enable FALSE

Selected Option Type

Master Node Type Non_mmWave_Cel
Secondary Node Type mmWave_Cell
> PDCP
> RLC
> HARQ
4 Handover
Handover Interruption Time (ms) 0
Handover Margin (dB) 3
Time-to-Trigger (ms) 3

4 Physical Layer

4 | TENR N

Figure 3-52: Time-to-Trigger configuration in gNB/eNB Data Link layer properties.
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This value is common for all gNBs in a network i.e., TTT parameters are global in scope.
Setting TTT to 0 is equivalent to disabling Time-to-Trigger.

3.18.6.4 Enabling the LTENR Handover Log

The LTENR Handover log can be enabled by clicking on configure reports in top ribbon > Plots
> Select LTENR Handover log under Network Logs as shown below.

J{ Create Scenario D2 Set Traffic [} Configure Reports | “& Show/Hide Info

) +/ Metwork Performance [V] Packet Trace All Network Packets Log ~  Reinjected from Emulator  Log - —
Biil =
all Event Trace Dispatched to Emulator | Lag ~  NotDispatched to Emulator Log - g
View Results Tabular Summary Traces Emulator Logs Plots
-lBE
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000 d C e
” f f A ) i f f i ; )
=
T[ aaa ) 4 Network Logs -
el Select All <
« U2 B
1000 — s
TIE e = =ugN LTENR Radio Measurements Log
-1 B -
4 ] T s ‘i“ﬂ‘\}\_ ) LTENR Resource Allocation Log <
() —5 Corgsween.4 ol ? ‘w\:-‘«i(@ H
A A | LTENR Handover Log |
Macro cellgN Omri Macro cellgng omni >
>000¢ At Ao LTENR Code Block Log =
| 5
i LTENR OLLA Log £
s | 12
i i
! | Mobility Log -
I i g
= ° = © Buffer Occupancy Log -
3000 o
D App1 CBR D Plat generation is a two-step process. Initially, select the
E B parameter(s) you wish to plot from the list above.
¥ Subsequently, choose the specific device, link. application, 3
¥ etc, in the plots window, which becomes accessible after &
< » the simulation concludes

Figure 3-53: Enabling the LTENR Handover log.

Upon running simulations with this log enabled, a LTENR Handover Log.csv file is written and
can be accessed from the results dashboard as shown below:

[ simulation Results - a %
x o
View Network Export Results Additional Metrics
= Application Metrics 6 u u u v v v v v o
- 7 0 4 0 0 0 0 536 0 53
Link Metrics
8 0 5 0 0 0 0 1014 0 1014
[/ Plots 9 992 o 0 0 0 0 1488992 1448320 40872
10 0 4 0 0 0 0 536 0 536
1" 0 o o o o o o o o
&3 Traces 12 0 o 0 0 0 0 o 0 0
7 Packet Capture
i3 Saved Plots Plots
Click on the desired plot. Then i the plots module, choose the desired applicetion, ik, device, etc, to visuaize.
Application Performance Link Performance LTENR Radio Measurements
Throughput vs Time Throughput vs Time SNR vs Time
Opens Plots Module
Logs

Records various network parameters at predefined time intervals into a csv file

Application_Packet_Log.csv Link_Packet_Logicsv LTENR_Handover_Log.csv LTENR Radio_Measurem..

Figure 3-54: Accessing Handover log from NetSim results dashboard.

The log file consists of timestamps in Milliseconds, associated UE name, the serving cell name,
target cell name, serving SSB SNR, Target SSB SNR and the Remarks.

Entries are written to the file when a handover condition is met. For example, when running
the 5G-Handover scenario with the Time-To-Trigger (TTT) set to 2560 milliseconds (or 2.56
seconds) and mobility configured such that the User Equipment (UE) moves toward the target
gNB and then returns to the serving gNB, handovers typically occur in a ping-pong manner.
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The following entries are logged in the Handover log:

@ Autosave .(. off} LD v % LTENR_Handover log.c... v 2 Search

File Home Insert Pagelayout Formulas Data Review View Help

B13 v i Jx
A B C D E F G
1 |Time(ms) ~ |/UEId | ~|Serving Cell| - Target Cell| ~ Serving SSB SNR(dB) - Target SSB SNR(dB)| ~ Remarks -
2 18501 UE_9 GNB_7 GNB_8 15.213531 18.541657 Handover Initiated
3 43081 UE_9 GNB_8 GNB_7 14.172589 19.696652 Handover Initiated
4 51001 UE_9 GNB_7 GNB_8 14.172589 19.696652 Handover Initiated
5 57001 UE_S GNB_8 GNB_7 14.172589 19.696652 Handover Initiated

Figure 3-55: TTT log showing entries with handover conditions met at different time intervals.

e From the log file we can see that initially the UE is associated with gNB7. Around 18.5

seconds, the handover is initiated when SN R%]E?SS B) ~ SN R;}gEI\(IES B) > A (3 dB).
e Since UE 9 is configured with mobility, it moves back to gNB 7 from gNB 8.

e Again, at 43.8 seconds, the handover condition is met when the SNR from gNB 7 is greater
than from gNB 8 as UE 9 moves towards gNB 7.

e Similarly, you can observe that the handover conditions are met again at 51 and 57 seconds.

3.18.7 Buffer Transfer and Timers

During handover buffer is transferred from s-gNB to t-gNB, and active timers such as t-poll
retransmit are stopped in the s-gNB.

3.19 Network Slicing

NetSim supports network slicing in 5G from v14.1 onwards.

3.19.1 RAN Slicing

RAN slicing in 5G involves dividing the Radio Access Network into multiple virtual slices, each
tailored to serve specific service requirements. The RAN slicing implementation in NetSim is
explained below:

e Scope: Network slicing in NetSim focuses solely on RAN slicing and does not cover Core
and Transport slicing.

e Identification: Each network slice is identified by a single Network Slice Selection Assis-
tance Information (S-NSSAI) or a Slice ID, consisting of a Slice Service Type (SST) and
a Slice Differentiator (SD).

e Slice Type and Differentiator: The Slice Type (SST) signifies the expected behaviour
of the network slice in terms of features and services. The Slice Differentiator (SD)
distinguishes multiple instances of the same slice type.
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e Resource Sharing Options: Two resource sharing options are defined: (a) Static slicing
(or hard slicing) and (b) Dynamic slicing (or soft slicing).

e Static Slicing: Supported Slice Types are eMBB, URLLC, MIoT, and V2X. Slices are
allocated a fixed percentage of resources.

¢ Dynamic Slicing: The supported Slice Type is eMBB. A proprietary algorithm uses PFS
(Proportional Fair Scheduling) with Rate Guarantee employing stochastic online learning.
The dynamic slicing algorithm is derived from Non-linear Optimization Theory.

3.19.2 Slice Configuration
Network Slicing can be configured in the gNB RAN interface, Datalink layer properties. Depend-

ing on the Scheduling Type selection the available Resource Allocation Techniques to choose
from will vary.
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gME_9 Properties —

* AN D W

[jg;&'

4 Interface 4 (5G_RAN)

4 Datalink Layer

4 |ITE MR

Associated SMF SMF_1
Associated UPF UPF 3
Associated AMF AMF 2
Type GME

. 3GPP Series 38
MAC Address AADDDODDSO0
Scheduling Type ROUND ROBIN
isslicing TRUE
Resource Sharing Technigue Static
Configure Metwork Slicing via File

Ver 15.0

Figure 3-56: gNB RAN Interface Datalink Layer properties with slice configuration options.

The following table contains a list of scheduling types supported in the gNBs and the corre-

sponding resource allocation techniques that can be selected.

Copyright TETCOS LLP

Page 139 of 262



NetSim — 5G NR

Ver 15.0

Table 3-36: Resource Allocation Techniques based on the Scheduling type selection.

Scheduling Type

Network Slicing — Resource
Allocation Technique

Round Robin

Max Throughput
Proportional Fair
PFS with rate guarantee

Static
Static
Static
Dynamic

Network Slicing can be configured in NetSim using the Slice Configurator GUI or via a CSV
input file. When the configuration is done via the GUI, a CSV file will be automatically
generated. Network Slicing is global to all the gNBs in a 5G network and hence if enabled and
configured in a gNB, will be applicable to all the gNBs.

3.19.2.1 Slice Configurator GUI

The slice configurator allows users to select the Number of slices initially, and based on the
Resource Sharing Technique selected, the slice table gets populated automatically, where users
can configure the properties and map UEs to different slices.

j !l Slice Configurator

MNumber of Slices

Slice ID Slice Type Slice Differentiator Resources Allocated % Mapped UE
BE Auto 10,00| 10-13
eMEE Auto 10.00| 1416
URLLC Auto 5000| 18 |
MiaT Auto 10.00( 19
VX Auto 2000|1520

ok ||

Cancel l

Figure 3-57: Static Network Slicing Configurator GUIL

Static Slice Configurator:

e Slice ID 0 is the default slice with Slice Type BE.

e For all rows, the parameters, Slice ID and Slice Differentiator are non-editable.

e Slice Type can be modified and set to one of the following values:
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e BE

e ¢cMBB
e URLLC
e MIoT
e V2X

e The resource allocation column should be configured such that the sum of resource allo-
cation percentage is exactly equal to 100.

EEI Dynamic Slice Configurator X

Configure the number of slices and the resource share per slice.

Number of Slices 4 v
Slice Index Bias Maximum 2
Slice Index Bias Learning Rate 0.0002
UpLink Resource Share | Downlink Resource Share
Slice ID | Slice Type Slice Differentiator Mapped UE(s)
Min (%) Max (%) Min (%) Max (%)
0| BE ¥ |Auto 0.00 100.00 0.00 100.00| 10-11,15
1| eMBB ¥ |Auto 0.00 100.00 10.00 20.00| 12-13
2| eMBB ¥ |Auto 0.00 100.00 20.00 70.00| 14,16
3| eMBB ¥ |Auto 0.00 100.00 40.00 90.00| 17-18
4| eMBB ¥ |Auto 0.00 100.00 50.00 100.00 | 19-20
OK Cancel

Figure 3-58: Dynamic Network Slicing Configurator GUL

Dynamic Slice Configurator:

e Slice ID 0 is the default slice with Slice Type BE. All the other slices are eMBB.
e For all rows, the parameters, Slice ID and Slice Differentiator are non-editable.

e Min and Max percentage of resource share can be specified individually for DL and UL
in Mbps, for each slice.

Slice — UE Mapping;:
e Mapped UE column accepts UE IDs as input which can be:

o Comma separated (‘,°)

o Range: specified by starting ID and ending ID separated by ‘-‘. For e.g.: 10-20 includes
all UEs starting from ID 10 to 20.

o This column can also be left blank without any UE assigned.
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o Based on the configuration done in the slicing configurator GUI, a networkslicing.csv file
is automatically generated as shown below:

e o 2
22 WUEID SLICEID
3 10 o
2 1 0
2 12 0
2 13 0
2 1 1
28 16 1
29 18 2
30 19 3

1 15 a

2 20 4

@ osee @) H D T 5 newe

File  Home Insert Draw Pagelayout F

E12 v i

A
Number_of_Slices
lambda_max

slice_ID
slice_Type
slice_Differentiator
Min_UL Resource_Share
Max_UL_Resource_Share
Min_DL_Resource_Share
10 Max_DL Resource_Share
11 slice_ ID

12 |slice_Type

13 slice_Differentiator

14 Min_UL Resource_Share
15 Max_UL Resource_Share
16 Min_DL_Resource_Share
17 Max_DL Resource_Share
18 slice_ ID

19 Slice_Type

20 Slice_Differentiator

21 Min_UL Resource_Share
22 Max_UL Resource_Share
23 Min_DL_Resource_Share
24 Max_DL_Resource_Share

®Na LA wN o

©

Slice_index_bias _learning rate

B c
4

2
0.0002
0
BE
Auto
0
100
0
100
1
eMBB
Auto

100
100

eMBB
Auto

0

100

0

100

Figure 3-59: Left: Network Slicing CSV log showing the Static slice configuration. Right: Network
Slicing CSV log showing the Dynamic slice configuration.

o The UE to Slice ID mapping is written individually for each UE in the CSV file which

is read and used for simulations.

3.19.3 Recording Slice-Based Resource Allocation

The LTENR Resource Allocation log can be enabled by clicking on configure reports in top
ribbon > Plots > Select LTENR Resource Allocation log as shown below. Refer to section 3.22

for further information.

D Set Traffic [£) Configure Reports | 25) Show/Hide Info

| Network Performance

& Create Scenario

[w] Packet Trace All Network Packets Log

D_H“ [ Event Trace Dispatched to Emulator  Log
View Results Tabular Summary Traces

0 500 1000 1500 2000 2500 3000
i L L L N

Reinjected from Emulator  Log

Not Dispatched to Emulator | Log

Emulator Logs

4000 4500 5000
'

1000
P e T
@ = Corg.switch 4 Core_switcn §
A
Macro celllghe Om
] el
2000 i

(e

‘u

App1_CBR

UELTD

Plots
s C »
2
3 g
4 Network Logs
o
Select All Z
3
LTENR Radic Measurements Log
[+] LTENR Resource Allocation Log 5
LTENR Handover Log
Z
LTENR Code Block Log 2
g
LTENR OLLA Log s
Mability Log
Buffer Occupancy Log -
Plot generation is a two-step process. Initially, select the
parameter(s) you wish to plot fom the list above,
Subsequently, chaose the specific device, link, application, 3

ete, in the plots window, which becomes accessible after
the simulation concludes.

Figure 3-60: Enabling LTENR Resource Allocation log.

When network slicing is enabled, the log will include additional columns such as the Slice ID,

Slice Type and Slice Differentiator.
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Bl LTENR_Radio_Resource_Allocation.csv v £ search Kanagaraj K a P - [} X

File Home Insert Pagelayout Formulas Data Review View Developer Help Table Design \_\:‘ Comments |

ABS ~ fo9 v

F G H | J K L M N a P Q a

1 |Slot Start Time(ms) v |Slot End Time(ms)| v |UE ID |~ BitsPerPRB r |BufferFill(B) ] Allocated PRBs|  [Rank |~ |EWMA MAC Throughput (Mbps)| v |Index Bias |~ Slice ID| - Slice Type| v |Slice Differentiator| ~ .
2 166 166.5 12 528 4975 234 528 1 0.000175 2 EMBB 2
El 166 166.5 10 528 4975 0 52§ 1 0 0 BE 1
4 166.5 167 12 528 8403 234) 528.0924f 0.123552 0.000175 2 EMBB 2
5 166.5 167 10 528 99501 0 528 1 0 0 BE 1
6 167 167.5 12 528 118324 234) 4273.597 0.247042 0.000349 2 EMBB 2
7 167 167.5 10 528 14925 0 528 1 0 0 BE 1
8 168 168.5 12 528 202364 234) 2137.471 0.370471 0.000522 2 EMBB 2
9 168 168.5 10 528 24875 0 528 1 0 0 BE 1
10 168.5 169 12 528 236654 234) 1425.489 0.433837 0.0006%4 2 EMBB 2
1 168.5 169 10 528 29850 0 528 1 0 0 BE 1
12 169 169.5 12 528 270940 234 1069.544] 0.617143 0.000866 2 EMBB 2
13 169 169.5 10 528 34825 0 528 1 0 0 BE 1
14 169.5 170 12 528 30522 234 856.0134 0.740386 0.001038 2 EMBB 2
15 169.5 170 10 528 39800 0 528 1 0 0 BE 1
16 170.5 m 12 528 389264 234) 713.6894f 0.863568 0.001208 2 EMBB 2
17 170.5 171 10 528 49750 0 528 1 0 0 BE 1
18 171 171.5 12 528 423554 234] 612.059 0.986688 0.001378 2 EMBB 2
19 171 171.5 10 528 54725 0 528 1 0 0 BE 1
20 1718 172 12 528 4578423 234] 535.8514] 1.109747 0.001548 2 EMBB 2
21 1715 172 10 528 59700 0 528 1 0 0 BE 1
22 172 172.5 10 528 64675 234] 528 1 0 0 BE 1
23 172 172.5 12 528 49213 0] 476.6015) 1.232744 0.001548 2 EMBB 2
24 173 173.5 10 528 73078 234] 528 0.123852 0 0 BE 1
25 173 173.5 12 528 59163 0] 429.1301] 1.232127 0.001548 2 EMBB 2

26 173.8 174 10 528 765074 234] 4273.504] 0.247042 0 0 BE 1 -
< > LTENR_Radio_Resource_Allocation Pivot Table(Custom) + 0 »

Ready % Accessibility: Unavailable 3] B -——+ 100%

Figure 3-61: LTE NR Radio Resource Allocation log with entries associated with Network Slicing.

This log can be used to identify the resource allocation on a per slice basis based on the network
configuration. Based on the resource allocation percentage of a slice, a fraction of PRBs will
be available to be allocated to the UEs belonging to that slice. The PRBs allocated to the UEs
can be found in the Allocated PRBs column.

Consider the following network with 1 gNB and 2 UEs downloading data from a server.

Figure 3-62: 5G network configuration with a gNB and 2 UEs performing download from a server.

Network Slicing is enabled and configured such that UE 10 gets 55% of the resources and UE 11
gets 45% of the resources as shown below:

Copyright TETCOS LLP Page 143 of 262



NetSim — 5G NR

Ver 15.0

: !l Static Slice Configurator W
Numbker of Slices 1 -
Slice ID Slice Type Slice Differentiator Resources Allocated % Mapped UE
0|BE ~ |Auto 4500 11
1| eMBB - |Auto 5500| 10
OK l l Cancel l

Figure 3-63: Slice Configurator showing BE and eMBB slices configured with 45% and 55% of resources.

For example, in the Pivot table (Custom) sheet, by adding Slice Type to Rows and Allocated
PRBs to Values, and setting the Allocated PRBs property to show value as % of grand total,
we can obtain the percentage of resources allocated on a per slice type basis as shown below:

@ AutoSave . - [ [} v LTENR Radio_Resource Allocation.csv v yel KANAGARAJ K & 4 u] X
Fle Home insert Pagelayout Formuls Data Review View Developer Help  PivotTable Analyze  Design [ = comments |
fﬁ % [Aptosarmow 11 <] = |Genersl ~| [ Conditional Formatting ~ Bl Insent ~ /C) =
~ ~ " . = ~ = ~ O ~ 1 ~
Paste LB B I U~ A A B~ % 9 [FormatasTable & Delete Ediing  Add-ins | Analyze
- B & A = o @4 4% 5 Cell Styles ~ [ Format ~ - Data
Clipboard 151 Font. N Alignment 151 Number IF] Styles Cells Add-ins v
A vt fe'| Sum of Allocated PRBs v
A c D E F G H a
1 [sum of Allocated PRBS = PivotTable Fields voX
- | Value Field Settings o x
2 |Slice Type - Choose ieds to add
1 te te rt: -
3 |BE | Source Name: Allocated PREs coselicdston St
5 |Grand Total |
6 Summarize Values By =
a
7 Show values as \E Slice 1D ]
: l : B s e =
2 Base field: Base item:; Drag fields b bel
10 SareE T < rag fields between areas below:
1" Allocated PRBs
T Fitters lll Columns
12 Past Performance (PF)
13 | |siiceip
1 |
15
16 | Number Format. Cancel = Rows Z Values
W7 | stice Type ~ || sum of Allocated PREs - |
18
19
. v
< > LTENR Radio_Resource Allocation *+ + | 4 G eeeeeesss > [ Defer Layout Update
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Figure 3-64: Pivot table showing the percentage of resources allocated to each Slice Type.

The pivot table shows the resource allocation to slice types as per the configuration done in the

slice configurator.
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3.19.4 Plotting Slicing Parameters

Ver 15.0

NetSim allows users to generate time series plots for EWMA MAC throughput and the Dynamic
slicing Index Bias parameters. These plots can be enabled prior to running the simulation.
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Figure 3-65:

After the Simulation the plots can be accessed from the results dashboard

section.

Enabling Index Bias and EWMA MAC throughput plots.
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Figure 3-66: Accessing Index Bias and
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Figure 3-68: Indexr Bias vs Time.

Detailed information about Network Slicing is provided in the link below:

https://support.tetcos.com/en/support/solutions/articles/14000159642-network-s
licing-in-5g

3.19.5 Limitations

e Core slicing and transport slicing are not supported.

e A slice will cover the “entire” network i.e., it will apply to all gNBs. This is known as
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horizontal slicing. “Vertical slicing” by which only a certain subset of gNBs (also called
area) implement network slicing is not supported.

e Assumptions in the working of 5G Core:
e Any UE can connect to any slice. No frequency restriction.

e Currently, there is no RAN-core signaling; hence NSSF, PCF functions are not part of
the 5G core.

e Single SMF, AMF and UPF. Multiple SMFs and UPFs will be made available when
implementing core slicing.

e NetSim’s focus is network performance; hence NSI, NSMF, NSSMF, CSMF are abstracted.

e NetSim assumes that the control packet flow between the UE, AMF and NSSF for slice
selection is instantaneous and successful.

e All traffic from the UE uses the same slice type.

e Users must take care to map the UE to the right slice type. For example: if a voice
application is set at some UE, then that UE must be mapped to a URLLC slice.

e Slicing is supported only in 5G SA mode.

3.20 LTENR Results, Packet Trace and Plots

Table 3-37: LTENR results Packet trace parameter descriptions.

Parameter Description

ApplD Application ID

QFI QOS Flow ID

SDAP Entity SDAP Entity

SrcID Source ID

DestID Destination ID

SrcIP:Port Tuple of Source IP and Port Number
DestIP:Port Tuple of Destination IP and Port Number
Packet Tx Total packets transmitted for a QFI
Packet Rx Total packets received for a QFI

Delay Average delay of all received packets within an average

PER (Packet Error
Rate)

PDB (Packet Delay
Budget)

window
Packet Error Rate Plot

Packet Delay Budget Plot

3.20.1 LTE NR Log

The LTE NR packet trace file has in its last column the field LTENR PACKET INFO. This
field has information relating to PDCP header and RLC header. The packet trace file can be
opened from results dashboard.
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TimE%MiIIiSEcundsf ~ |gNB/eNB Name| = | UE Name/ - | Di i iated| ~|CA_ID | ~|Channel|~ |Layer ID[~ | Tx | ~ |Los State| ~ | TotalLoss{dB) |~ | PathLoss{dB)| - | ShadowFadingLoss(dB)| ~| 021 _Loss{dBm) ~

BllGNEi7 UE_8 250 FALSE 15sB N/A 40 LOS 86.775281 86.775281 N/A )

81 GNB_7 UE_8 250 FALSE 2/SSB N/A 40 LOS 89.476259 89.476259 N/A 0
161 GNB_7 UE 8 250 FALSE 15SSB N/A 40 Los 86.775281 86.775281 N/A 0
161 GNB_7 UE_8 250 FALSE 2|55B N/A 40 LOS 89.476259 89.476259 N/A 0
161 GNB_7 UE 8 250 TRUE 1 PDSCH 1 36.9897 LOS 86.775281 86.775281 N/A 0
161 GNB_7 UE_8 250 TRUE 1/PDSCH 2 36.9897 LOS 86.775281 86.775281 N/A 0
161 GNB_7 UE_8 250 TRUE 1 PUSCH 1 23 LOS 86.775281 86.775281 N/A 0
161 GNB_7 UE_8 250 TRUE 1/5SB N/A 40 LOS 86.775281 86.775281 N/A 0
161 GNB_7 UE_8 250 TRUE 2 PDSCH 1 36.9897 LOS 89.476259 89.476259 N/A 0
161 GNB_7 UE_8 250 TRUE 2|PDSCH 2 36.9897 LOS 89.476259 89.476259 N/A 0
161 GNB_7 UE_8 250 TRUE 2 8SB N/A 40 LOS 89.476259 89.476259 N/A 0
161 GNB_7 UE_ 8 250 TRUE 1/PDSCH 1 36.3897 LOS 86.775281 86.775281 N/A 0
161 GNB_7 UE 8 250 TRUE 1 PDSCH 2 36.3897 LOS 86.775281 86.775281 N/A 0
161 GNB_7 UE_8 250 TRUE 1/PUSCH 1 23 1L0S 86.775281 86.775281 N/A 0
161 GNB_7 UE_8 250 TRUE 2 PDSCH 1 36.9897 LOS 89.476259 89.476259 N/A )
161 GNB_7 UE_ 8 250 TRUE 2|PDSCH 2 36.9897 LOS 89.476259 89.476259 N/A 0
161 GNB_7 UE 8 250 TRUE 1 PDSCH 1 36.3897 LOS 86.775281 86.775281 N/A 0
161 GNB_7 UE_8 250 TRUE 1/PDSCH 2 36.9897 LOS 86.775281 86.775281 N/A 0
161 GNB_7 UE_8 250 TRUE 1 PUSCH 1 23 LOS 86.775281 86.775281 N/A )
161 GNB_7 UE_8 250 TRUE 2|PDSCH 1 36.9897 LOS 89.476259 89.476259 N/A 0
161 GNB_7 UE 8 250 TRUE 2 PDSCH 2 36.3897 LOS 89.476259 89.476259 N/A 0
162 GNB_7 UE_8 250 TRUE 1/PDSCH 1 36.3897 LOS 86.775281 86.775281 N/A 0
162 GNB_7 UE 8 250 TRUE 1 PDSCH 2 36.9897 LOS 86.775281 86.775281 N/A 0

Figure 3-69: LTE NR Packet Trace. Depending on Ezxcel settings in some cases the entire header may
not be displayed. Users can do Ctrl + A (Select All) — Right Click — Format Cells — Alignment —
Wrap Text to view the complete header.

3.20.2 PDCP and RLC Headers Logged in Packet Trace

The PDCP and RLC header fields are logged in the LTENR PACKET INFO field of NetSim’s
packet trace.

The PDCP header fields are:

e D/C field termed as dCBit in NetSim. This is 0 for control PDU and 1 for Data PDU.

e SN field is termed SN in NetSim. This provides the sequence number of the PDCP PDU.
The RLC header fields are:

e Header Type: If the packet is TMD, UMD or AMD PDU.

e Segment Information (SI) field: The meaning of each possible SI field value is defined in
the table below.

Table 3-38: RLC header fields.

Value Description

SI=ALL Data field contains all bytes of RLC SDU
SI=FIRST Data field contains first segment of an RLC SDU
SI=LAST Data field contains last segment of an RLC SDU

SI=MIDDLE Data field contains neither the first nor the last
segment of RLC SDU

e SN: The SN field indicates the sequence number of the corresponding RLC SDU. For
RLC AM, the sequence number is incremented by one for every RLC SDU. For RLC UM,
the sequence number is incremented by one for every segmented RLC SDU. RLC service
data units (SDUs) coming from the upper layer are segmented or concatenated to RLC
protocol data units (PDUs) which have predefined size. Each PDU is assigned its own
sequence number (SN). RLC AM on receiver side will reassemble these PDUs into SDUs
using the sequence number.
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e SO: The SO field indicates the position of the RLC SDU segment in bytes within the
original RLC SDU. Specifically, the SO field indicates the position within the original
RLC SDU to which the first byte of the RLC SDU segment in the Data field corresponds.

e Pollbit: The P field indicates whether or not the transmitting side of an AM RLC entity
requests a STATUS report from its peer AM RLC entity. 0 indicates that the Status
report is not requested, while 1 indicates that the Status report is requested.

3.20.3 LTENR Event Trace

3.20.3.1 Sub Event Types

e LTENR StartFrame

Downlink and uplink transmissions are organized into frames.

There is one set of frames in the uplink and one set of frames in the downlink on a
carrier.

This event is triggered when a frame is formed.

As frame length is 10 ms, the event gets triggered every 10 ms.
— (LTENR->LTENR Phy.c-> LTENR addStartFrameEvent())

LTENR Start Subframe

— Each frame consists of 10 subframes.
— Event gets triggered every 1 ms.

— (LTENR->LTENR Phy.c-> LTENR addStartSubFrameEvent())

LTENR StartSlot

Sub frames are divided into slots.

Slot size depends on Numerology (1).

Event gets triggered every 2% ms.
(LTENR->LTENR Phy.c-> LTENR addStartSlotEvent())

LTENR Generate RRC MIB

— The timer event triggered every 80 ms to generate and broadcast MIB packets from
gNBs to all UEs.

— (LTE-NR->LTENR GNBRRC.c->fn NetSim_LTENR_GNBRRC_GenerateMIB())

LTENR Generate RRC SIB1

— The timer event triggered every 160 ms to generate and broadcast SIB1 packets from
gNB to all UEs.

— (LTE-NR-> LTENR GNBRRC.c-> fn _NetSim LTENR_GNBRRC_GenerateSIB1())

LTENR Generate RRC SI

— Timer event triggered when the selected gNB broadcasts RRC SI packets to all the
UEs.

— This event is triggered only once, at 160.9 ms, during the initial attachment process.

— (LTE-NR->LTENR GNBRRC.c->fn NETSIM LTENR_SUBEVENT _GENERATE SI())
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LTENR Generate RRC Setup Request
— Triggered when RRC setup request gets transmitted by UE to connected gNB.
LTENR RRC T300

— The timer event triggered when RRC Setup Request is sent by UE to gNB.
— The timer T300 stops when the RRC setup message is received by the UE.

— (LTENR->LTEGNBRRC.c->LTENR RRC START T300(Q)
and LTENR_RRC_STOP_T300() (line #1290))

LTENR Generate RRC Setup

— Event triggered when RRC Setup message is sent by the selected gNB to the UE.

— The RRC Setup message is generated to establish the RRC connection between the
UE and the gNB.

— (LTENR->LTEGNBRRC.c->fn_NetSIM_LTENR_RRC_GENERATE_RRCSETUP())

LTENR Generate RRC Setup Complete

— Timer event triggered during the successful establishment of RRC connection.

LTENR Generate RRC UE Measurement Report Request

— Timer event triggered every 120ms, when the gNB sends a measurement report
request to UE.

LTENR Generate RRC UE Measurement Report

— Timer event triggered when UE sends measurement report to the serving gNB which
contains SINR information from all the gNBs.

— Triggered at 240 ms after RRC connection establishment and then triggered every
120 ms.

PDCP DiscardTimer

— When the discardTimer expires for a PDCP SDU, or the successful delivery of a
PDCP SDU is confirmed by PDCP status report, the transmitting PDCP entity
shall discard the PDCP SDU along with the corresponding PDCP Data PDU.

— Discarding a PDCP SDU already associated with a PDCP SN causes a SN gap in
the transmitted PDCP Data PDUs, which increases PDCP reordering delay in the
receiving PDCP entity.

— (LTENR->LTENR PDCP.c-LTENR PDCP START DISCARDTIMER())

e LTENR Generate NAS Handover Request

— Timer event triggered when the initial Handover Request is sent by the serving gNB.
The handover request is triggered when the SNR from target gNB exceeds the serving
gNB by a margin of 3dB.

e Handover Request Ack

— Timer event triggered when the target gNB receives a handover request from the
serving gNB and sends back an acknowledgement for the handover request.

¢ Handover Request Command
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— Triggered when gNB sends Handover Command to UE after receipt of Handover
Request Ack.

e Handover Request Command Handle

— Event triggered when UE dissociates from interface of serving gNB and associates
with interface of target gNB during a handover.

— Functions like FindInterface(), pathswitch() and RRC_Reconfiguration() are called
in this function.

— (LTENR->LTENR NAS.c->fn NetSim LTENR_NAS _GENERATE_HANDOVER_COMMAND_HANDLE() )

Path Switch

— Triggered when the target gNB sends the path switch packet to the EPC in order to
transfer the data path from serving gNB to target gNB.

Path Switch Ack

— Triggered when EPC sends acknowledgement to the target gNB on the receipt of the
path-switch request.

e UE Context Release

— Event triggered after successful handover procedure.

— Triggered when target gNB sends context release packet to the serving gNB.

UE Context Release Ack

— Triggered when acknowledgement is provided by serving gNB to the target gNB on
receipt of context release packet.

3.21 Radio Measurements Log File
NetSim LTENR Radio measurements csv log file records pathloss, shadow fading loss, received
power, SNR, Interference Power, SINR, MCS, CQI, and Beamforming gain.

The LTENR Radio Measurements log can be enabled by clicking on configure reports in top
ribbon > Plots > Select LTENR Radio Measurements log under Network Logs as shown below.
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-
Dﬂ“ [ Event Trace Dispatched to Emulator | Log ~ | Not Dispatched to Emulator Log M @

View Results Tabular Summary Traces Emulator Logs Plots

N
0 500 1000 1500 3500 4000 4500 5000 L C bed
L L L L L L

=
o 4
4 Network Logs
-]
Select All £
1000 e | LTENR Radio Measurements Log
T a :n
e | S S T
R — —1 L
I - e N & —L = & LTENR Resource Allocation Log
@ —_— 5 7 —, @ =
LAY A LTENR Handover Log
Macro cellgns omn Macro cellghs Omni 2
2000 - L Ly LTENR Cade Block Log b=
| | LTENR OLLA Log g
{11 |12
| ! Mobility Log
i i
Ij 2 D o Buffer Occupancy Log
3000 >
. App1_CaR s ner wo-step process. select the
" win arameterls lot fro st above.
g
o i

Figure 3-70: Enabling LTENR Radio Measurement log.
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The LTENR Radio Measurement Log.csv file will contain the following information:

e Time in Milliseconds

e ¢gNB/eNB Name

e UE Name

¢ Distance between the gNB/eNB and the UE in meters
e Association Status (True/False)

e Carrier ID (CC ID)

e Channel Type (PDSCH/PUSCH/SSB)
e MIMO Layer ID

e Transmitter Power in dBm

e LoS State

e Total Loss in dB

e Pathloss in dB

e Shadow Fading Loss in dB

¢ Additional loss dB

e Received Power in dBm

e SNR in dB

e SINR in dB

e O2I (Outdoor to indoor) penetration loss in dBm
e Interference Power in dBm

e Beamforming gain in dB

e CQI Index

e MCS Index

The log file can be accessed from the Simulations Results Window under the log file drop down
in the left pane.
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2| 21 GNB 7 UE 8 30 FALSE 1558 N/A 40 LOS 67.605948 67.605948 N/A
3 81 GNB_7 UE_8 30 FALSE 2558 N/A 40 LOS 70.306926 70.306926 N/A
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Figure 3-72: LTENR Radio Measurement Log.csv file.
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Implementation details and Assumptions:

e The PDSCH channel corresponds to downlink.

e The PUSCH channel corresponds to uplink.

e The SSB channel corresponds to the control channel.

e Parameters associated with PDSCH and PUSCH channels

for associated gNB-UE pairs.

e Parameters associated with SSB channel are logged once

during each mobility event.

are logged at every slot only

at initialization and further

¢ Initially only SSB channel entries will be found in the log since gNB-UE association takes

time.
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e The SSB control channel transmission is over a single layer. Analog Beamforming gain is
logged for this channel and is used for SSB received power computation.

e Interference is not modelled for the SSB channel and hence SINR and Interference Power

parameters are not logged.

e The SNR computed for SSB channel is used for control decisions such as Association and
Handover. It is not used to calculate the MCS/CQI Index which is used to determine

PDSCH/PUSCH rate.

3.22 Radio Resource Allocation Log File

NetSim 5G Radio Resource Allocation csv log file records information related to physical re-
source block allocation such as the Total PRBs, Slot Start Time(ms), Slot End, BitsPerPRB,

BufferFill, Allocated PRBs, etc.

The LTENR Resource Allocation log can be enabled by clicking on configure reports in top
ribbon > Plots > Select LTENR, Resource Allocation as shown below.
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Plot generation s a two-step process. Initially, select the
parameter(s) you wish to plot from the list above.
Subsequently, choose the specific device, link, application,
etc, in the plots window, which becomes accessible after
the simulation concludes.

siou3

Figure 3-73: Enabling LTENR Resource Allocation log.

The LTE Radio Resource Allocation.csv file will contain the following information:

e gNB ID

e Component Carrier ID
e Slot ID

e Slot

e Total PRBs

e Slot Start Time(ms)

e Slot End Time(ms)

e UE ID

e BitsPerPRB
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e BufferFill(B)
e Rank
e Allocated PRBs

Ver 15.0

The log file can be accessed from the Simulations Results Window under the log file drop down

in the left pane.

[ simulation Results

View Network Export Results Additional Metrics
= Application Metrics

= Link Metrics

[ plots

Plots
@ Logs Click on the desired plot, Then in the plots moduls, choose the desired application, link, device, et to visualize.

LTENR Radio Measurements

Traces Application Performance

Throughput vs Time

E 3 Packet Capture

ﬁ Saved Plots

Link Performance

Throughput vs Time

SNRvs Time

Opens Flots Module

Logs

Records various network parameters at predefined time intervals into a csv file.

Application_Packet_Log.csv Link_Packet_Log.csv

B

LTENR_Radio_Measurem.

Opens in MS Excel

Figure 3-74: LTENR_Radio Resource Allocation Log file highlighted in the Results window.

@ Avosave @) B D~ & % LTENR Radio Resource Allocatio... v £ search namariswary @ Q@ - @ X
File Home Insert Pagelayout Formulas Data Review View Help Table Design | 3 Comments ‘
K13 v fev a7 v
A B C D E F G H 1 J K L M N &
1 |gNBID |~ CCID - SlotID - Slot ~ Total PRBs| ~ Slot Start Time(ms) ~ Slot End Time(ms) ~ |UEID |~ BitsPerPRB| v BufferFill(B) ~ PRBs ~ |[Rank  ~ EWMAMAC Throughpt ~ Index B '
2 8 1 1 Uplink 52 40005 40006 9 176 1505 47 0.096154 0
3 8 1 1 Uplink 52 40010 40011 9 176 453 21 0.692308 0
4 8 1 1 Uplink 52 40025 40026 B 176 1505 47 0.788462 0
5 8 1 1 Downlink 52 40027 40028 10 1408 1505 9 1.826923 0
6 8 1 1 Uplink 52 40030 40031 9 176 453 21 0.384615 0
7 8 1 1 Uplink 52 40045 40046 9 176 1505 47 0.480769 0
8 8 1 1 Downlink 52 40047 40048 10 1408 1505 9 1.653846 0
9 8 1 1 Uplink 52 40050 40051 9 176 453 21 0.076923 0
10 8 1 1 Uplink 52 40065 40066 B 176 1505 47 0.173077 0
1 8 1 1 Downlink 52 40067 40068 10 1408 1505 9 1.480769 0
12 8 1 1 Uplink 52 40070 40071 9 176 453 21 0.769231 0
13 8 1 1 Uplink 52 40085 40086 9 176 1505 471 0.865385 0
14 8 1 1 Downlink 52 40087 40088 10 1408 1505 9 1.307692 0
15 8 1 1 Uplink 52 40090 40091 9 176 453 21 0.461538 0
16 8 1 1 Uplink 52 40105 40106 9 176 1505 47 0.557692 0
17 8 1 1 Downlink 52 40107 40108 10 1408 1505 9 1.134615 0
18 8 1 1 Uplink 52 40110 40111 B 176 453 21 0.153846 0
19 8 1 1 Uplink 52 40125 40126 9 176 1505 47 0.25 0
20 8 1 1 Downlink 52 40127 40128 10 1408 1505 9 0.961538 0
21 8 1 1 Uplink 52 40130 40131 9 176 453 21 0.846154 0
22 8 1 1 Uplink 52 40145 40146 9 176 1505 47 0.942308 0
23 8 1 1 Downlink 52 40147 40148 10 1408 1505 9 0.788462 0
24 8 1 1 Uplink 52 40150 40151 9 176 453 21 0.538462 0
25 8 1 1 Uplink 52 40165 40166 9 176 1505 47 0.634615 0 -
< > LTENR_Radio_Resource_Allocation  pjyot Table(Custom) + »

Ready %% Accessibility: Unavailable

Figure 3-75: LTENR Radio Resource Allocation Log.csv file.

Implementation details and assumptions:

i} M - ——&—+ 100%

e In the case of scheduling algorithms such as Max Throughput when all PRBs are allocated
to one UE, the entries for the other UEs for which allocation did not happen is not written

to the log file.

e Rank is a metric used for resource allocation.
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3.23 Handover Log File

NetSim Handover Log records the events that occur during a handover. This contains the
timestamp, UE ID, serving cell ID, target cell ID, Serving SSB SNR(dB), Target SSB SNR(dB)
and Remarks (time at which the handover initiation and handover offset was met) — when the
TTT parameter is enabled. The log can be used to identify handover attempts and the impact
of TTT on handovers.

The LTENR Handover log can be enabled by clicking on configure reports in top ribbon > Plots
> Select LTENR Handover log under Network Logs as shown below.

I Create Scenario S Set Traffic [} Configure Reports | % Show/Hide Info

| Network Performance [¥] Packet Trace All Network Packets Log v Reinjected from Emulator  Log - —
Bl =
il Event Trace Dispatched to Emulator Log *  Not Dispatched to Emulator Lag i L
View Results Tabular Summary Traces Emulator Logs Plots
‘, N
o 500 1000 1500 2000 2500 3000 3500 4000 4500 5000 = C >
" L L \ . L . \ [
g
4 Network Logs
g
Select All S
3
1000 o LTENR Radio Measurements Log
LTENR Resource Allogation Log g

| LTENR Handover Log

o
8
§
.
B

2000 o 2k '] LTENR Code Block Log
LTENR OLLA Log
Mobility Log

= 1 Buffer Occupancy Log
App1 CBR {;I Plat generation is a two-step process. Initially, select the

e va parameter(s) you wish to plot from the list above.

Subsequently, choose the specific device, link, application, 5.
etc. in the plots window, which becomes accessible after &
the simulation concludes

Figure 3-76: Enabling LTENR Handover Log.

The LTE Handover Log.csv file will contain the following information:

e Time in microseconds

e UE ID

e Serving cell

e Target cell

e Serving SSB SNR (dB)
e Target SSB SNR (dB)

e Remarks

e The log file can be accessed from the Simulations Results Window under the log file drop
down in the left pane.
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[ simulation Results - a X
X o
View Network Export Results Additional Metrics
= application Metrics © v v v v v v v v v
. 7 0 4 0 0 0 0 536 0 536
7! Link Metrics
8 0 5 0 0 0 0 1014 0 1014
[/ plots 9 992 0 0 0 0 0 1488992 1448320 20672
10 0 4 0 0 0 0 536 0 536
= i 0 o 0 0 0 0 o 0 0
Traces 12 0 o 0 0 0 0 o 0 0
[ jPacket Capture
=i Saved Plots Plots
Click on the desired plot. Then in the plots module, choose the desired application, ik, device, etc, 1o visualize
Application Performance Link Performance LTENR Radio Measurements
Throughput vs Time Throughput vs Time SNR us Time
Opens Plots Module
Logs

Records various network parameters at predefined time intervals into a csv file

Application_Packet_Log.csv Link_Packet_Log.csv LTENR_Handover_Log.csv LTENR_Radio_Measurem.

Figure 3-77: LTENR_Handover_Log.csv file highlighted in the Results window.

ﬂ AutoSave '\._Off/‘ ")V & = LTENR_Handover log.c... ™ 2 Search

File Home Insert Pagelayout Formulas Data Review View Help

B13 v i S
A B C D E F G
1 |Time(ms) ~ /UEId  ~|Serving Cell| - Target Cell| v Serving SSB SNR(dB) - Target SSB SNR(dB)| ~ Remarks -
2 18501 UE 9 GNB_7 GNB_8 15.213531 18.541657 Handover Initiated
3 43081 UE_S GNB_8 GNB_7 14.172589 19.696652 Handover Initiated
4 51001 UE 9 GNB 7 GNB 8 14.172589 19.696652 Handover Initiated
5 57001 UE 9 GNB 8 GNB 7 14.172589 19.696652 Handover Initiated

Figure 3-78: LTENR Handover Log.csv file.

3.24 Code Block Log File

NetSim Code Block Log Records parameters associated with Code Block segmentation such as
Process ID, TB size, Modulation, Code Rate, CBS, BLER, CBG ID, etc. along with remarks
on events associated with HARQ and PRB allocation. This will be useful to understand BLER
model and Code Block segmentation in 5G.

The LTENR Code Block log can be enabled by clicking on configure reports in top ribbon >
Plots > Select Code Block log under Network Logs as shown below.
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| Network Performance Packet Trace
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5, Set Traffic [£) Configure Reports | 7 Show/Hide Info

All Network Packets Log

Reinjected from Emulator  Log

[ Event Trace Dispatched to Emulator Lag v Not Dispatched to Emulator Log
View Results Tabular Summary Traces Emulator Logs
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000
G L ) ! ) L ! ! ) |
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4 Network Logs

Select All
LTENR Radio Measurements Log
LTENR Resource Allocation Log

LTENR Handover Log

»

amaq pug

A

| LTENR Code Block Log

LTENR OLLA Log
Mobility Log

Buffer Occupancy Log

Plot generation is a two-step process. Initially, select the
parameter(s) you wish to plot from the list above.
Subsequently, choose the specific device, link, application,
etc. in the plots window, which becomes accessible after

the simulation concludes.

Figure 3-79: Enabling LTENR Code Block Log.

The LTE_CodeBlock_Log.csv file will contain the following information:

e Time in milliseconds

e ¢NB/eNB ID

e ¢NB/eNB I/F (Interface)
e UEID

e UE I/F (Interface)

e Channel Type (PDSCH/PUSCH)

e Carrier ID (CC ID)
e Frame ID

e Subframe ID

e Slot ID

e Layer ID

e Process ID

e Remarks

e Transport Block Size
e Modulation

e Code Rate

e Code Blocks

e SINR

e BLER

e CBGID
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e CBID
e NDI
e Transmission Number

Status

The log file can be accessed from the Simulations Results Window under the log file drop
down in the left pane.

L Simulation Results - X
X S
View Netwark Export Results Additional Metrics

= Application Metrics

= Link Metrics

]_ Plots
Plots

Clickanthe desied plt. The i theplots mocie,choos th desied appication, k. device,tc, 1 visale

Traces Application Performance Link Performance LTENR Radio Measurements
Throughput vs Time Throughput vs Time SNR vs Time

=)

1= Packet Capture

i Saved Plots Opens Plots Module
Logs

Records various network parameters at predefined time intervals into a csv file,

Application_Packet_Log.csv Link_Packet_Log.csv LTENR CodeBlock Log.csv LTENR_OLLA Log.csv LTENR_Radio_Measurem...

Opens in MS Excel

Figure 3-80: LTENR_CodeBlock_Log.csv file highlighted in the Results window.

Time (ms)| ~ | gNB/eNB ID| v | gNB/eNB |/F| ¥ |UEID |~ |UEI/F | v |Channel| v [CCID |~ |Frame ID| ~ | SubFrame ID| « | Slot ID | = | Layer ID| ¥ | Process ID| v
160.999 7 4 8 1 1 17 1 1 0 N/A

1 161 7 4 8 1 PDSCH o i7 2 1 o 1

1 161 7 4 8 1 PDSCH o 17 2 1 o 1

161 7 4 8 1|/PDSCH 1 17 2 1 o 1

: 161 7 4 8 1 PDSCH 1 17 2 1 o 1

162 7 4 8 1/ PUSCH o 17 3 1 o 1

: 162 7 4 8 1 PUSCH 0 17 3 1 o 1

162 7 4 8 1|PDSCH 1 17 3 1 o 1

| 162 7 4 8 1 PD3SCH 1 17 3 1 o 1
1 162.999 7 4 8 1 1 17 3 1 0 N/A
162.999 7 4 8 1 1 17 3 1 0 N/A

1 163 7 4 8 1|/PDSCH o 17 4 1 o 1

163 7 4 8 1 PDSCH o 17 4 1 o 1

: 1683 7 4 8 1 PDSCH 1 17 4 1 o 1

163 7 4 8 1 PDSCH 1 17 4 1 o 1

: 164 7 4 8 1 PUSCH o 17 5 1 o 1

164 7 4 8 1 PUSCH o 17 5 1 o 1

| 154 7 4 8 1 PDSCH 1 17 5 1 o 1

164 7 4 8 1 PDSCH 1 17 5 1 o 1

Figure 3-81: LTENR_CodeBlock_Log.csv file.

3.25 OLLA Log File

NetSim OLLA Log Records Logs parameters associated with Outer Loop Link Adaptation
(OLLA) such as CQI with and without OLLA, Phy SINR, SINR Delta, Virtual SINR, etc.
along with time stamps, gNB ID, UE ID, etc. This log can be used to understand OLLA
mechanisms in 5G.

The LTENR OLLA log can be enabled by clicking on configure reports in top ribbon > Plots
> Select OLLA log under Network Logs as shown below.
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Figure 3-82: Enabling LTENR OLLA Log.

The LTENR OLLA Log.csv file will contain the following information:

e Time in ms

e ¢NB/gNB Name

e UE Name

e Carrier ID

e Layer ID

e Frame ID

e Sub-Frame ID

e Slot ID

e Channel

e Phy SINR in dB

e SINR Delta in dB
e Virtual SINR in dB
e CQI without OLLA
e CQI with OLLA

Plot generation is a two-step process. Initially, select the
Rl parameter(s) you wish to plot from the list above.
Subsequently, chaose the specific device, link, application,
etc. in the plots window, which becomes accessible after

siong

e The log file can be accessed from the Simulations Results Window under the log file drop
down in the left pane.
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L Simulation Results - X
X S
View Netwark Export Results Additional Metrics

= Application Metrics

= Link Metrics
]_ Plots
Plots
Cick onthe desired plot. Then i the plots module, choose the desired appiication ik, device, fc, 1o visalize
Traces Application Performance Link Performance LTENR Radio Measurements
Throughput vs Time Throughput vs Time SNR vs Time
a

& ] Packet Capture

.-ﬂ Saved Plots

Opens Plots Module

Logs

Records various network parameters at predefined time intervals into a csv file,

Application_Packet_Log.csv Link_Packet_Log.csv LTENR CodeBlock Log.csv LTENR_OLLA Log.csv LTENR_Radio_Measurem...

Opens in MS Excel

Figure 3-83: LTENR OLLA Log.csv file highlighted in the Results window.

Time(ms) |~ eNB/gNB Name | ~ | UE Name | ¥ |Carrier ID| ~ | Layer ID| ~ | Frame Id| ~ | Sub-Frame Id | - |Slot Id | = | Channel| ~ | Phy SINR(dB)| ~ | SINR Delta({dB)| - | Virtual SINR{dB) | ~ | CQI without OLLA| ~ | CQl with OLLA |~
80.5 MACRO CELLENB C UE_5 1 1 3 1 1 PDSCH 137.807356 1] 137.807356 15 15
80.5 MACRO CELLENB CUE_5 1 2 9 1 1/PDSCH 137.807356 0 137.807356 15 15
80.5 MACRO CELLENB CUE 5 1 1 =) 1 1 PUSCH 123.817656 o 123.817656 15 15
80.5 MACRO CELLENB CUE_5 2 1 El 1 1/PDSCH 137.807356 0 137.807356. 15 15
80.5 MACRO CELLENB CUE_5 2 2 3 1 1 PDSCH 137.807356 o 137.807356 15 15
80.5 MACRO CELLENB CUE_5 2 1 3 1 1/PUSCH 123.817656 0 123.817656 15 15
80.5 MACRO CELLENB CUE_S 3 1 9 1 1 PDSCH 137.807356 o 137.807356 15 15
80.5 MACRO CELLENB CUE_5 3 2 El 1 1/PDSCH 137.807356 0 137.807356 15 15
80.5 MACRO CELLENB C UE_5 3 1 3 1 1 PUSCH 123.817656 1] 123.817656 15 15
80.5 MACRO CELLENB CUE_5 4 1 9 1 1/PDSCH 137.807356 0 137.807356 15 15
80.5 MACRO CELLENB CUE 5 4 2 =) 1 1 PDSCH 137.807356 o 137.807356 15 15
80.5 MACRO CELLENB CUE_5 4 1 £l 1 1/PUSCH 123.817656 0 123.817656. 15 15
80.5 MACRO CELLENB CUE_6 1 1 El 1 1 PDSCH 137.807356 o 137.807356 15 15
80.5 MACRO CELLENB CUE_6 1 2 3 1 1/PDSCH 137.807356 0 137.807356. 15 15
80.5 MACRO CELLENB CUE_6 1 1 9 1 1 PUSCH 123.817656 0 123.817656 15 15
80.5 MACRO CELLENB CUE_6 2 1 El 1 1/PDSCH 137.807356 0 137.807356 15 15
80.5 MACRO CELL ENB C UE_6 2 2 3 1 1 PDSCH 137.807356 1] 137.807356 15 15

Figure 3-84: LTENR OLLA Log.csv file.

3.26 LTENR PRB Utilization Log File

NetSim LTENR PRB Utilization Log records the parameters associated with PRB Utilization,
including the proportion of PRBs used out of the total PRBs available, along with timestamps.
This log tracks changes in PRB utilization over time, providing data on network load. It can
identify patterns such as usage times, congestion or periods of under-utilization, helping to
understand PRB allocation mechanisms in 5G.

The LTENR PRB utilization log can be enabled by clicking on configure reports in top ribbon
> Plots > Select LTENR PRB Utilization log under Network Logs as shown below.
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Figure 3-85: FEnabling LTENR PRB utilization log.

The LTENR PRB utilization Log.csv file will contain the following information:

e Slot Time(ms)

e ¢NB ID

e Slot

e CCID

e Slice ID

e Total PRBs

e Control PRBs

e Available PRBs

e Total Allocated PRBs
e PRB Utilization (%)
¢ EWMA PRB Utilization (%)

The log file can be accessed from the Simulations Results Window under the log file drop down
in the left pane.
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Figure 3-86: LTENR PRB Utilization Log.csv file highlighted in the Results window.

& ctoswe @0

Y~ - = LTENR_PRE_Utilization csv v B search @ Q - a

File ~ Home Insert Pagelayout Formulas Data Review View Developer Help Table Design | & comments
Table Name: Summarize with PivotTable F! @ [‘\ E] [v] HeaderRow [ First Column (] Filter Button —— ——
[Tablel | B} Remove Duplicates =y = B [ Total Row [ Last Column E‘
— Insert Export Refresh e eV | E=—=
‘@ Resize Table (3 Convert to Range Slicer M A [] Banded Rows [] Banded Columns S
Properties Tools External Table Data Table Style Options Table Styles
Al ME S
D 3 H J
1 -
2 172 9 Downlink 0 0 52 8 44 0 0 0
3 172 9 Downlink cumulativ 0 52 [] “ 0 0 0
4 172 0 i 52 8 “ 0 0 0
s 172 9 Downlink cumulativ cumulative 52 8 a4 0 0 0
6 173 9 Downlink 0 0 52 8 “ 0 0 0
7 173 cumulativ 0 52 8 “ 0 0 0
8 173 9 Downlink 0 i 52 8 M 0 0 0
9 173 9 Downlink ‘cumulativ cumulative 52 8 44 0 0 0
10 174 0 0 52 [] “ 0 0 0
1 174 9 Downlink cumulativ 0 52 8 M 0 0 0
12 174 9 Downlink 0 cumulative 52 8 a4 0 0 0
13 174 cumulativ 0 52 8 “ 0 0 0
14 176 0 0 52 8 “ 0 0 0
15 176 cumulativ 0 52 8 “ 0 0 0
16 176 0 cumulative 52 8 “ 0 0 0
17 176 cumulativ T 52 8 a“ 0 0 0
18 177 9 Downlink 0 0 52 8 “ 0 0 0

Figure 3-87: LTENR PRB Utilization csv file.

3.27 Enable Detailed Logs in 5G NR

A detailed 5G NR log can be enabled by a user, by going to the file LTE NR.h, and then un-
commenting the #define LTENR _LOG, #ifdef LTENR_LOG, #define LTENR_LOG_DEV and #endif
LTENR_LOG.

O File Edit View Gt Project Build Debug Test Analze Tools Extensions Window Help  Search (Ctil-Q) P NetSim
® - H-2B 9 . Release + x64 - P Local Windows Debugger = [> B -
g
g ELUENR - (Global Scope) -
34 endregion
35
36 —-cplusplus
37
38
39
ue LOG_MACRO
u
2
u3
uy -1//#define LTENR_PROPAGATION_LOG
us //#define LTENR_PDCP_LOG
us //¢define LTENR_RLC_LOG
u7 //#ifdef LTENR_RLC_LOG
us //#define LTENR_RLC_BUFFERSTATUSREPORTING_LOG
us //#define LTENR_RLC_TRANSMISSIONSTATUSNOTIFICATION_LOG
58 gendif
51
52 pragma endregion
53
s4 #pragma region TYPEDEFS
55 // Typedaf's that are referenced in multiple headers file
56 typedef struct ru_L A UEPhyInfo LTENR_ASSOCIATEDUEPHYINFO, * ptriTENR_ASSOCIATEDUEPHYINFO;
57 typedef struct stru_L _Gl BPHY, * pt R_GNBPHY;
58 #pragma endregion //TYPEDEFS
59
0 #pragna region DEVICE_TYPE
61 static bool isFastProcessing = true;
62 B /e
63 * @enum enum_LTE_NR_DEVICE_TYPE

Figure 3-88: FEnable LTE NR log file in visual studio.
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//3ifdef LTENR_RLC_LOG
//3define LTENR_RLC_BUFFERSTATUSREPORTING_LOG
//#define LTENR_RLC_TRANSMISSIONSTATUSNOTIFICATION_LOG
#endif // LTENR_LOG
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Figure 3-89:

The log file will be available under Log Files

50 Simaision Resits

Rebuild 5G Project.

menu in the left panel of the Results Window.
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Figure 3-90: Results Window.

Among various values noted in the log file is the CQI and MCS information.

user would see in the log file:
CQI Table
15 256QAM 948 7.406300
MCS Table
27 256QAM 8 948.000000 7.406300

For example, a

The CQI information is according to the 38-214 Table 5.2.2.1-2, 5.2.2.1-3, 5.2.2.1-4. And in the

above example:

e CQI Index: 15

e Modulation: 256QAM

e Code Rate x [1024]: 948
e Efficiency: 7.406300
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The MCS information is according to the 38-214 Table 5.1.3.1-1, 5.1.3.1-2, 5.1.3.1-3. And in
the above example:

MCS Index: 27

Modulation: 256QAM

Modulation Order: 8

Target code Rate x [1024]: 948.000000

Spectral efficiency: 7.406300

4 Featured Examples

4.1 Derive from 3GPP standards the theoretical data rate and throughput
for a 1gNB - 2UE scenario, and compare with simulation

4.1.1 Introduction

NetSim calculates the PHY rate per the 3GPP formula, which is explained in the infographic
below.

— s 10 | 15 20 25 30 a0 50 60 | 80 | 90 | 100
SG PHY Data Rate Formula (k) Mz | Mz | Wbz | Wiz | Mz | Mz | Mz | Mz | Mz | Mz | Mz | M
Npg Nep Ngg. Nag Ngg Nag Ngg Nep Npg. Ngg | Mpg Nag

15 25 52 79 106 133 160 216 270 N/A N/A | NfA N/A

30 11 24 38 51 65 78 106 133 162 217 245 273

50 n/a | 11 [ 18 24 31 38 51 65 79 | 107 [ 121 ] 135

TS 3GPP TS 38.101-1, V15.2.0, Table 5.3.2-1: Maximum transmission bandwidth configuration NRB

Modulation order: Number of resource
2-QPSK blocks allocated
2-16QAM
6-64QAM Code Rate Number of sub
Sum of carriers 8-256QAM  e.g. 948/1024 carriers per PRB
j .
D t in Mb - 10—6 [6)] [6)] J R NPE}:Z(J)# x12 1 OH(j)
ata rate (in Mbps) = x Viayers X @n X f1 X Ry X ————x (1 = )
/T I i |
Conversion from Number of layers  Scaling Factor: o 107 Overhead:
bps to Mbps (Streamsbetween 1 pg 075 04 Tg = TanzE 0.14 FR1 DL
gNB and UE) 0.18 FR2DL
T 0.08 FR1 UL
Numeralogy: 0.10FR2UL
0=15kHz SCS  (FR1: 450 to 6000MHz
T¥is the average OFDM symbol duration in a subframe for numerology 1=30kHz SCS ~ FR2 2425010 52600NHz)
2 =60kHz SCS

Reference 3GPP TS 38.306 version 15.2.0 Rel 15

Figure 4-1: 5G PHY Rate Formula in NetSim

A simple, approximate way to think of the above formula is

Data Rate = BW x Q@ x Rx N x (1 —OH) (D) (70)

where Data rate is the per carrier PHY rate, BW is the allocated bandwidth to the particular
UE, Q is the modulation order, R is the code rate, N is the number of MIMO layers, and OH
is the Overhead. In NetSim, OH is usually taken as 2/14 since we have 2 control symbols in a
slot spanning 14 symbols.
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How is the formula in (1) equivalent to the 3GPP formula? Let’s examine the variables.
Q, R, N, and (1-OH) are common to both

The scaling factor in NetSim is assumed as 1

The data rate in (1) per carrier and needed to be summed up for multiple carriers

What remains to be shown is that BW is the same as Ny, x 12/T5. In this 12 is the number
of subcarriers and T, represents the symbol duration which varies with numerology. 1073
represents 1 ms, 14 is the number of OFDM symbols and 2* adjusts the slot duration based
on the numerology. When we calculate Ny, x 12/T;, we are essentially calculating the total
number of subcarriers allocated within the given symbol duration, which is nothing, but the
bandwidth allocated to that device. The simplified formula we provided would yield a slightly
higher estimate compared to the 3GPP formula because of the way N, is calculated in the
standards.

When operating in TDD mode, the above computation would give the two-way (downlink +
uplink) data rate. Therefore, the downlink data rate would be

DL-rate = Data Rate x DL-Fraction .. (2) (71)
While BW, OH, and N are based on user inputs in NetSim, Q and R are dependent on the

modulation and coding scheme (MCS). The MCS i.e., Q and R, is chosen by looking up the
3GPP spectral efficiency to MCS table assuming ideal Shannon rate whereby

Spectral-E f ficiency = logy (1 + SIN R[linear]) ... (3) (72)

The expression thus becomes

bits
symbol

DL
ﬁData Rate [Mbps] = BW [M Hz|xQ {

}xRxNx(l—OH)x(l;ifmction) ... (4)
(73)

Bandwidth is the cycles per second which translates to the number of signal changes (or symbol
transmissions) per second. Hence multiplying BW and Q gives Mbits/sec when BW is in MHz.
The other terms are dimensionless.

Now, in 5G, the transmitter adapts its PHY layer MCS depending on the receiver’s SINR. The
SINR in turn depends on the received power, which is transmit-power less pathloss. In NetSim
users can record the radio measurements to obtain the SINR and MCS (for each UE) over time
if the channel is time varying.

4.1.2 Network Setup

Open NetSim, Select Examples — 5G NR — 5G data rate and throughput computation then
click on the tile in the middle panel to load the example as shown in below screenshot.
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Figure 4-2: List of 5G examples showing 5G data rate and throughput computation
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Figure 4-3: Network setup for studying the 5G data rate and throughput computation.

4.1.3 Network Settings

e Grid length is set to 6000m x 3000m by clicking on the grid panel on right.

e Consider a single Macro cell gNB and two UEs. The distance from the gNB to the first
UE should be 1900m, and the distance to the second UE should be 2100m.

e Click on the gNB and expand property panel on right and set the properties in 5G RAN
layer as mentioned in the below table.
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Table 4-1: 5G RAN Datalink and Physical layer properties.

Properties

Datalink Layer Properties

Scheduling type Round Robin
Physical Layer Properties

CA type Single band
CA Configuration n78

CA1l

Numerology 1

Channel Bandwidth 100 MHz

Channel Model

Pathloss Model 3GPP TR 38.901-7.4.1
Outdoor Scenario Rural macro

LOS NLOS Selection  User defined

LOS Probability 1

Shadow Fading Model 3GPP TR 38.901-7.4.1
Fast Fading Model No Fading

e Set Transmitter and Receiver antenna count as shown in the below table.

Table 4-2: Tz and Rx Antenna counts for gNB and UE

Device Tx Antenna Count Rx Antenna Count

gNB 2 2
UE 1 1 1
UE 2 2 2

e Create a CBR application for both UEs from the servers by clicking on the Set Traffic
tab in the ribbon at the top. Keep the packet size at the default (1460 B) and change the
inter-arrival time to 97.33 us, thereby generating 120 Mbps of data for each UE.

e Enable the LTE NR Radio Measurement log by clicking on Configure reports tab and
plots.
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& File  Options Help | Network: 5G_NR_mmWave | Workspace: Market_rel | Experiment: 5G-new-example
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Figure 4-4: Enabling the LTENR Radio Measurement log

e Run the simulation for 10 seconds.

4.1.4 Results

Application Metrics

End-to-end performance of applications running across the network.

App.ID  App. Name  Src.ID Dest. ID  Gen. Rate (MThput. (Mbp: Delay (us)  Jitter (us) ~ Pkts. Gen. Pkts. Recd. Payload Gen.Payload Recc
1 App1_CBR 8 10 120.000000  95.368368 1100836.811551228.837723 102744 81651 150006240 119210460

2 App2_CBR 8 " 120.000000  109.818864  498028.30558¢ 1095.813449 102744 94023 150006240 137273580

Figure 4-5: Application metrics showing throughput results.

Open LTENR Radio measurement log from simulation results window and filter the channel to
PDSCH, Layer ID to 1, To observe the MCS, CQI, Pathloss and SNR values for UE 1, filter
the UE ID to UE 1

Copyright TETCOS LLP Page 169 of 262



NetSim — 5G NR Ver 15.0

@ Auvtosave “) v (Y~ 5 LTENR Radio Measurements lo.. v £ search @ Q -
File Home Insert Pagelayout Formulas Data Review View Help Table Design ‘L_—‘ Commen
R1 v i JSe ' Rx_Power(dBm)
A B C D E F G H | J K M S X Y
1 |Time(ms) ~ | gNB or eNB Name ~ | UE Name ¥ | Distance(m) ~  isAssociated ¥ CC_ID |~ |Band |~ |Channel-Y Layer ID-Y Tx_Power(dBm) -  LoS State - PathLoss(dB) ~ [SNR(dB) ~ CQlIndex ~ |MCS Index ~
6 161 MACRO CELL GNB O UE_1 1900 TRUE 1n78 PDSCH 1 40 LOS 121.799079( 25.040502 15 27
14 161 MACRO CELL GNB O UE_1 1900 TRUE 1n78 PDSCH 1 40 LOS 121.799079( 25.040502 15 27
20 161.5 MACRO CELL GNB O UE_1 1900 TRUE 1n78 PDSCH 1 40 LOS 121.799079| 25.040502 15 27
26 162 MACRO CELL GNB O UE_1 1900 TRUE 1n78 PDSCH 1 40 LOS 121.799079( 25.040502 15 27
32 162.5 MACRO CELL GNB O UE_1 1900 TRUE 1n78 PDSCH 1 40 LOS 121.799079( 25.040502 15 27
38 163 MACRO CELL GNB O UE_1 1900 TRUE 1n78 PDSCH 1 40 LOS 121.799079( 9.750327 8 13
46 163 MACRO CELL GNB O UE_1 1900 TRUE 1n78 PDSCH 1 40 LOS 121.799079( 9.750327 8 13
52 163.5 MACRO CELLGNB O UE_1 1900 TRUE 1n78 PDSCH 1 40 LOS 121.799079( 9.750327 8 13
58 164 MACRO CELL GNB O UE_1 1900 TRUE 1n78 PDSCH 1 40 LOS 121.799079( 9.750327 8 13
64 164.5 MACRO CELL GNB O UE_1 1900 TRUE 1n78 PDSCH 1 40 LOS 121.799079| 9.750327 8 13
72 165 MACRO CELL GNB O UE_1 1900 TRUE 1n78 PDSCH 1 40 LOS 121.799079( 9.750327 8 13
78 165.5 MACRO CELL GNB O UE_1 1900 TRUE 1n78 PDSCH 1 40 LOS 121.799079( 9.750327 8 13
84 166 MACRO CELL GNB O UE_1 1900 TRUE 1n78 PDSCH 1 40 LOS 121.799079| 9.750327 8 13
90 166.5 MACRO CELL GNB O UE_1 1900 TRUE 1n78 PDSCH 1 40 LOS 121.799079( 9.750327 8 13
96 167 MACRO CELL GNB O UE_1 1900 TRUE 1n78 PDSCH 1 40 LOS 121.798079( 9.750327 8 13
102 167.5 MACRO CELLGNB O UE_1 1900 TRUE 1n78 PDSCH 1 40 LOS 121.799079( 9.750327 8 13
108 168 MACRO CELL GNB O UE_1 1900 TRUE 1n78 PDSCH 1 40 LOS 121.799079( 9.750327 8 13
114 168.5 MACRO CELL GNB O UE_1 1900 TRUE 1n78 PDSCH 1 40 LOS 121.799079( 9.750327 8 13
120 169 MACRO CELL GNB O UE_1 1900 TRUE 1n78 PDSCH 1 40 LOS 121.799079( 9.750327 8 13
126 169.5 MACRO CELL GNB O UE_1 1900 TRUE 1n78 PDSCH 1 40 LOS 121.799079| 9.750327 8 13
134 170 MACRO CELL GNB O UE_1 1900 TRUE 1n78 PDSCH 1 40 LOS 121.799079( 9.750327 8 13
140 170.5 MACRO CELL GNB O UE_1 1900 TRUE 1n78 PDSCH 1 40 LOS 121.799079( 9.750327 8 13
146 171 MACRO CELL GNB O UE_1 1900 TRUE 1n78 PDSCH 1 40 LOS 121.799079| 9.750327 8 13
152 171.5 MACRO CELLGNB O UE_1 1900 TRUE 1n78 PDSCH 1 40 LOS 121.799079( 9.750327 8 13
158 172 MACRO CELL GNB O UE_1 1900 TRUE 1n78 PDSCH 1 40 LOS 121.798079( 9.750327 8 13
164 172.5 MACRO CELLGNB O UE_1 1900 TRUE 1n78 PDSCH 1 40 LOS 121.799079( 9.750327 8 13
170 173 MACRO CELL GNB O UE_1 1900 TRUE 1n78 PDSCH 1 40 LOS 121.799079( 9.750327 8 13
< > LTENR_Radio_Measurements_Log Pivot Table(Custom) + : d

Figure 4-6: LTENR Radio Measurement log showing the MCS value for UE 1

Filter the UE ID to UE 2, to observe the MCS, CQI, Pathloss and SNR values for UE 2 alone.

@ Auosave Y« (© 5 LTENR Radio_Measurements_Lo... v £ Search @ @ =
File Home Insert Pagelayout Formulas Data Review View Help Table Design ‘ 13 Commen
R1 v ﬁc ' Rx_Power(dBm)
A B C D E F G H | J K M S X Y
1 [Time(ms) ~ | gNB or eNB Nam¢ ~ | UE Name - | Distance(m) ~ | iated ~ |CC_ID| ~ [Band |~ |Channel-T | Layer ID¥ | Tx_Power(dBm] ~ | LoS State ~ | PathLoss(dB) ~ [SNR(dB) ~ | CQl Index ~ | MCS Indey ~
9 161 MACRO CELL GNB O UE_2 2099.991029 TRUE 1n78 PDSCH 1 36.9897 LOS 124.707207 1.81313 3 3
16 161 MACRO CELL GNB O UE_2 2099.991029 TRUE 1n78 PDSCH 1 36.9897 LOS 124.707207 1.81313 3 3
22 161.5 MACRO CELL GNB O UE_2 2099.991029 TRUE 1n78 PDSCH 1 36.9897 LOS 124.707207 1.81313 3 3
28 162 MACRO CELL GNB O UE_2 2099.991029 TRUE 1n78 PDSCH 1 36.9897 LOS 124.707207 1.81313 3 3
34 162.5 MACRO CELL GNB O UE_2 2099.991029 TRUE 1n78 PDSCH 1 36.9897 LOS 124707207 1.81313 3 3
41 163 MACRO CELL GNB O UE_2 2099.991029 TRUE 1n78 PDSCH 1 36.9897 LOS 124.707207( 5.243557 5 7
48 163 MACRO CELL GNB O UE_2 2099.991029 TRUE 1n78 PDSCH 1 36.9897 LOS 124.707207( 5.243557 5 7
54 163.5 MACRO CELL GNB O UE_2 2099.991029 TRUE 1n78 PDSCH 1 36.9897 LOS 124.707207| 5.243557 5 7
60 164 MACRO CELL GNB O UE_2 2099.991029 TRUE 1n78 PDSCH 1 36.9897 LOS 124.707207( 5.243557 5 7
66 164.5 MACRO CELL GNB O UE_2 2099.991029 TRUE 1n78 PDSCH 1 36.9897 LOS 124.707207( 5.243557 5 7
74 165 MACRO CELL GNB O UE_2 2099.991029 TRUE 1n78 PDSCH 1 36.9897 LOS 124.707207| 5.243557 5 7
80 165.5 MACRO CELL GNB O UE_2 2099.991029 TRUE 1n78 PDSCH 1 36.9897 LOS 124.707207( 5.243557 5 7
86 166 MACRO CELL GNB O UE_2 2099.991029 TRUE 1n78 PDSCH 1 36.9897 LOS 124.707207( 5.243557 5 7
92 166.5 MACRO CELL GNB O UE_2 2099.991029 TRUE 1n78 PDSCH 1 36.9897 LOS 124.707207( 5.243557 5 7
98 167 MACRO CELL GNB O UE_2 2099.991029 TRUE 1n78 PDSCH 1 36.9897 LOS 124.707207( 5.243557 5 7
104§ 167.5 MACRO CELL GNB O UE_2 2099.991029 TRUE 1n78 PDSCH 1 36.9897 LOS 124.707207( 5.243557 5 7
110] 168 MACRO CELL GNB O UE_2 2099.991029 TRUE 1n78 PDSCH 1 36.9897 LOS 124.707207( 5.243557 5 7
116} 168.5 MACRO CELL GNB O UE_2 2099.991029 TRUE 1n78 PDSCH 1 36.9897 LOS 124.707207| 5.243557 5 7
122 169 MACRO CELL GNB O UE_2 2099.991029 TRUE 1n78 PDSCH 1 36.9897 LOS 124.707207( 5.243557 5 7
128 169.5 MACRO CELL GNB O UE_2 2099.991029 TRUE 1n78 PDSCH 1 36.9897 LOS 124.707207( 5.243557 5 7
136} 170 MACRO CELL GNB O UE_2 2099.991029 TRUE 1n78 PDSCH 1 36.9897 LOS 124.707207| 5.243557 5 7
142 170.5 MACRO CELL GNB O UE_2 2099.991029 TRUE 1n78 PDSCH 1 36.9897 LOS 124.707207( 5.243557 5 7
148] 171 MACRO CELL GNB O UE_2 2099.991029 TRUE 1n78 PDSCH 1 36.9897 LOS 124.707207( 5.243557 5 7
154 171.5 MACRO CELL GNB O UE_2 2099.991029 TRUE 1n78 PDSCH 1 36.9897 LOS 124.707207( 5.243557 5 7
160) 172 MACRO CELL GNB O UE_2 2099.991029 TRUE 1n78 PDSCH 1 36.9897 LOS 124.707207( 5.243557 5 7
166 172.5 MACRO CELL GNB O UE_2 2099.991029 TRUE 1n78 PDSCH 1 36.9897 LOS 124.707207( 5.243557 5 7
172 173 MACRO CELL GNB O UE_2 2099.991029 TRUE 1n78 PDSCH 1 36.9897 LOS 124.707207( 5.243557 5 7
< > LTENR _Radio_Measurements_Log Pivot Table(Custom) + : 4
Ready 19680 of 122022 records found  §% Accessibility: Unavailable Average: -8858527055  Count 19681  Sum:-1743358.124 i3} m -—

Figure 4-7: LTENR Radio Measurement log showing the MCS value for UE 2

NOTE: The values obtained till 163 ms are during RRC association time, hence consider the
values after 163 ms.

The PHY Data Rate Calculations for UE 1

W), .
PHY data rate(in Mbps) = 1076 Z] 1(ULayers) Qm fO). RJ’&(I —0HY),
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where T4 = 112;
For UE 1,

The number of layers v = 1, since the Tx and Rx antenna of UE count is 1 x 1, Obtained MCS
is 13 which means the @,, (Modulation order) is 6, f = 1, Nprp = 273, OH in downlink for
FR1 is 0.14.

567 273 x 12

X
1024 (10—3>
1421

Data Rate [Mbps] =107% [ 1 x 6 x 1 x

x (1—0.14) | =262.08 Mbps (74)

This is total Data Rate which includes DL and UL. The DL data rate would be
DL Data rate = Data Rate (Mbps) X % = 262.08 x % = 209.66 Mbps

Since, we have 2 UE, with round robin resource allocation, alternate slots are allocated to each
UE, therefore the PHY throughput for UE1 would be

DL Data rate [Mbps]  209.66
5 =

PDSCH PHY Throughput [Mbps] = = 104.83 Mbps (75)

This is PHY layer throughput, and hence Application layer throughput would be

App layer Pkt Size
Phy layer Pkt Size

DL App throughput [Mbps] = PDSCH PHY Throughput X (76)

The PHY Data Rate Calculations for UE 2
For UE 2,

The number of layers v = 2, since the Tx and Rx antenna of UE count is 2 x 2, Obtained MCS
is 7 which means the @,, (Modulation order) is 4, f = 1, Nprp = 273, OH in downlink for
FR1 is 0.14.

4 2 12
Data Rate [Mbps] =107°% [ 2 x4 x 1 x 109204 X Z?0X3> x (1 —-10.14) | =301.98 Mbps (77)
1421

This is total Data Rate which includes DL and UL. The DL data rate would be
DL 4
DL Data rate = Data Rate (Mbps) X pripr = 301.98 x 5 = 241.58 Mbps

Since, we have 2 UE, with round robin resource allocation, alternate slots are allocated to each
UE, therefore the PHY throughput for UE1 would be

DL Data rate [Mbps]  241.58
5 =

PDSCH PHY Throughput [Mbps] = = 120.79 Mbps (78)

This is PHY layer throughput, and hence Application layer throughput would be

App layer Pkt Size
Phy layer Pkt Size

DL App throughput [Mbps) = PDSCH PHY Throughput x (79)
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4.1.5 Results and discussion

We run a simulation in NetSim per the above scenario and obtain the throughput values tabu-
lated below.

Table 4-3: Table showing Analytical and simulated throughput results.

PHY Data Rate (Analytical Application throughput (Simu-

throughput) in Mbps lation) in Mbps
UE1 101.69 95.36
UE 2 11648 109.81

UE 2 achieves higher throughput despite being further from the gNB due to 2 x 2 MIMO vs
1 x1 MIMO UE 1.

The application layer throughput would be

DL App Throughput = DL DataRate x (App Layer Packet Size) (80)
DL App throughput = DL Data Rate X ﬁfé’/ llZZZ: Z‘;ﬁig ‘ZZZ ... (4)

The computation of the PHY layer packet size is complex. It involves various layers adding
overheads: the Transport layer (UDP) contributes 8 B, and the Network Layer (IP) adds 20
B. The MAC layer introduces additional overhead, with the SDAP header contributing 1B and
the PDCP header adding 16B. At this point, the packet size is the size of the application layer
packet plus 45 B. The MAC layer in 5G further processes these packets, fitting them into trans-
port blocks (TBs). These TBs are then divided into code blocks (CBs), which are grouped into
code block groups (CBGs) for transmission over the air. The sizes of the TB and CB depend
on various parameters, and additional overheads are incurred during this process. As a result,
it’s challenging to provide a simple analytical formula for PHY layer packet size. A reasonable
estimate would be about 5-10% reduction between the PHY rate and the application through-
put. This is what we observe when we compare the simulation results with the theoretical
predictions in the above table.

The above discussion assumes a conservative MCS is selected, ensuring a Block Error Rate
(BLER) of zero. However, if a more aggressive MCS is chosen, which typically has a higher
throughput but also a higher t-BLER (e.g., 5% or 10%), the computation must account for this
increased BLER.

4.1.6 Exercises

e Explain how changing the DL:UL ratio would affect the results? Redo the theoretical
calculations for DL:UL ratio of 1:1 and compare against simulation.

e Change the gNB UE distances such that the MCSs seen by the UEs are different for
e.g., MCS 17 and MCS 23. Compute the theoretical throughput and compare against
simulation.
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4.2 Effect of distance on pathloss, SINR and MCS (7-Cell Hexagonal Layout,
Urban Macro Propagation, NLOS)

The experiment aims to analyze how the performance of a UE changes as it moves away from
its serving gNB. In real-world scenarios, users are mobile, and their distance from the base
station affects signal strength. By simulating a linear movement of the UE away from the gNB,
we can observe how parameters such as pathloss, SINR, and MCS change with distance. This
helps determine the coverage limit of the gNB, identify when the signal is no longer sufficient
for communication, and plan for handover decisions.

Network Layout for UE Coverage Analysis in Multi-Cell Scenario:

7-Cell Hexagonal Layout with UE Movement
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Figure 4-8: A logical diagram with
gNB1 and moves east towards gNB2.

X Coordinate (m

)

the 7-cell hexagonal network topology; the UE is initially close to

e The following network diagram illustrates what the NetSim UI displays when you open

the example configuration file.
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7-Cell Hexagonal gNB Layout with Connected 5G Core Network
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Figure 4-9: Fquivalent scenario in NetSim. In this network setup to study how Pathloss, SINR, and

MCS vary with distance

Settings done in example config file

e Set distance between all gNB as 1500m

e Set the gNB properties as follows. To configure it, click on gNB. On the right side,
expand the property panel, go to the physical layer of the Interface (RAN) layer, and set
the properties below

Table 4-4: gNB > Interface (5G RAN) > Physical layer properties

Properties

CA Configuration

n78

Antenna

TX Antenna Count
RX Antenna Count

Channel Model
Pathloss Model
Outdoor Scenario

3GPP TR 38.901-7.4.1
Urban macro

LOS NLOS Selection User defined
LOS Probability 0
Shadow Fading Model None

Interference Model
Downlink Interference Model Exact geometric model

e Set TX Antenna and RX Antenna as 1 in UE properties > Interface (5G RAN) > Physical

Layer.
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e In the Device Position Properties of UE, set Mobility Model as File Based Mobility

The NetSim Mobility File (mobility.csv) is configured as follows:

Table 4-5: The values set in the Mobility.csv file. The Y wvalue remains constant while the X value is
increased to configure movement towards the east.

#Time(s) Device ID X Y Z
2 16 2600 1500 0
4 16 2700 1500 0
6 16 2800 1500 0
8 16 2900 1500 O
10 16 3000 1500 O
12 16 3100 1500 O
14 16 3200 1500 O
16 16 3300 1500 O
18 16 3400 1500 O
20 16 3500 1500 0O

e Create a CBR application between Wired Node 8 and UE 16 from the set traffic tab in
the ribbon on top. Click on the created application, and in the right-side property panel,
set the transport protocol to UDP, keeping the other application properties as default.

e The LTENR Radio measurement log file must be enabled from the design window.

e LTENR Radio measurement Log can be enabled by clicking on the icon in Configure
Reports > Plots > Network Logs option as shown below
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Figure 4-10: Enabling LTENR Radio Measurements Log.
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e Run simulation for 20s, after the simulation completes Go to results window click on logs
options and open LTENR Radio Measurement Log.csv and note down the Pathloss, SINR
and MCS.
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Figure 4-11: Results window
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(i) POSSIBLE DATA LOSS Some features might be lost if you save this workboak in the comma-delimited [.csv) format, To preserve these features, save it in an Excel file format, | Don't show again | | Save A x
M1 ~ i fr~  Pathloss(dB) v
A B C D E F G H I J K M N 0 &
1_|Time(ms)[ - |gNB or eNB Name  ~ | UE Name| | Distance(m) ¥ |isAssociated | - |GC_ID [~ |Band || Channel|-¥| Layer ID| - | Tx_Power{dBm)| - | LoS State| - |PathLoss(dB)| - |{ £ JowFadingLoss(dB)[ - |021_Loss(d [ ]
6267 2000 GNB 10 UE 100 TRUE 1n78 PDSCH 1 40 NLOS 102.765659 [N7A
6269 2001 GNB 10 UE 100 TRUE 1n78 PDSCH 1 40 NLOS 102.765659 [N/A
6271 2002 GNB 10 UE 100 TRUE 1n78 PDSCH 1 40 NLOS 102.765659 |N/A
6273 2003 GNB 10 UE 100 TRUE 1n78 PDSCH 1 40 NLOS 102.765659 [N/A
6275 2004 GNB 10 UE 100 TRUE 1n78 PDSCH 1 40 NLOS 102.765659 |N/A
6284 2005 GNB 10 UE 100 TRUE 1n78 PDSCH 1 40 NLOS 102.765659 |N/A
6286 2006 GNB 10 UE 100 TRUE 1n78 PDSCH 1 40 NLOS 102.765659 [N/A
6283 2007 GNB 10 UE 100 TRUE 1n78 PDSCH 1 40 NLOS 102.765659 [N/A
6290 2008 GNB 10 UE 100 TRUE 1n78 PDSCH 1 40 NLOS 102.765659 |N/A
6292 2009 GNB 10 UE 100 TRUE 1n78 PDSCH 1 40 NLOS 102.765659 [N/A
6301 2010 GNB 10 UE 100 TRUE 1n78 PDSCH 1 40 NLOS 102.765659 |N/A
6303 2011 GNB 10 UE 100 TRUE 1n78 PDSCH 1 40 NLOS 102.765659 |N/A
6305 2012 GNB 10 UE 100 TRUE 1n78 PDSCH 1 40 NLOS 102.765659 [N/A
6307 2013 GNB 10 UE 100 TRUE 1n78 PDSCH 1 40 NLOS 102.765659 [N/A
6309 2014 GNB 10 UE 100 TRUE 1n78 PDSCH 1 40 NLOS 102.765659 |N/A
6318 2015 GNB 10 UE 100 TRUE 1n78 PDSCH 1 40 NLOS 102.765659 [N/A
6320] 2016 GNB 10 UE 100 TRUE 1n78 PDSCH 1 40 NLOS 102.765659 |N/A
6322 2017 GNB 10 UE 100 TRUE 1n78 PDSCH 1 40 NLOS 102.765659 |N/A
6324] 2018 GNB 10 UE 100 TRUE 1n78 PDSCH 1 40 NLOS 102.765659 |N/A -
< > LTENR_Radio_Measurements_Log  Piyot Table(Custom) 4 El 4 L4
Ready 2000 of 67467 records found 25 Accessibility: Unavailable Average: 102.765659  Count: 2001 Sum: 205531.318 B O ——a—+ 100

Figure 4-12: LTENR Radio Measurement log.csv file

Filter channel to PDSCH, and vary the distance by filtering to 100, 200, 300, 400, 500, 600,
700, 800 and 900. Record the Pathloss, SINR, and MCS values from the log file.

Results
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Table 4-6: Results for Pathloss vs Distance, SINR vs Distance, MCS vs Distance

Distance (m) Pathloss (dB)

SINR (dB) MCS

100
200
300
400
500
600
700
800
900

102.7656
114.4841
121.3573
126.2369
130.0228
133.1164
135.7322
137.9982
139.9971

36.2866
24.4183
17.2854
12.0169
7.6774
3.86867
0.1114
—3.6469
—7.6709

27
27

As the UE moves away from gNNB 10 along the defined mobility path, the signal quality grad-
ually decreases due to increasing pathloss. Initially, at close proximity (100-200 meters), the
SINR remains high, supporting a high Modulation and Coding Scheme (MCS) index of 27,
which enables maximum throughput. However, as the distance increases, the signal experiences
significant attenuation. By the time the UE reaches 500 meters, the SINR drops to 7.68 dB
and the MCS reduces to 11, indicating reduced spectral efficiency. Beyond this point, the SINR
continues to decline rapidly, becoming negative past 700 meters. At 900 meters, the SINR, falls
to —7.67 dB and the MCS drops to 0, meaning the UE can no longer sustain a viable commu-
nication link with gNB 10. This point effectively marks the edge of the gNB’s coverage area,
beyond which the UE must perform a handover to a neighboring cell or face radio link failure.

Pathloss vs Distance (7-Cell Hexagonal Layout, Urban Macro Propagation, NLOS)
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Figure 4-13: Pathloss vs Distance — As the UE moves farther from the gNB, signal attenuation in-
creases, leading to higher pathloss values.
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SINR vs Distance (7-Cell Hexagonal Layout, Urban Macro Propagation, NLOS)
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Figure 4-14: SINR vs Distance — The SINR is highest when the UE is near the gNB and progressively

decreases with increasing distance, reflecting the impact of signal degradation and rising interference from
neighboring cell.

MCS vs Distance (7-Cell Hexagonal Layout, Urban Macro Propagation, NLOS)
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Figure 4-15: MCS vs Distance — As the UE mowves farther from the gNB and signal quality declines,

the MCS wvalue decreases. This reflects the network’s adaptive modulation strategy to maintain reliable
communication at lower data rates.
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SINR vs MCS (7-Cell Hexagonal Layout, Urban Macro Propagation, NLOS)
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Figure 4-16: MCS vs SINR — The graph illustrates the relationship between SINR and MCS. At higher
SINR the link adapts to a higher MCS and at a lower SINR the link adapts to a lower MCS. The highest
MCS per 8GPP standards is MCS 28.

CQI Interpretation and MCS Selection Using 3GPP 38.214

The 3GPP standards Spectral Efficiency vs. MCS table is used to select the appropriate MCS
(Modulation and Coding Scheme). This selection can be based on the 64QAM, 256QAM, or
64QAMLOWSE table, depending on the configuration chosen by the user. In this example, we
have used the 256QAM table.

The CQI (Channel Quality Indicator) indices and their corresponding interpretations are taken
from 3GPP 38.214 Table 5.2.2.1-3, which defines CQI reporting for QPSK, 16QAM, 64QAM,
and 256QAM.

It is recommended that users configure the same MCS table for both PDSCH (Physical Downlink
Shared Channel) and PUSCH (Physical Uplink Shared Channel)
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Table 4-7: Spectral efficiency to MCS table defined in 3GPP Standards for 256 QAM.

MCS Modulation SINR (dB) Spectral Efficiency CQI

27 256QAM 36.28 7.4063 15
25 256QAM 21.98 6.9141 14
23 256QAM 20.52 6.2266 13
21 256QAM 17.28 5.5547 12
19 64QAM 15.56 5.1152 11
17 64QAM 14.49 4.5234 10
15 64QAM 12.01 3.9023 9
13 64QAM 10.64 3.3223 8
11 64QAM 7.67 2.7305 7
9 16QAM 7.09 2.4063 6
7 16QAM 5.88 1.9141 5
5 16QAM 3.80 1.4766 4
3 QPSK 0.11 0.8770 3
1 QPSK —3.64 0.3770 2
0 QPSK —7.67 0.1523 1

In 5G networks, Modulation and Coding Scheme (MCS) plays a critical role in determining
the spectral efficiency, which is a measure of how efficiently the available bandwidth is used
to transmit data. The 3GPP specifications, particularly 38.214, define a mapping between
MCS indices and their corresponding modulation orders and coding rates. Each MCS index
corresponds to a specific spectral efficiency value, calculated based on the number of bits per
symbol and the applied coding rate. For example, a low MCS index such as 0 uses QPSK with
a low coding rate, resulting in low spectral efficiency but high robustness, while a high MCS
index like 27 or 28 uses 256-QAM with a high coding rate, achieving high spectral efficiency
suitable for strong channel conditions. This standardized mapping ensures that 5G systems can
dynamically adapt transmission parameters to channel quality, maximizing throughput while
maintaining reliability.

4.3 Effect of UE distance on throughput in FR1 and FR2

In this example we understand how the downlink UDP throughput of a UE varies as its distance
from a gNB is increased. Open NetSim, Select Examples — 5G NR — Distance vs Throughput
then click on the tile in the middle panel to load the example as shown in below screenshot.
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Figure 4-17: List of scenarios for the example of Distance vs Throughput

The following network diagram illustrates what the NetSim UI displays when you open the
example configuration file.

Macro celilgNS Omni Router7 Server_8
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| l 507 Mbps DL for FR1 o .
5.8 Gbps DL for FR2 DL_UDP_Const_Rate
100 m [ 10 P 3 Tore_Switch_6 4

Core_Switch 4

Core_Switch_5

Figure 4-18: Network setup for studying the Distance vs Throughput

4.3.1 Frequency Range - FR1

Settings done in example config file.

e Set grid length as 2000m x 1000m from grid setting property panel on the right. This
needs to be done before any device is placed on the grid.

e Set distance between gNB 9 and UE 10 as 100m.

e Click on gNB and expand the property panel on right side go to Interface (5G RAN)
PHYSICAL LAYER, set the following properties as shown below.
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Table 4-8: gNB > Interface (5G RAN) > Physical layer properties

Properties

CA Type Inter band CA

CA Configuration CA_2DL_1UL_n39.n41
CA1l

Numerology 2

Channel Bandwidth 40 MHz

CA2

Numerology 2

Channel Bandwidth 100 MHz
PDSCH and PUSCH Configuration

MCS Table QAM64LOWSE

CSI Report Configuration

CQI Table TABLE3

Channel Model

Pathloss Model 3GPP TR 38.901-7.4.1
Outdoor Scenario Urban Macro

LOS NLOS Selection  User Defined

LOS Probability 0

Shadow Fading Model None
Fast Fading Model No Fading

e Set Tx Antenna Count and Rx Antenna Count in gNB as 2 and 2.
e Set Tx Antenna Count and Rx Antenna Count in UE as 2 and 2.

e Go to Application properties and set the following properties as shown below.

Table 4-9: Application properties

Application Properties

Source Id 8
Destination Id 10

QoS UGS
Transport Protocol UDbP
Packet Size 1460 Bytes
Inter Arrival time 23 us
Start Time 1s

e The LTENR Radio measurement log file must be enabled from the design window.

e LTENR Radio measurement Log can be enabled by clicking on the icon in Configure
Reports > Plots > Network Logs option as shown below.
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Figure 4-19: Enabling log files in NetSim GUL

e Run Simulation for 2s, after simulation completes go to metrics window and note down

throughput value from application metrics.

Go back to the scenario and change the distance between gNB and UE as 200, 300, 400, 500,
600, 700, 800, 900, and 1000m and note down throughput from the results window. The other
parameters in table shown below can be noted down from the LTE NR Radio measurement

logs.

4.3.2 Frequency Range - FR2

Settings done in example config file

e Set grid length as 1000m x 500m from grid setting property panel.

e Set distance between gNB 9 and UE 10 as 50m.

e Click on gNB and expand the property panel on right side go to Interface (5G RAN)
PHYSICAL LAYER, set the following properties as shown below.
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Table 4-10: gNB > Interface (5G RAN) > Physical layer properties

Properties

Physical Layer Properties

CA Type
CA Configuration

Intra Band Contiguous CA
CA n258G

CA1,CA2

Numerology ~Channel Bandwidth (MHz) per carrier Frequency Range
3 400 FR2

Channel Model
Pathloss Model
Shadow Fading Model
Fast Fading Model
Outdoor Scenario
LOS NLOS Selection
LOS Probability
MCS Table

CQI Table

3GPP TR 38.901-7.4.1
None

No Fading

Urban macro

User defined

0

QAM256

TABLE2

e Set Tx Antenna Count and Rx Antenna Count in gNB as 2 and 2.

e Set Tx Antenna Count and Rx Antenna Count in UE as 2 and 2.

e Go to Application properties and set the following properties as shown below.

Table 4-11: Application properties

Application Properties

Source Id 8
Destination Id 10

QoS UGS
Transport Protocol UDP
Packet Size 1460 Bytes
Inter Arrival time 2us

Start Time 1s

e The LTENR Radio measurement log file can be enabled as per the information provided

above in Step 7.

e Run Simulation for 1.05s, after simulation completes go to results window and note down
throughput value from application metrics.

Go back to the scenario and change the distance between gNB and UE as 50, 100, 150, and 200
and note down throughput from the results window. The other parameters in the table shown
below can be noted down from the LTENR Radio Measurement log.csv.

Results
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NOTE: Filter the CC ID to 1 in the LTENR Radio measurement log file and same values have
been considered in the tables given below. (SNR and CQI are shown for downlink Layer1).

Table 4-12: FR1 - Variation of pathloss, SNR, CQI, Modulation, code rates and throughput as the
distance of the UE from the gNB is increased.

Distance (m) Pathloss (dB) SNR (dB) CQI Index Modulation Code Rate Rx[1024] (MCS) Throughput (Mbps)

100 97.33 37.46 15 64QAM 772 507.57
200 109.05 25.74 15 64QAM 772 507.57
300 115.92 18.86 15 64QAM 772 507.57
400 120.80 13.98 15 64QAM 772 490.03
500 124.59 10.20 13 64QAM 567 336.59
600 127.68 7.11 11 16QAM 616 214.43
700 130.30 4.49 10 16QAM 490 131.36
800 132.56 2.22 8 QPSK 602 86.04

900 134.56 0.22 7 QPSK 449 56.09

1000 136.35 —1.55 6 QPSK 308 40.72

Table 4-13: FR 2 - Variation of pathloss, SNR, MCS, Modulation, code rates and throughput as the
distance of the UE from the gNB is increased.

Distance (m) Pathloss (dB) SNR (dB) MCS Index Modulation Code Rate Rx[1024] (MCS) Throughput (Mbps)

50 108.43 16.36 20 256QAM 682.5 2860.89
100 120.01 4.77 7 16QAM 490 1025.50
150 126.86 —2.06 2 QPSK 193 296.90
200 131.73 —6.94 0 QPSK 120 107.92

Increase in distance leads to an increase in pathloss, which in turn hence leads to lower received
power (and lower SNR). The lower SNR leads to a lower MCS, in turn a lower CQI and thereby
results in lower throughputs. The drop for FR2 happens at a much faster rate in comparison
to FR1. Note that the number of information bits is obtained from the Transport Block Size
Determination calculations given in 3.9.15. The throughput would depend on the TBS.

4.4 Impact of MAC Scheduling algorithms on throughput, in a multi-UE
scenario

In this example we understand how the scheduling algorithm affects the UDP download through-
put of a multi-user (UE) system where the UEs are at different distances from the gNB. Open
NetSim, Select Examples — 5G NR — Scheduling then click on the tile in the middle panel to
load the example as shown in below screenshot
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Figure 4-20: List of scenarios for the example of Scheduling

4.4.1 Multi UE throughput with UEs at different distances and channel is not

time varying.

The following network diagram illustrates what the NetSim UI displays when you open this
example configuration file.

2000 2500 5500

Appl1_CB

——— 1500 M ———> ,Macrc callghE Omni  ———— 2500 m

Arg.9

2000 m

UE_ 11

Figure 4-21: Network set up for studying the Scheduling example.

Configuring the scheduling algorithm, and parameter settings in example config files

e Set grid length as 12000m x 6000m from grid property panel on the right.

e Set distance as follows.
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— gNB 9 to UE 10 = 1500m
— gNB 9 to UE 11 = 2000m, and
— gNB 9 to UE 12 = 2500m

e Go to gNB properties — Interface (5G RAN), set the following properties as shown below.
In the first sample the scheduling type is set to Round Robin, in the second to Proportional
fair, and in the third to Max throughput.

Table 4-14: gNB > Interface (5G RAN) > Datalink and Physical layer properties

Properties

Datalink Layer Properties

Scheduling Type Varies: Proportional Fair, Max throughput, Round Robin
Physical Layer Properties

CA type Single Band

CA Configuration n78

CA1l

Numerology 1

Channel Bandwidth 100 MHz

Channel Model

Pathloss Model 3GPP TR 38.901-7.4.1
Outdoor Scenario Urban macro

LOS NLOS Selection  User defined

LOS Probability 1

Shadow Fading Model None
Fast Fading Model No Fading

e Set Tx Antenna Count as 1 and Rx Antenna Count as 1 in gNB properties.
e Set Tx Antenna Count as 1 and Rx Antenna Count as 1 in all the UEs.

e Go to the Set Traffic tab in the top ribbon and create a CBR application as shown in the
table below. To change the transport protocol, QoS, and IAT, click on the application
and change the properties in the right-side property panel.

Table 4-15: Application properties

Application Properties Application 1 Application 2 Application 3

Application Type CBR CBR CBR
Source ID 8 8 8
Destination ID 10 11 12

QoS UGS UGS UGS
Transport Protocol UDP UDP UDP
Packet Size 1460 Bytes 1460 Bytes 1460 Bytes
Inter-arrival time 58.4 us 58.4 us 58.4 us
Start Time 1s 1s 1s
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e Run Simulation for 10 s and note down throughput value in the results window in each
sample. Recall that each sample has a different scheduling algorithm configured.

Results and discussions

The results with all the three UEs simultaneously downloading data is as given below.

Table 4-16: UDP download throughputs for different scheduling algorithms when all three 8 UEs simul-
taneously downloading data

Scheduling Application 1 Application 2 Application 3 Aggregate
Round Robin 64.65 37.22 19.59 121.46
Proportional Fair 64.65 37.23 19.59 121.46
Max Throughput 193.94 0.00 0.00 193.94

Aggregate throughput for different scheduling algorithms
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Figure 4-22: Aggregate throughput for different scheduling algorithms

Next, consider a scenario with only one of the UEs seeing DL traffic (we don’t provide inbuilt
configuration file for this, and since it is a simple exercise for a user) First, run for the UE at
1500m, then for UE at 2000m and finally for UE at 2500m. This gives the maximum achievable
throughput per node since the gNB resources (bandwidth) is not shared between 3 UEs and is
fully dedicated to just one UE. The results are below.
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Table 4-17: UE throughputs if they were run standalone (without the other UEs downloading data)

Distance from gNB (m) Application ID Throughput (Mbps) Remarks

1500 1 193.94 UE 1 alone has full buffer DL
traffic

2000 2 111.66 UE 2 alone has full buffer DL
traffic

2500 3 49.95 UE 3 alone has full buffer DL
traffic

The PHY rate is decided per the received SNR. Therefore, a UE closer to the gNB will get a
higher data rate than a UE further away. In this example the distances from the gNB are such
that UE12 Distance > UE11 Distance > UE10 Distance.

In Round Robin PRBs are allocated equally among all three nodes. However, throughputs are
in the order UE10 Distance > UE11 Distance > UK12 Distance because of their distances from
the gNB. The individual throughputs seen by each of the UEs is exactly % of the throughput as
shown in Table 4-17. The PF scheduler results will match that of the RR scheduler since the
channel is not time varying. In Max throughput scheduling the PRBs are allocated such that
the system gets the maximum download throughput. The nearest UE will get all the resources
and its throughput will be 3 times the throughput of the UE which got the max throughput in
RR.

4.4.2 Multi UEs at different distances with a time varying channel

Configuring the scheduling algorithm, and parameter settings will remain the same for the case
below.

Changes in the gNB properties are as follows.

e Click on gNB and go to Interface (5G RAN), set the following properties as shown below.
In the first sample the scheduling type is set to Round Robin, in the second to Proportional
fair, and in the third to Max throughput.
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Table 4-18: gNB > Interface (5G RAN) > Physical and Datalink layer properties.

Properties

Datalink Layer Properties
Scheduling Type Varies: Proportional Fair, Max throughput, Round Robin

Physical Layer Properties
CA Type Single Band
CA Configuration n78

CAl
Numerology 1
Channel Bandwidth 100 MHz

Channel Model

Pathloss Model 3GPP TR 38.901-7.4.1
Outdoor Scenario Urban Macro

LOS NLOS Selection User Defined

LOS Probability 1

Fast Fading Model Rayleigh

MIMO Beamforming Model Figen

e Run Simulation for 10s and note down throughput value in the results window in each
sample.

e Enable EWMA MAC throughput plot

w File  Options Help | Network: 56G_NR_mmWave | Workspace: NetSim | Experiment: Proportional Fair

X Create Scenario D3 Set Traffic [E)- Configure Reports 5 Show/Hide Info
o o2 /| Network Performance [] Packet Trace All Network Packets Log v  Reinjected from Emulator  Log -
Bl %)
0 [ Event Trace Dispatched to Emulator Log ~  Not Dispatched to Emulator Log -
View Results Tabular Summary Traces Emulator Logs Plots Mobility Viewer
NN . »
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000 5500 6000 v
0 | ! | | Lo VSR | | )
Q a
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g | Throughput vs Time
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> LTENR Radio Measurements z
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DL_UDP_Const_Rate_2 4 LTENR Radio Resource Allocation 5]
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Plot generation is a two-step process. Initially,
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6000 specific device, link, application, etc, in the plots | 3
¥ window, which becomes accessible after the | @
< » simulation concludes.
14618.266, 6224.108) €) (7 AutoConnect —— +  100%

Figure 4-23: Enabling the EWMA MAC Throughput log

Results and discussions

The results with all the three UEs simultaneously downloading data are as given below.
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Table 4-19: UDP download throughputs for different scheduling algorithms when all three 3 UEs simul-
taneously download data with time varying channel.

Scheduling Application 1 Application 2 Application 3 Aggregate
Round Robin 51.58 30.06 18.34 100.00
Proportional Fair 69.82 41.95 24.73 135.50
Max Throughput 139.84 28.19 5.32 173.35

While running the Proportional fair sample enable Application throughput vs time and EWMA
MAC throughput plot to observe the throughput differences.

Aggregate throughput for different scheduling algorithms
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Figure 4-24: Aggregate throughput for different scheduling algorithms

A difference in the performance of the RR and PF schedulers can be seen when the channel
is time varying (of the order of the coherence time which is 10ms). To induce time varying
randomness in the channel we enable fading and beamforming. Thus, after every 10ms, NetSim
draws an i.e. fading random variable, as the additional loss. Under these conditions, the RR
scheduler would allot resources to the UEs in a round robin fashion, whereas the PF scheduler
would give preference to the UE which sees the best channel (highest SINR). The reason why
the RR scheduler yields lower throughputs than the PF scheduler is that the RR scheduler is
not “opportunistic,” i.e., it does not take advantage of the knowledge that a UE has a good
channel in the next slot and continues to serve the UEs cyclically. The results are shown in
Table 4-19; observe how this is different from Table 4-17 where the channel is not time varying.
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Figure 4-25: EWMA MAC throughput stacked for UE 10, UE 11, and UE 12

In the earlier results we observed the average (overtime) throughput while in Figure 4-25 we
observed the MAC throughput vs Time for all 3 UEs. Key points are:

e Channel Coherence Time: The wireless channel fading gain changes at this time scale,
causing fluctuations in the signal quality and, consequently, the achievable throughput.

e Proportional Fair Scheduler Behavior: The Proportional Fair (PF) scheduling algorithm
aims to balance fairness and throughput by allocating resources to users based on their
current channel quality relative to their average throughput

This dynamic allocation process leads to throughput variations as the scheduler continuously
adjusts resource assignments to maintain fairness while exploiting favorable channel conditions.
Thus, when a user experiences good channel conditions relative to their average, they receive
more resources, leading to increased throughput. Conversely, when channel conditions degrade
or other users are prioritized, a user’s throughput will decrease. The MAC throughput would
be higher than the application throughput because of the overheads of the various layers.

4.5 Max Throughput for different MCS and CQI

Open NetSim, Select Examples — 5G NR, — Max Throughput vs MCS and CQI then click on
the tile in the middle panel to load the example as shown in below screenshot.
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& NetSim Home Pin NetSim Home (DY
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Ready to simulate scenarios to understand the working of the different technology libraries in NetSim. Expand and click on the file name to display simulation examples. Then click on a tile in the
middle panel to load the simulation. Click on the book icon on the left (Example Simulations) panel to view documentation (pdf).

Support Learn Documentation Contact Us
Videos User Manual Email - sales@tetcos.com
Experiments Manual Technology Libraries Phone - +31 767 605 4321
Source Code Help Website: www.tetcos.com

Figure 4-26: List of scenarios for the example of Max Throughput vs MCS and CQI

The following network diagram illustrates what the NetSim UI displays when you open the
example configuration file.
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| Server 8
300 —
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J o
1 100 m ’ :L,o 111 Gbps DL DL_UDP_Const_Rate

Figure 4-27: Network set up for studying the Max Throughput vs MCS and CQI

Settings done in example config file:

e Set grid length as 500m x 250m from grid property panel.

e Go to gNB properties — Interface (5G RAN), set the following properties as shown below.

Copyright TETCOS LLP Page 193 of 262



NetSim — 5G NR Ver 15.0

Table 4-20: gNB > Interface (5G RAN) > Physical layer properties

Properties

Physical Layer Properties
CA TYPE Intra Band Contiguous CA
CA Configuration CA n258G

Numerology ~Channel Bandwidth (MHz) Frequency Range
CA1l 3 400 FR2
CA2 3 400 FR2

Pathloss Model None

e Go to Application properties and set the following properties as shown below.

Table 4-21: Application properties

Application Properties

Source Id 8
Destination Id 10
Transport Protocol UDP

Start Time 1s

Packet Size 1460 Bytes
Inter Arrival time 1 pus
Generation Rate 11680 Mbps

e Set Tx Antenna Count as 2 and Rx Antenna Count as 1 in gNB properties.
e Set Tx Antenna Count as 1 and Rx Antenna Count as 2 in UE properties.

e Run Simulation for 1.002s, after simulation completes go to results window and note down
throughput and delay value from application metrics.

For this Scenario set MCS Table as QAM64LOWSE and CQI Table as TABLE3 and note down
throughput.

Go Back to the Scenario and set MCS Table as QAM64 and CQI Table as TABLE1 and note
down throughput.

Go Back to the Scenario and set MCS Table as QAM256 and CQI Table as TABLE2 and note
down throughput.

Result:

Table 4-22: Results Comparison.

MCS Table CQI Table Throughput (Mbps)

QAM64LOWSE TABLE3 2084.88
QAM64 TABLE1 2633.84
QAM256 TABLE2 3439.76
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Max throughput obtained when choosing different MCS/CQI tables defined in 3GPP standards
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Figure 4-28: Plot for Max throughput obtained for different MCS/ CQI tables

4.6 Load balancing in 5G using Cell Individual Offset (CIO)
4.6.1 Introduction

Overview

Mobility load balancing is a 3GPP Release 17 AI/ML for NG RAN Use Case. It involves trans-
ferring load from overloaded cells to under-loaded neighboring cells, for optimizing network
performance and user experience. This study describes the network setup, presents the simu-
lation results before and after applying CIO-based load balancing, and discusses the observed
outcomes.

Concept

Default Association: The default user equipment (UE) association with a base station is based
on Maximum signal strength.

Load Balancing Goal: Modify the association/handover criteria to distribute network load
efficiently across available cells.

Role of Cell Individual Offset (CIO)

Cell Individual Offset (CIO) is a configurable parameter used to artificially modify the signal
quality measurement of a target cell during the handover evaluation process. In NetSim, the
CIO value is added to the measured SINR of the candidate cell.

SINRess = SIN Ryctuar + CIO (81)

e A positive CIO increases the effective signal value.
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e A negative CIO decreases the effective signal value.

Ver 15.0

CIO is typically applied to control handovers and implement load balancing across cells.

4.6.2 Network Setup

3 gNBs (with sector antennas)
co-located with 1.5 GHz, 2.6
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Figure 4-29: Network setup for load balancing. There is a total of 500 UFEs, 75 near cell, 125 mid cell

and 300 cell edge UEs.
GHz) gNB given the lower path loss. We use CIO for load balancing.

4.6.3 Network Settings

e Environment size is set to 600m x 500m

Without load balancing most of the UEs would associate with the low band (1.5

e Consider three Macro cell gNB sector antennas and 500 UEs spread across the network

grid such that
e 75 UEs are located near the gNBs (represented in green)
e 125 UEs are located near at the cell center (represented in yellow)

e 300 UEs are located at the cell edge. (represented in red)

e The 3 gNBs (with sector antennas) are co-located at the top left with 120°.

e gNB 1 operates in the n50 (1.5 GHz band)
e gNB 2 operates in the n38 (2.6 GHz band)

e gNB 3 operates in the n78 (3.5 GHz band)
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e The gNB properties and the Traffic model properties are set as follows:

Table 4-23: Device and Application properties

System Model and Parameters

No of gNBs 3 (3 sector carriers)
No of UEs 500

Band n78, n50, n38
gNB Properties

Numerology 1

Channel Bandwidth (MHz) 40

Antenna 4T4R
Pathloss model Log Distance
Pathloss Exponent (7) 3.8
Shadowing Model Log Normal
Standard Deviation (dB) 5

Simulation Time (s) 10

Traffic Model

Traffic Type Custom
Traffic generation rate 467.2 Kbps
Packet size 1460B

Inter packet arrival time

25000 ps (Exponential)

Ver 15.0

e Set the Cell Individual Offset present under Interface (RAN) > Datalink Layer > Handover
> Cell Individual Offset as follows:

e gNBI1 1475 MHz: —4.77 dB

o gNB2 2595 MHz: 0 dB

e gNB3 3550 MHz: 4.77 dB.

e These negative CIO value shifts the load away from gNB1; the positive CIO value shifts
the load towards gNNB3.

e Enable PRB Utilization vs time Plots and Radio resource allocation log

e Run the simulation for 10 seconds.

4.6.4 Results

After simulation, plot the PRB Utilization for the three gNBs i.e., gNB1 1475MHz, gNB2
2595MHz, gNB3 3550MHz with CIO and without CIO.

e PRB Utilization vs time plot without CIO (default configuration)
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PRB Utilization vs Time

EWMA PRB Utilization
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Figure 4-30: (Ezponentially weighted moving) Average PRB Utilization of the 3 gNBs without load
balancing

PRB Utilization vs time plot with CIO enabled

PRB Utilization vs Time
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Figure 4-31: (Exponentially weighted moving) Average PRB Utilization of the 3 gNBs with load bal-
ancing

Copyright TETCOS LLP Page 198 of 262



NetSim — 5G NR

4.6.5 Discussion

Ver 15.0

These graphs show resource (PRB) usage of different 5G base stations over time, comparing

scenarios with and without load balancing.

Without load balancing (Figure 4-30): Base station 1 (gNB1_.1475MHz) is overloaded at ~100%
while gNB2 (2575 MHz) and gNB3 (3550 MHz) are underused and operating around 30% and

25% PRB utilization respectively.

With load balancing (Figure 4-31): Resource usage is more evenly distributed across all base
stations, with gNB1 around 60-70% and other gNBs operating at 30-40%.

We can observe the association of UEs with gNBs before and after load balancing.

To analyze this, we use the LTENRRadioMeasurementsLog.csv and DeviceList.xlsx files.

A Python script reads the UE association entries at two time points—initial and post-load
balancing—and generates corresponding plots.

UE-gNB Initial Association

UE-gNB Association After Load Balancing
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Figure 4-32: Initial UE association (left) and association after load balancing (right). The left clearly
shows a higher concentration of UFEs (green dots) associated with gNB1_1475MHz, which operates on the
lower frequency band. The right panel shows a more uniform distribution of UEs across the three gNBs

due to the CIO application

Table 4-24: Initial association count of UEs

gNB

Count of Associated UEs

gNB1 1475 MHz
gNB2 2595 MHz
gNB3 3550 MHz
Total

321
122
o7
500
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Table 4-25: Association count of UFEs after load balancing

gNB Count of Associated UEs
gNB1 1475 MHz 192
gNB2 2595 MHz 105
gNB3 3550 MHz 203
Total 500

Python code for data analysis and visualization

import pandas as pd

import matplotlib.pyplot as plt
import numpy as np

import sys

import os

def get_color_mapQ):
return {
’GNB1_1475MHZ’ : ’#228B22°, # Green
’GNB2_2595MHZ’ : ’#FFD700’, # Yellow
’GNB3_3550MHZ’ : ’#d62728’ # Red

def plot_combined_association(log_df, device_list_df, output_dir):
snapshots = {
161.5: ’UE-gNB Initial Association’,
220: ’UE-gNB Association After Load Balancing’
b

Ver 15.0

fig, axs = plt.subplots(l, 2, figsize=(14, 6), sharex=True, sharey=True)

color_map = get_color_map()
gnb_names = list(color_map.keys())

all_x device_list_df[’X Pos/LON’]
all_y = device_list_df[’Y Pos/LAT’]
x_min, x_max = all_x.min() - 20, all_x.max() + 20
y_min, y_max = all_y.min() - 20, all_y.max() + 20

for ax, (time_snapshot, title) in zip(axs, snapshots.items()):

filtered_df = log_df[(log_df[’Time(ms)’] == time_snapshot) &

(log_df [’Channel’] == ’PDSCH’) &
(log_df[’isAssociated’] == True)]

merged_df = pd.merge(filtered_df, device_list_df, how=’left’

b

left_on="UE Name’, right_on=’Device Name’)

for gnb in gnb_names:

ue_group = merged_df [merged_df [’gNB or eNB Name’] == gnb]

ax.scatter(ue_group[’X Pos/LON’], ue_group[’Y Pos/LAT’],
label=f’{gnb} UEs’, s=30, marker=’o0’,
color=color_map[gnb])
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if

gnb_data = device_list_df[
device_list_df [’Device Type’].str.contains(’gNB’)]
for _, gnb in gnb_data.iterrows():
ax.scatter(gnb[’X Pos/LON’], gnb[’Y Pos/LAT’],
label=gnb[’Device Name’], s=70, marker=’"’,
color=’black’)

ax.set_title(title, fontweight=’bold’, fontsize=12, pad=10)
ax.set_xlabel(’X Coordinate’, fontsize=10)
ax.set_xlim(x_min, x_max)

ax.set_ylim(y_max, y_min)

ax.grid(True, linestyle=’--’, linewidth=0.5)

axs[0] .set_ylabel(’Y Coordinate’, fontsize=10)

handles, labels = axs[1].get_legend_handles_labels()

fig.legend(handles, labels, loc=’lower center’,
fontsize=14, ncol=3, markerscale=2)

plt.tight_layout(rect=[0, 0.08, 1, 1]1)

output_path = os.path.join(output_dir,

’combined_association_plot.png’)

plt.savefig(output_path, dpi=300)

plt.close()

print (f"Combined plot saved: {output_path}")

__hame == ’__main__"’:

if len(sys.argv) != 4:
print("Usage: python combined_association.py "
"<log_csv_path> <device_list_excel_path> "
"<output_directory>")
sys.exit (1)

log_path = sys.argv[1]
device_path = sys.argv[2]
output_dir = sys.argv[3]

log_df = pd.read_csv(log_path)
device_df = pd.read_excel(device_path)
plot_combined_association(log_df, device_df, output_dir)

4.7 4G vs. 5G: Capacity analysis for video downloads

Ver 15.0

Open NetSim, Select Examples — 5G NR — 4G vs 5G then click on the tile in the middle
panel to load the example as shown in below screenshot.
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NetSim Standard \ G
Network Simulation/Emulation Platform | b E‘
Version 14.4.12 (64 i) e

New Simulation Ctrl+ N = < sl 4 Searct Q=
. Eo@ Example Simulations 4G Scenario and Results
b LTE and LTE-A @ In this example, we observe the video download capacity of a 5G network by
; VANETs 1. comparing its throughput and average delay to that of a 4G network. This - - 2
3 comparison is conducted by varying the number of UEs from 40 to 280, /
¥ Satellite Communication - - B T LS.~
Experiments 4 SGNR L 40 Nodes 80 Nodes
I Distance vs Throughput
I Scheduling CA typeilntra band non-contiguous CA | | CA typeintra band non-contiguous CA
4 4Gvs5G Number of nodes: 40 Number of nodes: 80
Analytics 4G MCS table: QAM64 MCS table: QAM64
56 CQl table: Table1 CQl table: Table1

5G Peak Throughput
gNB cell radius for different data rates

. . 120 Nodes 160 Nodes
License Settings

Distance vs Throughput n261 band
Handover in 5SGNR

Exit Alt + F4 .| CAtypedntra band non-contiguous CA | CA type:Intra band non-contiguous CA
Effect of distance on pathloss, SINR and MCS ir Number of nodes. 120 Number of nodes: 160
5G Data rate and throughput computation MCS table: QAM64 MCS table: QAMBA
QoS in 5G using Guaranteed Bit Rate CQl table: Table1 CQl table: Table1

Ready to simulate scenarios to understand the working of the different technology libraries in NetSim. Expand and click on the file name to display simulation examples. Then click an  tile in the

middle panel to load the simulation. Click on the baok icon on the left (Example Simulations) panel to view doc ion (pdf).
Support Learn Documentation Contact Us
Videos User Manual Email - sales@tetcos.com
Experiments Manual Technology Libraries Phone - +91 767 605 4321
Email - suppo Source Code Help Website : wv

Figure 4-33: List of scenarios for the example of 4G vs 5G

4.7.1 4G

Under 4G click on 40 Nodes Sample, the following network diagram illustrates what the NetSim
UI displays when you open the example configuration file.
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Figure 4-34: Network setup for studying the 4G

Settings done in example config file:

e Set grid length as 3300x5200m from grid property panel on the right.

e Set the following property as shown in below given Table.
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Table 4-26: eNB > Interface (LTE) > Physical layer properties
eNB Prop-
erties —
Interface
(LTE)
CA Type Intra Band Non-Contiguous CA
CA Configu- CA_4DL_42C_42C_2UL_42C_BCS1
ration
Freq. DL UL Numerology Channel
Range Ratio BW
CA1l FR1 1:1 0 20 MHz
CA2 FR1 1:1 0 20 MHz
CA3 FR1 1:0 0 20 MHz
CA4 FR1 1:0 0 20 MHz
PDSCH and PUSCH Configuration
MCS Table QAMG64
CSI Report Configuration
CQI Table TABLE1
Channel Model
Pathloss None
Model

e Frequency range FR1, Numerology = 0, Bandwidth = 20 MHz with QAM 64 MCS table
represents a 4G configuration.

e Set Uplink speed and Downlink speed as 10000 Mbps and BER as 0 in all wired links.

Set Tx Antenna Count as 2 and Rx Antenna Count as 1 in eNB > Interface LTE >
Physical Layer.

Set Tx Antenna Count as 1 and Rx Antenna Count as 2 in UE > Interface LTE > Physical
Layer.

Configure 40 applications with Source id as 3 and Destination id as 5, 6, 7, 8, 9, 10, 11,
12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, 27, 28, 29, 30, 31, 32, 33, 34,
35, 36, 37, 38, 39, 40, 41, 42, 43 and 44 and set the properties as shown below. This
would generate 2.5 Mbps of traffic per user. Transport Protocol is set to UDP in all the
applications.

Table 4-27: Application properties

Application Properties

Frame Per Sec 50
Pixel Per Frame 50000
Mu 1
Start Time 1s

e Run simulation for 2 sec. After simulation completes go to results window and note down
throughput and delay value from application metrics.
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Increase the number of UE’s and number of applications as 40, 80, 120, 160, 200, 240 and 280
and note down throughput and delay value from application metrics.

4.7.2 5G

Under 5G click on 40 Nodes Sample, the following network diagram illustrates what the NetSim
UI displays when you open the example configuration file.
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Figure 4-35: Network setup for studying the 5G.

Settings done in example config file:

e For the above 5G scenario set the following given properties.

Table 4-28: gNB > Interface (5G RAN) > Physical layer properties

gNB Properties — Interface (5G RAN)

CA Type

Intra Band Contiguous CA

CA Configuration CA n258G
DL UL Ratio Frequency Range Numerology Channel Bandwidth (MHz)
CA1, CA2 1:1 FR2 3 400
PDSCH and PUSCH Configuration
MCS Table QAM256
CSI Report Configuration
CQI Table TABLE2
Channel Model
Pathloss Model None

e The Tx Antenna Count was set to 2 and Rx Antenna Count was set to 1 in gNB >
Interface 5G RAN > Physical Layer.
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e The Tx Antenna Count was set to 1 and Rx Antenna Count was set to 2 in UE > Interface
5G RAN > Physical Layer.

e Frequency range FR2, Numerology = 3, Bandwidth = 400 MHz with QAM 256 MCS
table represent a 5G configuration

e The Uplink and Downlink speed was set to 10000 Mbps and BER as 0 in wired links.

e Run simulation for 2 sec. After simulation completes go to results window and note down
throughput and delay value from application metrics.

e Increase number of UE’s and number of applications as 40, 80, 120, 160, 200, 240 and 280
and note down throughput and delay value from application metrics.

Sum of throughputs (Mbps)

Throughput Per User (Mbps) = Number of User

(82)

Sum of Delays (us)
Number of User

Delay Per User (us) = (83)

4.7.2.1 Theoretical PHY Rate Calculation

The 4G/5G PHY data rate is given by the expression

W),
5712

) ) ) B
PHY data rate(in Mbps) = 1076 ZjZl(vggyers) QY. fO) . R%

(1—0HU),

-3
where T} = 10

This expression gives the PHY rate; the application throughput would be lower than the PHY
rate given the overheads in the various layers.

4G:

Number of carriers: 4, Number of layers = min(N; (9N B), N,(UE)) = min(2,2) = 2, Numerol-
ogy: 0. The BW per carrier is 20 MHz, with each carrier having 100 PRBs. In this experiment
settings the DL:UL Ratio is 1:1 for 2 carriers and 1:0 for 2 carriers. Avg DL:UL ratio is 3:1 and

: 3 3
hence the DL fraction = 337 = ¥.
Applying the 4G PHY data rate formula

948 100 x 12
PHY Rate =107%[2x6 x 1 x 1094 < <1o>—<3 x (1 —-10.25) | x4 =>559.40 Mbps (84)
14.20>

Where 4 is the number of carriers
Multiplying by the DL fraction we obtain the downlink PHY rate as 559.40 x % = 419.93 Mbps
5G:

Number of carriers: 4, Number of layers = min(N; (¢NB), N,(UE)) = min(2,2) = 2, Numerol-
ogy: 3. The BW per carrier is 400 MHz with each carrier having 264 PRBs. In this experiment
settings, the DL:UL Ratio: 1:1 for both carriers

Applying the 5G PHY data rate formula, we get
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948 264 x 12

X
1024 ( 10-3 )
1423

PHY Rate=10"%|2x8x1x

x (1—0.18) | x 2 =7568.22 Mbps (85)

Where 2 is the number of carriers

Multiplying by the DL fraction we obtain the downlink PHY rate as 7568.22 x % = 3784.11
Mbps.

We vary the UE count from 40 to 280 in steps of 40. Each UE is downloading video at a rate
of 2.5 Mbps. Post simulation, we plot the throughput per UE for 4G and 5G as the UE count
is increased from 40 to 280.

4.7.2.2 Results:

Table 4-29: Aggregated and Average throughput and delay per user with different number of users for
LTE 4G and 5G NR

4G (Devices downloading video) 5G (Devices downloading video)
Users Per user Agg. Avg delay Per user Agg. Avg delay
(Mbps)  (Mbps) (1s) (Mbps)  (Mbps) (us)

40 2.43 97.23 3113.92 2.45 98.08 392.12

80 2.44 195.41 5539.42 2.44 195.69 649.40

120 2.44 293.13 7965.39 2.44 293.29 908.43

160 2.41 386.24 10177.97 2.45 392.18 1171.72

200 2.06 412.68 82788.13 2.44 489.94 1430.69

240 1.71 412.53 152792.20 2.44 587.86 1689.47

280 1.47 412.31 202942.80 2.44 685.70 1946.88

In the earlier section, we had predicted a PHY rate of 419 Mbps. We observe that the aggregate
application throughput of 4G saturates at 407 Mbps. The =~ 10% difference is due to the
overheads in the various layers. The required rate for each video application is &~ 2.5 Mbps and
we see that 4G is able to support full rate for upto 160 UEs. At 200 UEs the capacity required
is &~ 200 x 2.5 = 500 Mbps which is more than what is available. Therefore, the rate per user
starts decreasing for UE counts of 200, 240 and 280. In line with this, we see that the average
delay increases exponentially from 200 UEs onwards.

On the other hand, 5G can handle a PHY rate of 3784 Mbps or ~ 3400 Mbps of application
throughput. Thus, we see that 5G is easily able to provide full rate of &~ 2.5 Mbps to each UE
even when the total UE count is 280.

Throughput per user vs. Number of users for 4G and for 5G
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Throughput vs Number of devices for 4G and 5G

Throughput per user (Mbps)

40 80 120 160 200 240 280
Number of users

0 4G e 5G

Figure 4-36: Throughput per user vs Number of Devices for /G and 5G. The 4G per user throughput
starts falling after 160 devices.

Average delay vs. Number of users for 4G and for 5G
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Average delay vs Number of devices for 4G and 5G
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Figure 4-37: Delay vs Number of Devices. The 5G Network average delay is insignificant i.e., many
orders of magnitude lower, and hence not visible in the plot.

4.8 5G-Peak-Throughput

Open NetSim, Select Examples — 5G NR — 5G Peak Throughput then click on the tile in the
middle panel to load the example as shown in below screenshot

Pin NetSim Home  (GEDY

NetSim Standard \|
Network Simulation/Emulation Platform ’ b
Version 14.4.12 (64 Bit X

New Simulation  Ctrl + N = e e 1 Search Q=
T o Example Simulations 3.5GHz-n78band Scenario and Results
b VANETs i In this example, we analyze the downlink and uplink throughput for bandwidths of 50
b Satellite Communication MHz.and 10_0 MHz in the 3:5 GHz n78 band. To obtain the peak throughput w_e (.:an
. consider an ideal channel with no path loss, a downlink to uplink ratio of 41, utilizing
seNrD 8 MIMO layers for downlink and 4 MIMO layers for uplink.
: I Distance vs Throughput
DpEnmets I Scheduling 50 MHz with DL UL 4isto1, No pathless| 100 MHz with DL UL 4ista1, No pathloss|
I 4G vs 5G
4 5G Peak Throughput Bandwidth: 50 MHz Bandwidth: 100 MHz
Analytics 3.5GHz-n78band Pathloss model: No pathloss Pathloss model: No pathloss
DL-UL Ratio: 4:1 DL-UL Ratio: 4:1
26GHz-n258band " -
I gNB cell radius for different data rates
I Distance vs Throughput n261 band -
License Settings I Handover in SGNR l
Effect of distance on pathloss, SINR and MCS ir = J
Exit Alt + F4 5G Data rate and throughput computation

QoS in 5G using Guaranteed Bit Rate
Impact of Handover margin and Time-To-Trigg

Ready to simulate scenarios to understand the working of the different technology libraries in NetSim. Expand and click on the file name to display simulation examples. Then dlick on  tile in the

middle panel to load the simulation. Click on the book icon on the left (Example Simulati panel to view doc ion (pdf)
Support Learn Documentation Contact Us
Answer/FAQ Videos User Manual Email - sales@tetcos.com
Contact Technical Support Experiments Manual Technology Libraries Phone - +91 767 605 4321
Email - support@tetcos.com Source Code Help Website : ww.tetcos.com

Figure 4-38: List of scenarios for the example of 5G Peak Throughput
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4.8.1 3.5 GHz n78 band

Ver 15.0

The following network diagram illustrates what the NetSim UI displays on clicking.

Core_Switch_6

.-/
Macro :ell:gNB Omni
Ant._9
4 Gbps DL |
2GbpsDLY | 100m
P — L_UDP_Const_Rate
UE_10

Figure 4-39: Network setup for studying the 5G Peak Throughput

Settings done in example config file:

e Set the following property as shown in below given Table.

Table 4-30: gNB > Interface (5G RAN) > Physical layer properties

Iy

< (4= )
-
2 —
Core_Switch_S
9 Core_Switch 4

gNB Properties — Interface (5G RAN)

CA Type Single Band
CA Configuration n78
CA1l

Frequency Range FR1
DL/UL Ratio 4:1
Numerology 2
Channel Bandwidth 50 MHz
PDSCH and PUSCH Configuration

MCS Table QAM256
CSI Report Configuration

CQI Table TABLE2
Channel Model

Pathloss Model None
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e The Tx Antenna Count was set to 8 and Rx Antenna Count was set to 4 in gNB >
Interface 5G RAN > Physical Layer.

e The Tx Antenna Count was set to 4 and Rx Antenna Count was set to 8 in UE > Interface
5G RAN > Physical Layer.

e Set 2 applications Downlink source node as 8, and destination node as 10, Uplink source
node as 10, and destination node as 8. Transport Protocol is set to UDP in all the
applications.

Table 4-31: Application properties

Application Properties

App CBR UDP DI,

Start Time (s) 1
Packet Size (Byte) 1460
Inter Arrival Time (us) 2.92

App CBR UDP UL

Start Time (s) 1
Packet Size (Byte) 1460
Inter Arrival Time (us) 5.84

e Enable the Throughput vs time plot under Application and link and run simulation for
1.1 sec. After simulation completes go to results window and note down throughput value
from application metrics.

Go back to the Scenario and change channel bandwidth to 100 MHz, run simulation for 1.1 sec
and note down throughput value from application metrics.

Result:
Table 4-32: Results Comparison
Bandwidth (MHz) Throughput (Mbps) Throughput (Mbps)
CBR UDP UL CBR UDP DL
DL/UL Ratio of 4:1, with 8 DL MIMO and 4 UL MIMO layers
50 128.71 1597.47
100 270.62 3366.87
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DL and UL throughput for 50 and 100 MHz bandwidth of 3.5 GHz and n78 band

I CBR UL Throughput
[ CBR DL Throughput

3000

2500

2000

1500 4

Throughput (Mbps)

1000 4

500 +

Bandwidth (MHz)

Figure 4-40: Plot for DL and UL throughput for 50 and 100 MHz bandwidth of 3.5 GHz and n78 band

4.8.2 26 GHz n258 band

The following network diagram illustrates what the NetSim UI displays on clicking.
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10
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Figure 4-41: Network setup for studying the 5G Peak Throughput
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Settings done in example config file:

e Set the following property as shown in below Table.

Table 4-33: gNB > Interface (5G RAN) > Physical layer properties

gNB Properties — Interface (5G RAN)

CA Type Single Band
CA Configuration n258
Component Carrier 1

DL/UL Ratio 4:1
Frequency Range FR2
Numerology 3
Channel Bandwidth 200 MHz
PDSCH and PUSCH Configuration

MCS Table QAM256
CSI Report Configuration

CQI Table TABLE2
Channel Model

Pathloss Model None

Ver 15.0

e The Tx Antenna Count was set to 8 and Rx Antenna Count was set to 4 in gNB >

Interface 5G RAN > Physical Layer.

e The Tx Antenna Count was set to 4 and Rx Antenna Count was set to 8 in UE > Interface

5G RAN > Physical Layer.

e Set 2 applications Downlink source node as 8 destination node as 10, Uplink source node
as 10 destination node as 8. Transport Protocol is set to UDP in all the applications.

Table 4-34: Application properties

Application Properties

App CBR UDP DL

Start Time (s) 1
Packet Size (Byte) 1460
Inter Arrival Time (us) 1

App CBR UDP UL

Start Time (s) 1
Packet Size (Byte) 1460
Inter Arrival Time (us) 4

e After simulation completes go to results window and note down throughput value from

application metrics.
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Go back to the Scenario and change channel bandwidth to 400 MHz, run simulation for 1.1 sec
and note down throughput value from application metrics.

Result:
Table 4-35: Results Comparison
Bandwidth (MHz) Throughput (Mbps) Throughput (Mbps)
CBR UDP UL CBR UDP DL
DL/UL Ratio of 4:1, with 8 DL MIMO and 4 UL MIMO layers
200 518.35 6283.72
400 1041.15 11648.46

DL and UL throughput for 200 and 400 MHz bandwidth of 26 GHz n258 band

I CBR UL Throughput
CBR DL Throughput
10000 4
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=
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2000 A
o1 N L

200 400
Bandwidth (MHz)

Figure 4-42: Plot for DL and UL throughput for 200 and 400 MHz bandwidth of 26 GHz and n258
band

4.9 Impact of distance on throughput for n261 band in LOS and NLOS states

Objective: We observe throughput of a UE (operating in the n261 band with a channel band-
width of 100 MHz), moving away from the gNB from 1 m to 3.5 Km. The variation of throughput
is plotted in both LOS and NLOS states. Since 5G simulations take a long time to complete,
and given our goal of studying throughput vs. distance, we have set an unrealistic speed of 20 m
every 10ms to complete the UE movement in a short time duration.

Open NetSim, Select Examples — 5G NR — Distance vs Throughput n261 band then click on
the tile in the middle panel to load the example as shown in below Figure.
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Figure 4-43: List of scenarios for the example of Distance vs Throughput n261 band

NetSim UI displays the configuration file corresponding to this experiment as shown below.

0 M 1000 1500 2000 2500 3000 3500 4000
0 ] | . ) | L L L

Macro a#E.gmB Omn
Antd

0 4
1000 far 7
s/
50 UE moves away from gNB
(20m from every 10 ms)
2000 2

Figure 4-44: Network setup for studying the Distance vs Throughput n261 band

4.9.1 DL: UL Ratio 4:1

4.9.1.1 LOS and NLOS

The following settings were done to generate this sample:

Step 1: A network scenario is designed in NetSim GUI consisting of 1 gNB, 5G-Core, and 1 UE
and 1 Router and 1 Wired Node in the “6G NR” Network Library.

Step 2: Grid length was set to 8000 m x 4000 m.

Step 3: The device positions are set as per the table given below.

Table 4-36: Dewvice position properties

Device UE_10 gNB_9

x-axis 500 500
y-axis 1 0

Step 4: The following properties were set in Interface (5G RAN) of gNB
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Table 4-37: gNB > Interface (5G RAN) > Physical layer properties

Parameter Value

Tx Power 40

gNB Height 10m

CA Type Single Band
CA Configuration n261
Component Carrier 1

DL-UL Ratio 4:1
Numerology 3

Channel Bandwidth 100 MHz

PDSCH and PUSCH Configuration

MCS Table

QAMG64LOWSE

CSI Report Configuration

CQI Table

TABLES

Channel Model
Pathloss Model
Outdoor Scenario
LOS NLOS Selection
LOS Probability
Shadow Fading Model
Fast Fading Model

3GPP TR 38.901-7.4.1
Urban Macro

User Defined

1

None

No Fading

Step 5: Set Tx Antenna Count and Rx Antenna Count as 2 and 2 in gNB properties > Inter-
face(5G RAN) > Physical Layer.

Step 6: Set Tx Antenna Count and Rx Antenna Count as 2 and 2 in UE properties > Inter-
face(5G RAN) > Physical Layer.

Step 7: Two CBR Applications were generated from between the Server 8 and UE 10 with the

following values.
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Table 4-38: Application Properties

Parameter Value
APP1 CBR DL

Source Server 8
Destination UE 10
Start Time (s) 1
Packet Size (Bytes) 1460
IAT (us) 11.68
Generation Rate (Mbps) 1000
Transport Protocol UDP
APP2 CBR UL

Source UE 10
Destination Server 8
Start Time (s) 1
Packet Size (Bytes) 1460
IAT (ps) 97.33
Generation Rate (Mbps) 120
Transport Protocol UDP

Ver 15.0

Step 8: In the Device Position Properties of UE 10, set Mobility Model as File Based Mobility

File Based Mobility: In File Based Mobility, users can write their own custom mobility models
and define the movement of mobile users. Create a mobility.csv file for UE’s involved in mobility
with each step equal to 4 sec with distance 100 m. The NetSim Mobility File (mobility.csv)

format is as follows:

Table 4-39: Mobility.csv file

#Time(s) DeviceID X Y Z
1 10 500 50 0
1.01 10 500 70 0
1.02 10 500 90 0
1.03 10 500 110 O
2.65 10 500 3350 0
2.66 10 500 3370 0
2.67 10 500 3390 0
2.68 10 500 3410 0
2.69 10 500 3430 0
2.7 10 500 3450 0
2.711 10 500 3470 0
2.72 10 500 3490 0
2.73 10 500 3510 0

Step 9: Enable application throughput vs time plot under Plots tab in the NetSim GUI.
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Step 10: Run simulation for 2.75s.

Ver 15.0

Step 11: Similarly, in LOS, set the LOS Probability to 0 in gNB properties and simulate the

scenario for 2.75s.
Results:
Downlink Line-of-Sight (LOS) and Non-Line-of-Sight (NLOS) Plots
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Figure 4-45: Downlink Application Throughput Plot in LOS mode.
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Figure 4-46: Downlink Application Throughput Plot in NLOS mode.

Uplink Line-of-Sight (LOS) and Non-Line-of-Sight (NLOS) Plots

Copyright TETCOS LLP

Page 217 of 262



NetSim — 5G NR

Ver 15.0

[ NetSin - Plots | Appliction Packet Log_Throughput vs_Time - x
Select parameter to plot a o @ P . »
Applcation .. UL VDR ConstRete = o mpotmsge | Bpotmbe  Swev  Asrotstons Tite Asplcation Trecugtp
dvg. Win. ms) 50 Application Throughput vs. Time THEFoASE  Nomal *

) s s Distance — 150 m Ttz 1 - H
o "‘ Throughput — 114 Mbps E
Pt | Legend Posten | Bottom = g
100 i Legend CheckBox  Hide
Series List
Hide  Appication Throughput (Mbps) * H \ Legens Fercoce [ %
w0 Legena FertWeght Nommal =
In / \ Distance — 270 m Legena ForeSiye Nomal v
2 N Throughput — 68 Mbps §
ie | \
s
ol |
» J’ N Distance — 450 m .
Throughput - 23.5 Mops Distance — 1630 m
o f Throughput — 4.6 Mbps
10 | ~
o f .
, %, %, %, %, “, %, “, b, %,
%, . . %, %, %, %, %, %,
Time (me)
 Application Throughput (Mbps)
Figure 4-47: Uplink Application Throughput Plot in LOS mode.
[ Netsim - Plots | Appiication_Packet_Log_Throughput_vs Time - X
Select parameter to plot - = - - -
d S o [E N Appearance »
Applation N ULLUDP Const Rate ™ Cose Bpotimsge  Bwothbe  Swew  Amotstons A oplcation Troughputve |
Avg. Wi () 50 Application Throughput ve. Time tse Mol -
" < >
D addsenews - Distance — 130 m s 2
Throughput — 17.75 Mbps g
Plot 16 0 Fositon  Bottom ¥ g
Series List “
w
S S —— 3
P
i ( g Wrontsie  Nommsl v
- \ UE out of coverage after Z
2 f 1.05 seconds
B
g
. J
|
s f
2
wlor -
(
0 Sie 05~
%, %, %, A%, %, w, % % EN i -
T N T T T T W W T i
Time (ms) ipley 1B ue on hover

4 Application Throughput (Mbps)

ccelerste Potting

Figure 4-48: Uplink Application Throughput Plot in NLOS mode.

Discussion: The downlink throughput of 478.1 Mbps is maintained till ~450m in LOS whereas,
it is maintained till 150 m in NLOS. Similarly, the uplink throughput of 114 Mbps is maintained
till 150 m in LOS whereas, it is maintained till 130 m in NLOS. The Uplink throughput falls to
the lowest level at ~750m in LOS and at ~150m in NLOS.

4.9.2 DL: UL Ratio 3:2

4.9.2.1 LOS and NLOS

Step 1: All the properties were set as in DL: UL-Ratio 4:1.
Step 2: In the gNB properties — Interface 5G RAN, the DL:UL ratio was set to 3:2.

Step 3: The following settings were done in application properties:
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Table 4-40: Application Properties

Parameter Value
APP1 CBR DL

Source Server 8
Destination UE 10
Start Time (s) 1
Packet Size (Bytes) 1460
IAT (ps) 11.68
Generation Rate (Mbps) 1000
Transport Protocol UDP
APP2 CBR UL

Source UE 10
Destination Server 8
Start Time (s) 1
Packet Size (Bytes) 1460
IAT (ps) 38.93
Generation Rate (Mbps) 300
Transport Protocol UDP

Step 3: Run simulation for 2.75s.

Ver 15.0

Step 4: Similarly, in LOS, set the LOS Probability to 0 in gNB properties and run simulation

for 2.75s.
Results:

Downlink Line-of-Sight (LOS) and Non-Line-of-Sight (NLOS) Plots
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Figure 4-49:
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Figure 4-52: Uplink Application Throughput Plot in NLOS mode

Inference: The downlink throughput of 359.74 Mbps is maintained till ~550 m in LOS whereas, it
is maintained till 150 m in NLOS. Similarly, the uplink throughput of 120 Mbps is maintained till
170m in LOS whereas, it is 35.97 Mbps maintained till 130 m in NLOS. The Uplink throughput
falls to the lowest level at ~750m in LOS and at ~150m in NLOS.

4.10 gNB cell radius for different data rates

Open NetSim, Select Examples — 5G NR — gNB cell radius for different data rates then click
on the tile in the middle panel to load the example as shown in below screenshot
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NetSim Professional
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Version 14.28 (64 Bit)
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License Settings
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46vs 56

5G Deak Throughput
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Results

In this example, we observe the downlink throughput of a UE operating in the 3.5 GHz n78.
The UE moves away from the GNB, with distances varying from 100 to 350 meters. We
measure the impact of increasing distance on the downlink throughput.

Cell Radius (m} Data Rate (Mbps). Downlink

1500 Mbps Downink

100 1574 81
130 133572
150 1205.37
+1000 Mbps Downiink

170 109675
190 955 42

200 82507
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Figure 4-53: List of scenarios for the example of gNB cell radius for different data rates

4.10.1 3.5 GHz n78 urban gNNB cell radius for different data rates

The following network diagram illustrates what the NetSim UI displays on clicking.
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Figure 4-54: Network setup for studying the gNB cell radius for different data rates.

Setting done in example config file:

e Set the following property as shown in below Table.

Table 4-41: gNB > Interface (5G RAN) > Physical layer properties

gNB Properties — Interface (5G RAN)

Property Value

gNB Height 10m

Tx Power 40

CA Type Single Band
CA Configuration n78
Component Carrier 1

DL: UL 4:1
Numerology 2

Channel Bandwidth 50 MHz

PDSCH and PUSCH Configuration

MCS Table

QAM?256

CSI Report Configuration

CQI Table

TABLE2

Channel Model
Pathloss Model
Outdoor Scenario
LOS NLOS Selection
Shadow Fading Model
Fast Fading Model

3GPP TR 38.901-7.4.1

Urban Macro

3GPP TR 38.901-Table7.4.2-1
None

No Fading
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e Set the Tx Antenna Count as 8 and Rx Antenna Count as 1 in gNB > Interface 5G RAN
> Physical Layer.

e Set the Tx Antenna Count as 1 and Rx Antenna Count as 8 in UE > Interface 5G RAN
> Physical Layer.

e Set the following application properties:

Table 4-42: Application properties

App_1_CBR Value
Source Id 8
Destination Id 10
Packet Size 1460
IAT 1.94 us
Start time 1s

Transport Protocol UDP
Generation Rate 6 Gbps

e Run simulation for 1.1 sec. After simulation completes go to results window and note
down throughput value from application metrics.

Go back to the Scenario and change distance between gNB and UE to 100m, 130 m, 150 m,
170 m, 190 m, 200 m, 300 m, 330 m, and 350 m and run simulation for 1.1 sec.

Result:

Table 4-43: Results Comparison

Cell Radius (m) Data Rate (Mbps). Downlink

1500 Mbps Downlink

100 1597.47
130 1421.22
150 1278.02
1000 Mbps Downlink

170 1167.76
190 969.44
200 925.40
500 Mbps Downlink

300 506.79
330 418.61
350 374.57

4.10.2 26 GHz n258 urban gNB cell radius for different data rates

Setting done in example config file:
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e Set the following property as shown in below given table:

Table 4-44: gNB > Interface (5G RAN) > Physical layer properties

gNB Properties — Interface (5G RAN)

Property Value

gNB Height 10m

Tx Power 40

CA Type Single Band
CA Configuration n258
Component Carrier 1

DL: UL 4:1
Numerology 2

Channel Bandwidth 200 MHz

PDSCH and PUSCH Configuration

MCS Table

QAM?256

CSI Report Configuration

CQI Table

TABLE2

Channel Model
Pathloss Model
Outdoor Scenario
LOS_NLOS Selection
Shadow Fading Model
Fast Fading Model

3GPP TR 38.901-7.4.1

Urban Macro

3GPP TR 38.901-Table7.4.2-1
None

No Fading

Ver 15.0

e Set the Tx Antenna Count as 8 and Rx Antenna Count as 1 in gNB > Interface 5G RAN

> Physical Layer.

e Set the Tx Antenna Count as 1 and Rx Antenna Count as 8 in UE > Interface 5G RAN

> Physical Layer.

e Set the following application properties:

Table 4-45: Application properties

App 1 CBR Value
Source Id 8
Destination Id 10
Packet Size 1460
IAT 1.94 us
Start time 1s

Transport Protocol UDP
Generation Rate 6 Gbps
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e Run simulation for 1.1 sec. After simulation completes go to results window and note
down throughput value from application metrics.

Go back to the Scenario and change distance between gNB and UE to 20m, 110 m, and 150 m
and run simulation for 1.1 sec.
Result:

Table 4-46: Results Comparison

Cell Radius (m) Data Rate (Mbps). Downlink

6000 Mbps Downlink
20 5989.03

1000 Mbps Downlink
110 735.48

500 Mbps Downlink
150 302.86

4.11 Impact of numerology on a RAN with phones, sensors, and cameras

Open NetSim, Select Examples — 5G NR — Impact of numerology on a RAN with phones
sensors and cameras then click on the tile in the middle panel to load the example as shown in
below Figure.
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Max Throughput vs MCS and CQI
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UE Movement vs Throughput
Vet Rt Nl
Ready to simulate scenarios to understand the working of the different technology libraries in NetSim. Expand and dlick on the file name to display simulation examples. Then dlick on a tile in the
middle panel to load the simulation. Click on the book icon on the left (Example Simulations) panel to view documentation (pdf).
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Figure 4-55: List of scenarios for the example of Impact of numerology on a RAN with phones sensors
and cameras

Network Scenario: To model a real-world scenario, we base our simulation on the setup shown
in the Figure below. The link between the gNB and the L2_Switches that represents the Core
Network (CN) is made with a point-to-point 10 Gb/s link, without propagation delay. The
Radio Area Network (RAN) is served by 1 gNB, in which different UEs share the connectivity.
We have 25 smartphones, 6 sensors, 3 IP cameras. The bandwidth is 100 MHz and Round Robin
MAC Scheduler. The position of the devices in the reference scenario depicted in the Figure is
quasi-random.
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Figure 4-56: Network setup for studying with 25 smartphones, 6 sensors and 8 cameras communicating
with respective cloud servers.

In terms of application data traffic, the camera (video) and sensor nodes have one UDP flow
each, that goes in the UL towards a remote node on the Internet. These flows are fixed-rate
flows: we have a continuous transmission of 5 Mb/s for the video nodes, to simulate a 720p24
HD video, and the sensors transmit a payload of 500 bytes each 2.5 ms, that gives a rate
of 1.6 Mb/s. For smartphones, we use TCP as the transmission protocol. These connect to
database servers. Each phone has to download a 25 MB file and to upload one file of 1.5 MB.
These flows start at different times: the upload starts at a random time between the 25th and
the 75th simulation seconds, while each download starts at a random time between the 1.5th
and the 95th simulation seconds.

Table 4-47: Various parameters of the Traffic flow models for all the devices

Flows (No of devices) Traffic Rate (Mbps) Segment / File Size (B) RAN Dir. TCP ACK Dir.

Camera (UDP) 3 5 500 UL -
Sensor (UDP) 6 1.6 500 UL -
Smartphone Upload (TCP) 25 - 1,500,000 UL DL
Smartphone Download (TCP) 25 - 25,000,000 DL UL

The numerology w1 can take values from 0 to 3 and specifies an SCS of 15 x 2* kHz and a slot
length of 2H ms. FR1 support p = 0,1 and 2, while FR2 supports p = 2,3. We study the
impact of different numerologies, and how they affect the end-to-end performance. The metrics
measured and analyzed are a) Throughput of TCP uploads & downloads, and b) Latency of
the UDP uploads.

Settings done in example config file:

e For the above scenario set the following given properties:
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Table 4-48: gNB > Interface (5G RAN) > Physical layer properties

Ver 15.0

Property Value
Pathloss Model None

CA Type Inter Band CA
CA Configuration CA_2DL_2UL_n40_n41
CA1

DL UL Ratio 1:4

Frequency Range FR1
Numerology 0, 1, and 2
Channel Bandwidth 50 MHz

CA2

DL UL Ratio 1:4

Frequency Range FR1
Numerology 0, 1, and 2
Channel Bandwidth 50 MHz

PDSCH and PUSCH Configuration

MCS Table QAMG64
CSI Report Configuration

CQI Table TABLE1
Channel Model

Pathloss Model None

e The following Application properties set to the above scenario:

Table 4-49: Sensor Application Properties for UL UDP

Sensor UL UDP

Value

Generation Rate (Mbps)
Transport Protocol
Application Type
Packet Size (Bytes)
Inter Arrival Time (us)

1.6
UDP
Custom
500
2500

Table 4-50: Camera Application Properties for UL UDP.

Copyright TETCOS LLP

Camera UL UDP

Value

Generation Rate (Mbps)
Transport Protocol
Application Type
Packet Size (Bytes)
Inter Arrival Time (us)

5

UDP
Custom
500

800
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Table 4-51: Phone Application Properties for DL TCP

Phone DL TCP Value

Transport Protocol TCP

Start Time (s) 0,1,2,...,48

Stop Time (s) 95

File Size (Bytes) 95,000,000

Inter Arrival Time (s) 200 (Simulation ends at 110s and hence only one file is sent)
Application Type FTP

Table 4-52: Phone Application Properties for UL TCP

Phone UL TCP Value
Application Type FTP
Transport Protocol TCP
. 45441 —1)
Start Time (s) Where, i = 1,2,...,25
Stop Time (s) 100
File Size (Bytes) 1,500,000

Inter Arrival Time (s) 200 (Simulation ends at 110s and hence only one file is sent)

e The Tx Antenna Count was set to 2 and Rx Antenna Count was set to 4 in gNB >
Interface 5G RAN > Physical Layer.

e The Tx Antenna Count was set to 4 and Rx Antenna Count was set to 2 in UE > Interface
5G RAN > Physical Layer.

e Run simulation for 110 sec. After simulation completes go to results window and note
down throughput and delay value from application metrics.

Result and Analysis:
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Table 4-53: Throughput and delay for Camera, Sensors and Smartphones, when p =0

Camera Uplink
Throughput (Mbps) Delay (yus)

Sensor Uplink

Smartphone

Throughput (Mbps) Delay (us) Downlink Throughput (Mbps) Uplink Throughput (Mbps)

5.00 1801.94
5.00 1803.13
5.00 1804.67

1.60
1.60
1.60
1.60
1.60
1.60

2252.64
2254.25
2256.92
2256.38
2257.37
2254.70

101.68
101.68
101.68
101.68
101.68
101.68
101.68
101.68
101.68
101.68
101.68
101.68
101.68
101.68
101.68
101.68
101.68
101.68
101.68
101.68
101.68
101.68
101.68
101.68
101.68

86.32
86.32
86.32
86.32
86.32
86.32
86.32
86.32
86.32
86.32
86.32
86.32
86.32
86.32
86.32
86.32
86.32
86.32
86.32
86.32
86.32
86.32
86.32
86.32
86.32

Table 4-54: Throughput and delay for Camera, Sensors and Smartphones, when p =1

Camera Uplink
Throughput (Mbps) Delay (us)

Sensor Uplink

Smartphone

Throughput (Mbps) Delay (us) Downlink Throughput (Mbps) Uplink Throughput (Mbps)

5.00 901.86
5.00 902.57
5.00 903.47

1.60
1.60
1.60
1.60
1.60
1.60

1502.24
1503.20
1505.04
1504.59
1505.48
1503.65

156.43
156.43
156.43
156.43
156.43
156.43
156.43
156.43
156.43
156.43
156.43
156.43
156.43
156.43
156.43
156.43
156.43
156.43
156.43
156.43
156.43
156.43
156.43
156.43
156.43

172.61
172.61
172.61
172.61
172.61
172.61
172.61
172.61
172.61
172.61
172.61
172.61
172.61
172.61
172.61
172.61
172.61
172.61
172.61
172.61
172.61
172.61
172.61
172.61
172.61
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Table 4-55: Throughput and delay for Camera, Sensors and Smartphones, when p = 2

Camera Uplink Sensor Uplink Smartphone
Throughput (Mbps) Delay (us) Throughput (Mbps) Delay (us) Downlink Throughput (Mbps) Uplink Throughput (Mbps)
5.00 451.78 1.60 751.98 151.75 345.10
5.00 453.33 1.60 752.68 151.75 345.10
5.00 456.98 1.60 754.26 151.75 345.10
1.60 753.81 151.75 345.10
1.60 754.71 151.75 345.10
1.60 753.12 151.75 345.10
151.75 345.10
151.75 345.10
151.75 345.10
151.75 345.10
151.75 345.10
151.75 345.10
151.75 345.11
151.75 345.11
151.75 345.11
151.75 345.11
151.75 345.11
151.75 345.11
151.75 345.11
151.75 345.11
151.75 345.11
151.75 345.10
151.75 345.10
151.75 345.10
151.75 345.10
PN Y L S UL YU T e ey Y
6
5
4
"3
2
|
1
0
0 1 2
Numerology (u)

Figure 4-57: The average uplink throughput for camera and sensors remains the same as numerology
is increased. This is because the flow is UDP.
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Average Throughput vs Numerology
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Figure 4-58: Smartphone Uplink, and Smartphone Downlink average throughput vs. Numerology (u)
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Figure 4-59: Camera Uplink, and Sensor Uplink Latency vs. Numerology. The latency drops as the
numerology increases

For UDP applications the p does not impact the throughput. This is because throughput of
UDP over 5G only depends on the “capacity” of the OFDM time-frequency grid. Changing
the numerology does not change the OFDM capacity, given the inverse relationship between
subcarrier spacing and numerology. However, higher ;1 leads to an obviously lower delay. The
variation of delay vs. p is as follows:

Table 4-56: Variation of delay vs. numerology for Camera and Sensors

Avg Delay (Camera) Avg Delay (Sensor)

pw=0 1.838 ms 2.26 ms
p=1 0.930 ms 1.51 ms
pw=2 0.476 ms 0.75 ms

The TCP throughput is inversely proportional to round trip time. Therefore, for applications
running over TCP the throughput increases with higher numerology. This is because higher
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Numerology leads to reduced round-trip (end-to-end) times.

4.12 Impact of UE movement on Throughput

Ver 15.0

Open NetSim, Select Examples — 5G NR — UE Movement vs Throughput then click on the
tile in the middle panel to load the example as shown in below Figure.

NetSim Home

NetSim Standard

Network Simulation/Emulation Platform

Version 14.4.12 (64 Bit)

New Simulation ~ Ctrl + N

Your Work Ctrl + O

Experiments

Analytics

Example Simulations

b
b
b
b
b

Scheduling
4G vs 56

5G Peak Throughput

N8 cell radius for different data rates
Distance vs Throughput n261 band
Handover in SGNR

Effect of distance on pathloss, SINR and MCS it

5G Data rate and throughput computation

QoS in 5G using Guaranteed Bit Rate

NetSim

License Settings

Exit

Impact of Handover margin and Time-To-Trigg
Load balancing in 5 using Cell Individual Offs
Max Throughput vs MCS and CQI
Impact of numerology on a RAN with phones

[UE Movement vs Throughput

Underwater Acoustic Network (-

Alt + F4

Non Terrestrial Network (i

UE Movement vs Throughput

Pin NetSim Home (@D

Q=

Scenario and Results

In this seenario, we analyze the variation in pathloss, SNR and throughput, as the UE

progressively moves away from the gNE:

UE Movement vs Throughput

oNB properties
Txantenna count: 2

Rx antenna count: 1

UE properties

Tx antenna count: 1

Rx antenna count: 2

Mobility model: File based mobility

Ready to simulate scenarios to understand the working of the different technology libraries in NetSim. Expand and click on the file name to display simulation examples. Then click on a tile in the
middle panel to load the simulation. Click on the bock icon on the left (Example Simulations) panel to view documentation (pdf)

Support

Figure 4-60:

Learn

Documentation

Contact Us
Email - sales@tetcos.com

Phone - +91 767 605 4321
Website: wwww.tetcos.com

List of scenarios for the example of UE Movement vs Throughput

UI displays the configuration file corresponding to this experiment as shown below.

500

1000

1500

2000

2500

3000

0 200
L

600
L

800
L

1000
L

1200 1400
N !

1600
L

1800 2000 2200 2400 2600
1 L ! L L

2800
L

3000

Core Switch 4

Core_Switch_5

DL_UDP_Const Rate

Figure 4-61: Network setup for studying Throughput vs. UE Movement

The following set of procedures were done to generate this sample:

Step 1: A network scenario is designed in NetSim GUI consisting of 1 gNB, 5G-Core, and 1 UE
and 1 Wired Node in the “5G NR” Network Library.

Step 2: Grid Length was set to 7000m x 3500 m.

Step 3: The device positions are set as per the table given below.
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Table 4-57: Device general properties

Device UE_10 gNB_9

x-axis 500 500
y-axis 600 0

Step 4: The following properties were set in Interface (5G RAN) of gNB

Table 4-58: gNB > Interface (5G RAN) > Physical layer properties

Parameter Value

Tx Power 40

gNB Height 10m

CA Type Single Band

CA Configuration n78

Component Carrier 1 ~ Component Carrier 1
DL-UL Ratio 4:1

Numerology 0

Channel Bandwidth 10 MHz

PDSCH and PUSCH Configuration
MCS Table QAMG64LOWSE

CSI Report Configuration
CQI Table TABLE3

Channel Model

Pathloss Model 3GPP TR 38.901-7.4.1
Propagation Model Urban Macro

LOS NLOS Selection  User Defined

LOS Probability 0

Shadow Fading Model None

Fast Fading Model No Fading

Step 5: Set Tx Antenna Count and Rx Antenna Count as 2 and 1 in gNB properties > Inter-
face(5G RAN) > Physical Layer.

Step 6: Set Tx Antenna Count and Rx Antenna Count as 1 and 2 in UE properties > Inter-
face(5G RAN) > Physical Layer.

Step 7: In the Position Properties of UE 8, set Mobility Model as File Based Mobility

File Based Mobility: In File Based Mobility, users can write their own custom mobility models
and define the movement of the mobile users. Create a mobility.csv file for UE’s involved in
mobility with each step equal to 4 sec with distance 100 m.

The NetSim Mobility File (mobility.csv) format is as follows:
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#lime(s)

0o O

12
16
20
24
28
32
36
40
44
48
22
26
60
64
68
72
76
80
84
88
30
92
94
96
98
100
102
104
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Device D X
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10
10

200
200
200
500
200
200
200
200
500
200
200
200
200
200
200
200
200
500
200
200
200
200
500
200
200
200
500
200
200
200
200

601

701

601

501
1001
1101
1201
1301
1401
1501
1601
1701
1801
1501
2001
2101
2201
2301
2401
2501
2601
2701
2801
2901
3001
2601
2701
2801
2901
3001
3101

Figure 4-62: mobility.csv file.

Ver 15.0
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Step 8: A CBR Application was generated from set traffic tab in top ribbon between Wired
node and UE 10 (Source as Server and destination as UE) with Packet Size of 1460 Bytes and
Inter Arrival Time of 1168 us.

Step 10: The Transport Protocol is set to UDP. Additionally, the “Start Time(s)” parameter
is set to 1s. To configure it, click on created application, change the properties accordingly in
the right-side property panel.

Step 11: Application throughput vs time plot under Application and Link performance is
enabled from the configure reports tab in plots tab in the NetSim GUI. Additionally, LTE
Radio measurements log is enabled for detailed analysis.

Step 12: Run simulation for 105s.
Results:

Application Throughput vs. Time
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Figure 4-63: Plot of Throughput (Mbps) vs Time (sec).

Discussion

As the UE moves away from the gNB, the Application throughput starts reducing. The max-
imum throughput of 10 Mbps is obtained until 11.9 sec. At 16s the UE is 1000 m away from
the gNB, then the throughput drops to 6.30 Mbps and at time 36.6 sec (when UE is 1800 m
away from gNB), the throughput drops to 1.86 Mbps and subsequently keeps dropping as till
the end of the simulation as the UE continues to move further away from the gNB.

4.13 Simulate and study the 5G Handover procedure
4.13.1 Introduction

The handover logic of NetSim 5G library is based on the Strongest Adjacent Cell Handover
Algorithm (Ref: Handover within 3GPP LTE: Design Principles and Performance. Konstanti-
nos Dimou. Ericsson Research). The algorithm enables each UE to connect to that gNB which
provides the highest Reference Signal Received Power (RSRP). Therefore, a handover occurs
the moment a better gNB (adjacent cell has offset stronger RSRP, measured as SNR in NetSim)
is detected.
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This algorithm is similar to 38.331, 5.5.4.4 Event A3 wherein Neighbor cell’s RSRP becomes
Offset better than serving cell’s RSRP. Note that in NetSim report-type is periodical and not
event Triggered since NetSim is a discrete event simulator and not a continuous time simulator.

This algorithm is susceptible to ping-pong handovers; continuous handovers between the serving
and adjacent cells on account of changes in RSRP due mobility and shadow-fading. At one
instant the adjacent cell’s RSRP could be higher and the very next it could be the original
serving cell’s RSRP, and so on.

To solve this problem the algorithm uses:

1. Hysteresis (Hand-over-margin, HOM) which adds a RSRP threshold (Adjacent cell RSRP
— Serving cell RSRP > Hand-over-margin or hysteresis), and

2. Time-to-trigger (TTT) which adds a time threshold.

This HOM is part of NetSim implementation while TTT can be implemented as a custom
project in NetSim.

4.13.2 Network Setup

Open NetSim and click on Examples > 5G NR > Handover in 5GNR > Handover Algorithm
then click on the tile in the middle panel to load the example as shown in below Figure.

E NetSim Home

N Pin NetSim Home
A
NetSim Standard .
i
Netwaork Simulation/Emulation Platform ‘ N
Version 14.4.12 (64 Bit) “hZ

NewSimulation  Ctrl+N = < sj 4
imulation: Handover Algorithm Scenario and Results

Example i s
Your Work Ctrl + O V7 Sateliite Communication i In this example, we analyze 5G handover as a UE moves from a serving (source) gNB

a

5G NR &
Distance vs Throughput

to a neighboring (target) gNB.

Netsim 5G library utilizes the Strongest Adjacent Cell Handover Algorithm - a

)
I v Scheduling handaver is initiated when the difference between the signal strength of the adjacent
> I 4G s 56 cell and the serving cell exceeds the handover margin (ie. Adjacent cell SNR — ® ?
56 Peak Throughput Serving cell SNR > Handover margin).
b GNB cellradius for different data rates I L
Analytics ¥ Distance vs Throughput n261 band
4 Handover in 5GNR

5G RAN properties
CencoverAiorithn Pathloss model: 3GPPTR38.901-7.4.1
Throughput and delay variation during han | Outdoor scenario: Urban macro
Effect of distance on pathloss, SINR and MCS ir [ LOS NLOS selection: User defined

LOS probability: 1
56 Datarae and throughpur computation | (BEERINL

License Settings

Exit Alt + F4 QoS in 56 using Guaranteed Bit Rate. =
Impact of Handover margin and Time-To-Trigg
Load balancing in 5G using Cell Individual Offs ket Tnstmaimatmalu
Ready to simulate scenarios to understand the working of the different technology libraries in NetSim. Expand and click on the file name to display simulation examples. Then click on a file in the
middle panel to load the simulation. Click on the book icon on the left (Example Simulations) panel to view documentation (pdf).
Documentation Contact Us

Support Learn
Answer/FAQ Video User Manual Email - sales@teteos.com

gy Libraries Phone - +91 767 605 4321
Email - support@tetcos.com oL d Website : ww.fet

Figure 4-64: List of scenarios for the example of Handover in 5§GNR

4.13.3 Handover Algorithm

NetSim UI displays the configuration file corresponding to this experiment as shown below.
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Figure 4-65: Network setup for studying the 5G handover

Procedure for 5G Handover

The following set of procedures were done to generate this sample:

Step 1: A network scenario is designed in NetSim GUI consisting of 5G-Core devices, 2 gNBs,

and 1 UE in the

“5G NR” Network Library.

Step 2: The device positions are set as per the table given below.

Table 4-59: Device positions

gNB7 gNB8 UE9

X Coordinate 500 4500 500
Y Coordinate 1500 1500 3000

Step 3: In the Position properties of UE 9, set Mobility Model as File Based Mobility.

File Based Mobility:

In File Based Mobility, users can write their own custom mobility models and define the move-
ment of the mobile users. Create a mobility.csv file for UE’s involved in mobility with each step
equal to 0.5 sec with distance 50 m.

The NetSim Mobility File (mobility.csv) format is as follows:

Table 4-60: mobility.csv file

#Time(s) Device ID X Y Z
0 9 550 2500 O
0.5 9 1000 2500 O
1 9 1050 2500 O
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#Time(s) Device ID X Y Z
1.5 9 1100 2500 0O
2 9 1150 2500 O
2.5 9 1200 2500 O
3 9 1250 2500 O
3.5 9 1300 2500 O
38 9 3900 2500 O
39 9 3950 2500 O
40 9 4000 2500 0

Step 4: Click on the gNB 7 and expand the right-side property panel and set as following Table.

Table 4-61: gNB 7 > 5G RAN Interface Properties Window

Interface 4 (5G RAN) Properties

Value

CA Type Single Band

CA Configuration n78

CA Count 1

Component Carrier 1

DL UL Ratio 4:1

Numerology 0

Channel Bandwidth (MHz) 10

PRB Count 52

PDSCH Configuration

MCS Table QAM64LOWSE
X Overhead XOHO0

PUSCH Configuration

MCS Table QAM64LOWSE
CSI Report Configuration

CQI Table Table 3

Channel Model

Pathloss Model

Outdoor Scenario

LOS NLOS Selection

LOS Probability

Shadow Fading Model

Fast Fading Model

O2I Building Penetration Model
Additional Loss Model

3GPP TR 38.901-7.4.1
Urban Macro

User Defined

1

None

No Fading

None

None

Copyright TETCOS LLP

Page 238 of 262



NetSim — 5G NR Ver 15.0

Similarly, it is set for gNB 8.

Step 5: The Tx Antenna Count was set to 2 and Rx Antenna Count was set to 1 in gNB >
Interface (5G RAN) > Physical Layer.

Step 6: The Tx Antenna Count was set to 1 and Rx Antenna Count was set to 2 in UE >
Interface (5G RAN) > Physical Layer.

Step 7: Configure CBR application from Server 12 to UE 9 by clicking on the set traffic tab in
ribbon on the top. Then, click on the created application and expand the application property
on the right and set the start time to 40 seconds, and QOS to UGS.

Step 8: Packet Trace is enabled by clicking on Configure reports tab. At the end of the
simulation, a very large .csv file contains all the packet information and is available for the
users to perform packet level analysis.

Step 9: LTENR Radio measurement, Handover log and SNR, vs Time plot under LTENR Radio
Measurements plots are enabled by clicking on plots/logs from right panel for detailed analysis.

Step 10: Run the Simulation for 50 Seconds.
Results and Discussion

Handover Signaling

UE I IServing gNB | | Target gNB | | AMF | | SMF

UE Measurement Report

Handover Reques

Handover Request Ack

Handover Command
< Path Switch

Path Switch Ack

Context Release

Context Release Ack

Figure 4-66: Control packet flow in the 5G handover process

The packet flow depicted above can be observed from the packet trace.

e UE will send the UE MEASUREMENT REPORT every 5 ms to the connected gNB

e The initial UE-gNB connection and UE association with the core takes place by transfer-
ring the RRC and Registration, session request response packets.

e As Per the configured file-based mobility, UE 9 moves towards gNB 8.
o After 18.5 s gNB 7 sends the HANDOVER REQUEST to gNB 8.
e gNB 8 sends back HANDOVER REQUEST ACK to gNB 7.

e After receiving HANDOVER REQUEST ACK from gNB 8, gNB 7 sends the HANDOVER
COMMAND to UE 9
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e After the HANDOVER COMMAND packet is transferred to the UE, the target gNB will
send the PATH SWITCH packet to the AMF via Switch 4.

e When the AMF receives the PATH SWITCH packet, it sends MODIFY BEARER RE-
QUEST to the SMF

e The SMF on receiving the MODIFY BEARER REQUEST provides an acknowledgement
to the AMF.

e On receiving the MODIFY BEARER RESPONSE from the SMF, AMF acknowledges the
Path switch request sent by the target gNB by sending the PATH SWITCH ACK packet
back to the target gNB via Switch 4.

e The target gNB sends CONTEXT RELEASE to source gNB, and the source gNB sends
back CONTEXT RELEASE ACK to target gNB. The context release request and ack
packets are sent between the source and target gNB via Switch 6.

e RRC Reconfiguration will take place between target gNB and UE 9.

e The UE 9 will start sending the UE (SS/PBCH) MEASUREMENT REPORT to gNB 8.

@ Avoswe @on) B D+ - 5 PacketTracecsv v £ search ®@ ¢ - o x
File Home Insert Pagelayout Formulas Data Review View Help Table Design [© comments |
D4375 Vo ﬁ( v HANDOVER_REQUEST v
SEGMENT_ID| ~ | PACKET TYPE | ~ | CONTROL PACKET TYPE/APP NAME ~|SOURCE ID ~ DESTINATION_ID ~ TRANSMITTER ID ~ RECEIVER ID |~ | APP_LAYER ARRIVAL TIME(uS) | v |TRX_LAYER ARRIVAL T &
4368 N/A Control_Packet UE (SS/PBCH) Measurement Report UE-9 GNB-7 UE-9 GNB-7 N/A N/A
4369 N/A Control_Packet RRC_MIB GNB-7 Broadcast-0 GNB-7 UE-9 N/A N/A
4370 N/A Control_Packet RRC_MIB GNB-8 Broadcast-0 GNB-8 UE-9 N/A N/A
4371 N/A Control_Packet UE (SS/PBCH) Measurement Report UE-9 GNB-7 UE-9 GNB-7 N/A N/A .
4372 N/IA Control_Packet UE (SS/PBCH) Measurement Report UE-9 GNB-7 UE-9 GNB-7 N/A N/A
4373 N/A Control_Packet UE (SS/PBCH) Measurement Report UE-9 GNB-7 UE-9 GNB-7 N/A N/A
4374 N/A Control_Packet UE (SS/PBCH) Measurement Report UE-9 GNB-7 UE-9 GNB-7 N/A N/A
4375[N/A Control_Packet |HANDOVER_REQUEST GNB-7 GNB-8 GNB-7 SWITCH-6 N/A N/A
4376 N/A Control_Packet HANDOVER_REQUEST GNB-7 GNB-8 SWITCH-6 GNB-8 N/A N/A
4377 N/A Control_Packet HANDOVER_REQUEST_ACK GNB-8 GNB-7 GNB-8 SWITCH-6 N/A N/A
4378 N/A Control_Packet HANDOVER_REQUEST_ACK GNB-8 GNB-7 SWITCH-6 GNB-7 N/A N/A
4379 N/A Control_Packet HANDOVER_COMMAND GNB-7 UE-9 GNB-7 UE-9 N/A N/A
4380 0 Control_Packet PATH_SWITCH GNB-8 AMF-2 GNB-8 SWITCH-4 18501999
4381 0 Control_Packet PATH_SWITCH GNB-8 AMF-2 SWITCH-4 AMF-2 18501999
4382 0 Control_Packet MODIFY_BEARER_REQUEST AMF-2 SMF-1 AMF-2 SMF-1 18501999.36 1
4383 0 Control_Packet MODIFY_BEARER_RESPONSE SMF-1 AMF-2 SMF-1 AMF-2 18501999.51 1
4384 0 Control_Packet PATH_SWICTH_ACK AMF-2 GNB-8 AMF-2 SMF-1 18501999.67 1
4385 0 Control_Packet PATH_SWICTH_ACK AMF-2 GNB-8 AMF-2 SWITCH-4 18501999.67 1
4386 0 Control_Packet PATH_SWICTH_ACK AMF-2 GNB-8 SMF-1 AMF-2 18501999.67 1
4387 0 Control_Packet PATH_SWICTH_ACK AMF-2 GNB-8 SMF-1 UPF-3 18501999.67 10
4388 0 Control_Packet PATH_SWICTH_ACK AMF-2 GNB-8 SWITCH-4 GNB-8 18501999.67 1
4389 N/A Control_Packet UE_CONTEXT_RELEASE GNB-8 GNB-7 GNB-8 SWITCH-6 N/A N/A
4390 0 Control_Packet PATH_SWICTH_ACK AMF-2 GNB-8 AMF-2 SMF-1 18501999.67 1
4391 0 Control_Packet PATH_SWICTH_ACK AMF-2 GNB-8 UPF-3 ROUTER-11 18501999.67 10
4392 N/A Control_Packet UE_CONTEXT_RELEASE GNB-8 GNB-7 SWITCH-6 GNB-7 N/A N/A -
< > Packet Trace Pivot Table(Custom) + I 4 cE— »
Ready % Accessibility: Unavailable H O - ——4——+ 100%

Figure 4-67: Screenshot of NetSim packet trace file showing the control packets involved in handover.
Some columns have been hidden before the last column.

Plot of SNR vs. Time
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NetSim - Plots | LTENR Radio_Measurements_Log_SNR _vs_Time
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Figure 4-68: Plot of the DL SNR over time seen by the UE from the serving cell (¢gNB 7) and the target
cell (gNB 8). The handover process does not commence with Adj. cell SNR is greater than Serving cell
SNR but only commences with Adj. cell SNR is greater than Serving cell SNR by the Handover margin
(3 dB in this case).

This chart can be obtained in NetSim by enabling the option to plot SNR vs. time prior to the
simulation. First, plot the SNR curve for gNB7 and UE9 keeping the channel as SSB. Then
select “Add as new series” and select the gNB/eNB as gNB8 and UE name as UE9. Click on
plot, and you would then obtain the above “stacked” plot

e At 15.6 seconds, the signal-to-noise ratio (SNR) from both gNB7 and gNBS8 is 16.84 dB.
This is the point where the SNR, curves for both gNBs intersect.

e At 18.6 seconds, the SNR from gNB7 is 15.21 dB and the SNR from gNBS is 18.54 dB.
This is the point where Adj cell RSRP from gNB8 exceeds the serving cell RSRP by the
handover margin (HOM) of 3 dB.

4.13.4 Throughput and delay variation during handover

NetSim UI displays the configuration file corresponding to this experiment as shown below.
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App1_CBR

UE movement: UE moves to the right from gNB7 to gNB8

Full Buffer (Saturation) Traffic

Figure 4-69: Network set up for studying the Throughput and delay variation during handover.

Procedure for Effect of Handover on Delay and Throughput
The following set of procedures were done to generate this sample:

Step 1: A network scenario is designed in NetSim GUI consisting of 2 gNBs, 5G Core, 1 Router,
1 Wired Node and 1 UE in the “5G NR” Network Library.

Step 2: The device positions are set as per the table given below.

Table 4-62: Device positions

gNB7 gNB8 UE9

X Coordinate 500 4500 500
Y Coordinate 500 500 1000

Sep 3: Click on the gNB 7 and expand the right-hand side properties, and set as following

Table 4-63: gNB 7 > Interface(5G RAN) Properties Setting

Interface (5G RAN) Properties Value

CA Type Single Band
CA Configuration n78

CA Count 1
Component Carrier 1 Component Carrier 1
DL UL Ratio 4:1
Numerology 0

Channel Bandwidth (MHz) 10

PRB Count 52

PDSCH Configuration

MCS Table QAM64

X Overhead XOHO

PUSCH Configuration
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Interface (5G RAN) Properties Value

MCS Table QAM64

CSI Report Configuration

CQI Table Table 1
Channel Model

Pathloss Model 3GPP TR 38.901-7.4.1
Outdoor Scenario Urban Macro
LOS_NLOS Selection User Defined
LOS Probability 1

Shadow Fading Model None

Fast Fading Model No Fading
Additional Loss Model None

Similarly, it is set for gNB 8.

Step 4: The Tx Antenna Count was set to 2 and Rx Antenna Count was set to 1 in gNB >
Interface (5G RAN) > Physical Layer.

Step 5: The Tx Antenna Count was set to 1 and Rx Antenna Count was set to 2 in UE >
Interface (5G RAN) > Physical Layer.

Step 6: In the position properties of UE 9, set Mobility Model as File Based Mobility.
Step 7: The BER and propagation delay was set to zero in all the wired links.

Step 8: Configure application between server and UE by selecting an application from Set Traffic
Tab. Click on the application flow Appl CBR, expand the application property panel on the
right and set the start time to 1s, QOS to UGS and Inter arrival time to 233.6 us by keeping
the packet size as default.

Additionally, the “Start Time(s)” parameter is set to 1, while configuring the application.
File Based Mobility:

In File Based Mobility, users can write their own custom mobility models and define the move-
ment of the mobile users. Create a mobility.csv file for UE’s involved in mobility with each step
equal to 0.5 sec with distance 50 m.

The NetSim Mobility File (mobility.csv) format is as follows:

Table 4-64: mobility.csv file

#Time(s) Device ID X Y Z
0 9 500 1000 0O
0.5 9 750 1250 0
1 9 1000 1500 O
1.5 9 1250 1750 O
2 9 1500 2000 O
2.5 9 1750 2250 0
3 9 2000 2500 O
3.5 9 2250 2750 O
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#Time(s) Device ID X Y Z
4 9 2500 3000 0O
4.5 9 2750 2750 0
) 9 3250 2250 O
5.5 9 3500 2000 O
6 9 3750 1750 O
6.5 9 4000 1500 O
7 9 4250 1250 O
7.5 9 4500 500 0O

Step 9: The LTENR Radio measurement log file can be enabled per the information provided in
Section 3.20 of 5G technology library document and enable the Latency vs. Time and Through-
put vs. Time under application performance plots

Step 10: Run the Simulation for 20 Seconds.
Results and Discussion

UDP Throughput Plot

Time during which packets get

Application Throughput vs. Time
added to Source Node's buffer

Input traffic rate
55 \ i Throughput increases as buffer /

. & i packets are transmitting. The | .«
s0 ahadndt W i gNB is ftransmitting at its ful "

Lt — 5
; capacity.
45 ]
[ i
'

Throughput increases
as UE moves nearer

.§‘ to the source node
£35 [
g Throughput falls as the
230 W 4&———- UE moves away from
.‘E’ the source node
T2
20
15 ‘€—— Handover
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Input traffic rate — 50Mbps
H Peak Capacity — 6283Mbps
o
z &, 3 2, 2, Ty % Z5 rA o 7
% *, *, % % %, %, %, %, %

Time (us)

A Application Throughput (Mbps)

Figure 4-70: We see how throughput varies with time, and the reasons for this variation, as the UE
moves from the source gNB to the target gNB.

The application starts at 1s. The generation rate is 50 Mbps and we see the network is able
to handle this load, and the throughput is equal to the generation rate. We then observe that
the throughput starts dropping from 2.5s onwards because the UE is moving away from the
gNB. As it moves as the SNR falls, and therefore a lower MCS is chosen leading to reduced
throughput. At 3s there is a further drop in throughput and then a final dip at 3.9s. The time
the handover occurs is 5.04 sec. At this point we see the throughput starts increasing once UE
attaches to gNB8. The throughput for a short period of time is greater than 50 Mbps because
of the transmission of queued packets in the s-gNB buffer which get transferred to the t-gNB
buffer over the Xn interface.
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UDP Delay Plot
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Figure 4-71: Plot of Delay vs. Time

Since the application starts at 1s, the UDP plot begins at 1000 ms. The initial UDP delay
is &~ 1 ms, and hence the curve is seen as close to 0 on the Y axis. We then see that the
packet delay starts increasing as the UE moves away from the gNB. This is because the link
capacity drops as the CQI falls. The peak delay experienced shoots up to ~1.1s at x5.5s when
the handover occurs. Once the handover is complete the delay starts reducing and returns to
~ 1 ms. The reason is that as the UE moves closer to the gNB its CQI increases and hence the
5G link can transmit at a higher rate.

4.14 Impact of Handover margin and Time-To-Trigger on the performance
of a 5G heterogeneous network

In a 5G heterogeneous network we analyze how the handover margin and time-to-trigger pa-
rameters influence two performance metrics: the number of handovers and the sum throughput
(aggregate throughput of all UEs).

Open NetSim, Select Examples — 5G NR — Impact of Handover margin and Time-To-Trigger
on the performance of a 5G heterogeneous network, then click on the tile in the middle panel
to load the example as shown in below screenshot.
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Figure 4-72: List of scenarios for the example of a 5G heterogeneous network

The following network diagram illustrates what the NetSim UI displays while opening the

example configuration file.

BGRAN — ¢ w
BB i
3.5 GHz Omni Small | = 1| -
cell gNB I
15GHz Tri-Sector |
MacrogNB .
UE >
2.1 GHz Tri-Sector
Macro gNB

Figure 4-73: Network setup for studying 5G heterogeneous network.

System model

The study is based on a 3-tier 5G HetNet simulation. The network comprises gNB tiers at

1.5 GHz, 2.1 GHz, and 3.5 GHz.

Table 4-65: System parameters for the gNBs in the three different tiers

gNB tiers Frequency (GHz) Pathloss Exponent (-) Transmit Power ({Bm) Antenna Type  Antenna Height (m) Channel Bandwidth (MHz)
Tier 1 gNBs 1.5 2.9 37 Sector (3 Nos) 30 10
Tier 2 gNBs 2.1 2.9 37 Sector (3 Nos) 30 15
Tier 3 gNBs 3.5 3.9 30 Omni-Directional 20 50

Fach tier has a specific pathloss exponent influencing signal attenuation. The transmit power,
antenna types (sector and omni-directional), and antenna heights vary across tiers. The simu-
lation area is 10 km?, with 60 User equipments (UEs) distributed randomly and 18 tier-I gNBs,
18 tier-II gNBs, and 12 tier-III gNBs distributed randomly. The gNBs across tiers will not
interference since they operate at different frequencies.
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Simulation parameters include gNB and UE antenna configurations, pathloss models, interfer-
ence models, and mobility settings. Shadowing effects are modeled using a lognormal distribu-
tion with a standard deviation of 5 dB.

Table 4-66: System parameters for the scenario being simulated

Parameter

Value

Simulation Area

Number of UEs

Number of Tier 1 gNBs
Number of Tier 2 gNBs
Number of Tier 3 gNBs

gNB TxxRx Antenna Count
UE TxxRx Antenna Count
gNB Pathloss Model
Downlink Interference Model
Mobility Model

Velocity

Calculation (update) interval for mobility
Measurement Interval (ms)
Shadowing

Time to trigger (ms)
Handover Margin (dB)
Handover model

Simulation Time

Traffic model

10 km x 10 km

60 (distributed randomly
18 (distributed randomly
18 (distributed randomly
12 (distributed randomly
1x1

1x1

Log Distance

Exact Geometric Model
Random Walk

33 m/s

0.12 s (120 ms)

160

Lognormal. Std. dev. =5 dB
Varies; 128, 256, 512, 1024
Varies; 0, 1, 2, 3,4, 5, 6

A3 event based

30s

Saturated (full buffer) DL

~— — — —

The Time to Trigger (TTT) and Handover Margin (HO Margin) are variables in the study. An
A3 event-based handover model is used. An Event A3-based HO is triggered when,

e The SINR of a user from target gNB becomes higher than the SINR of the user from the
serving gNB by an offset. This offset is termed as handover margin.
e And this condition (C1) is maintained for a duration known as the time to trigger.

The model focuses on the interaction of these parameters and their effect on network perfor-
mance, measured in terms of handover count and sum throughput.

Procedure to simulate the scenario using Multiparameter Sweeper

e Click on the first experiment tile to open the scenario in NetSim. Save this scenario and
open the experiment in the file explorer and open Configuration.netsim in Visual Studios.
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Figure 4-74: Opening saved file location from ‘Your Work’” window.

e Within the Datalink Layer of all gNB, in HANDOVER tag replace the HANDOVER_MARGIN=“{1}"
and TIME_TO_TRIGGER=%“{0}"” representing an input variable for the multi-parameter
sweeper.

Solution]

Figure 4-75: input variables for Multi-Parameter Sweeper

Save the configuration file and rename it as input.xml.

Download the multi-parameter sweeper from the link https://github.com/NetSim-TETCOS /5g-
Heterogeneous-Networkv14.4/archive/refs /heads/main.zip

Paste input.xml and Config support folder into the 5g-Heterogeneous-Networkv14.3 folder.

Open the multi-parameter-sweeper.py file in text editor, change the NETSIM_PATH suit-
ably (line #14).
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Figure 4-76: Changing the NETSIM_PATH in multi-parameter-sweeper.py

e Run via CLI from 5g-Heterogeneous-Networkv14.3 folder as shown below.

soft Window

B CAWindows\System32icmd.exe

Figure 4-77: Running the multi-parameter sweeper via CLI

e The multi-parameter sweeper runs a total of 28 simulations, varying handover margin
from 0 to 6 dB and time to trigger from 128, 256, 512, 1024 for all gNB’s. It generates
an output file named “result.csv” which stores sum throughputs of all applications and
the handover count. (It took us approximately 4 hours to complete all 28 simulations; we
used a machine with a i5 processor and with 8 GB RAM).

Results and discussion

We tabulate below the handover count and sum throughput for various values of time to trigger
(ms) and Handover margin (dB) which is obtained in results.csv file in multiparameter sweeper

folder.

Table 4-67: Table demonstrates Sum Throughput and Handover Count variation with changes in Han-
dover Margin and Time to Trigger (TTT).

Time-to-trigger (ms)

Handover margin (dB)

Sum throughput (Mbps)

Handover count

128
128
128
128
128
128

Copyright TETCOS LLP

0

T W N =

215.79
225.67
213.57
203.35
219.49
212.31

388
398
417
296
254
197

Page 249 of 262



NetSim — 5G NR Ver 15.0

(continued)

Time-to-trigger (ms) Handover margin (dB) Sum throughput (Mbps) Handover count

128 6 215.51 213
256 0 215.13 226
256 1 205.74 199
256 2 212.15 164
256 3 207.26 140
256 4 210.16 101
256 5) 215.91 94
256 6 216.96 86
512 0 210.15 67
512 1 215.89 76
512 2 219.47 44
512 3 207.39 38
512 4 216.99 31
512 5 213.75 21
512 6 208.79 20
1024 0 217.39 23
1024 1 204.60 21
1024 2 207.97 18
1024 3 212.28 14
1024 4 213.46 15
1024 5 200.06 11
1024 6 200.10 8

Handover Count

Handover Margin

Figure 4-78: Plot representing Handover Count vs Handover Margin for different TTTs.

It is evident from the plot that the handover count decreases as the handover margin increases.
This trend is consistent across different TTT values, suggesting that a higher handover margin
generally results in fewer handovers. The rationale behind this trend is that increased handover
margin leads to more stringent conditions for handover and thereby reduces the frequency of
handover occurrences.

We also observe that the handover count decreases as TTT increases. Shorter TTT values lead
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to quicker responses to signal changes, resulting in more frequent handovers, while longer TTT
values delay the handover process, thereby reducing the handover count. The plot highlights
the effects of both the handover margin and the TTT on handover count.

300

2504

2001

150

Sum Throughput (Mbps)

100 4

0 1 2 3 4 5 6
Handover Margin

Figure 4-79: Plot representing Sum Throughput vs Handover Margin for Different TTTs

In the second chart we see that sum throughput generally rises and then falls with the increasing
handover margin. For each handover margin we see the throughput again roughly increases
and then drops as TTT increases. Initially, with a higher handover margin and/or higher TTT
unnecessary and frequent handovers between cells are avoided. This leads to better throughput,
but only to a certain extent. Beyond a point, a high handover margin and/or high TTT causes
delayed handovers. Users stay connected to a weaker cell longer, despite being closer to a
stronger cell, leading to poorer signal quality and thus lowering throughput.

4.15 QoS in 5G using GBR
4.15.1 Introduction

This experiment explores a new approach to providing Quality of Service (QoS) guarantees
in 5G networks by modifying the traditional Proportional Fair Scheduling (PFS) algorithm.
The study focuses on implementing Guaranteed Bit Rate (GBR) requirements using index
bias (Lagrange multiplier) in the scheduler, and understanding how this modification impacts
network performance under various scenarios.

The experiment investigates three cases: First, a baseline scenario using standard PFS where
all User Equipment (UEs) are static but at different distances from the gNB (base station).
Second, the same setup but with the modified PFS algorithm incorporating GBR guarantees
for one UE. Finally, the study examines how the GBR mechanism performs when one UE is
mobile. In all cases, we simulate Rayleigh fading channels between the gNB and UEs, creating
dynamic channel conditions that reflect real-world wireless propagation.

Through these scenarios, the experiment demonstrates how the scheduler dynamically adjusts
resource allocation to maintain throughput guarantees for specific UEs, at the expense of re-
ducing resources to other users. The study is particularly useful for understanding how modern
5G networks can provide differentiated services and maintain quality guarantees in real-world
conditions, where users may be at varying distances from the base station and potentially
mobile.
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Open NetSim and click on Examples > 5G NR > QoS in 5G using GBR then click on the tile
in the middle panel to load the example as shown below
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This example explores improving Quality of Service (QoS) in 5G using the
Proportional Fair scheduling algorithm with Rate Guarantee. It analyzes its impact on
UDP download throughput in a multi-user (UE) system, considering UEs at varying
distances from the gNB.

PFS with RG using Guaranteed Bit Rate
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Figure 4-80: List scenarios for the example of a QoS in 5G using GBR network

4.15.3 Case 1: Proportional Fair Scheduling (PFS). All UEs are static

NetSim UI displays the configuration file corresponding to this experiment as shown below

0 1000

12000

vz

L_UDP Saturation_2

Figure 4-81: Network scenario

e Set grid length as 6000 m and width as 12000 m from grid property panel on the right.

e Set distance as follows:

1500 m
2000 m,
2500 m

— gNB 9 to UE 10
— gNB 9 to UE 11
— gNB 9 to UE 12

and

e Go to gNB properties — Interface (5G RAN), set the following properties as shown below
Table. In the first case the scheduling type is set to PFS.
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Table 4-68: gNB > Interface (5G RAN) > Datalink and Physical layer properties

Properties

Value

Datalink Layer Properties

Scheduling Type

PFS, PFS with RG

Physical Layer Properties

CA Type Single band
CA Configuration n78

CA1

Numerology 1

Channel Bandwidth 100 MHz

Channel Model

Pathloss Model
Outdoor Scenario

LOS NLOS

LOS Probability
Shadow Fading Model

Fast Fading

3GPP TR 38.901-7.4.1
Urban Macro

Selection  User defined
1
None

Model No fading

e Set Tx Antenna Count as 1 and Rx Antenna Count as 1 in gNB properties.

e Set Tx Antenna Count as 1 and Rx Antenna Count as 1 in all the UEs.

e Go to the Set Traffic tab in the top ribbon and create a CBR application as shown in the
table below. To change the transport protocol, QoS, and IAT click on the application and
change the properties in the right-side property panel.

Table 4-69: Application properties

Application Properties

Application 1 Application 2 Application 3

Application Type
Source ID
Destination ID
QoS

Transport Protocol
Packet Size
Inter-arrival time
Start Time

CBR CBR CBR

8 8 8

10 11 12

UGS UGS UGS

UDP uDP UDP

1460 Bytes 1460 Bytes 1460 Bytes
58.4 us 58.4 us 58.4 us

1s 1s 1s

e Make sure you enable these two plots under plots section as shown in figure
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Figure 4-82: FEnabling the plots

¢ Run Simulation for 100 s and note down throughput value in the results window for each
UE.

e Here, we can see the resulting plots of the case:

4.15.4

8

EWMA MAC Throughput vs. Time

e S e e T e

EWMA MAC Throughput (Mbps)
2 ¥ 8 &8 ¥ 3 & g

o

1.001e+3

Case 2:
static.

11.001e+3 21.001e+3 31.001e+3 41.001e+3 51.001e+3 61.001e+3 T1.001e+3 81.001e+3 91.001e+3 99.94%e+3
Time (ms)

AUE-1 *UE-2 *#UE-3

Figure 4-83: FWMA MAC Throughput vs Time

PFS with RG using Guaranteed Bit Rate (GBR). All UEs are

e Now, for the same scenario above we just need to disable the GBR Configuration.

e For doing that we need to change the Scheduling algorithm from Proportional Fair to PFS
with RG as shown below.
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Figure 4-84: Changing the Scheduling Algorithm
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e Then, Configure GBR UEs via GUI as shown below. Change the Downlink of UE12 to
27.57 Mbps and click on update.
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Figure 4-85: Adding GBR DL to

e Now, run the scenario for 100 s.
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e Now plot the values using plots section in Results dashboard.
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Figure 4-86: EWMA MAC Throughput vs Time
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Figure 4-87: Index Bias vs Time

4.15.5 Case 3: PFS with RG using GBR. One of the UE’s is mobile.

e In this case we are working with GBR again.

e Now we need to add Mobility for UE-12, click on UE-12 then select Position — Mobility
Model — File Based Mobility — via File.
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Figure 4-88: Adding file-based mobility to UE

e Now add Mobility as shown below:
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Figure 4-89: Mobility.csv file
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keep adding up to 100 s then save the file.

e Now, run the simulation for 100 s.

The plots are obtained from results dashboard:
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So, we can see a lot of spike variations in plots due to mobility in UE 3.

EWMA MAC Throughput vs. Time

o
-

©
-

~
=)

3

u
o

8

w
-

N
-

EWMA MAC Throughput (Mbps)

]

i S e e

o R e Y e Y e [N e [ e Y e [ e [ e Y e R e

Ver 15.0

In this way, you can add mobility by increasing 10 m of distance in the interval of 1 s and
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Figure 4-90: EWMA MAC Throughput vs Time
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Figure 4-91: Index Bias vs Time

4.15.6 Obtaining the EWMA MAC Throughput and Resource share

Now, let’s see the MAC Throughputs, to obtain them follow the steps:

e Select the Logs section in Result Metrics, then click on LTENR Radio Resource Alloca-
tion.csv log file as shown below.

Simulation Results

X wm

View Network Export Results

7 Application Metrics 7 0 e 0 0 0 0 1710 o 1710
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Figure 4-92: Results dashboard window

e After the log file is loaded into the excel sheet, select on the pivot table section below and
select the checkboxes of UE ID and EWMA MAC throughput on the right side.

e Now drag the UE ID to the rows and EWMA MAC throughput to the values of the table
and change the values from sum to average by right clicking on that column head as shown
below.
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Figure 4-93: Average of EWMAC Throughput

e Now in the sheet table, you can see the MAC Throughput values of respective UEs to the
right side of them under the ‘Total’ named column.

e In this way, you can obtain the MAC Throughput values of 3 UEs in all the three cases
using the LTENR Radio Resource Allocation.csv log file.

e The values obtained from all the cases are tabulated in Results.
Now, to obtain Allocated PRBs percentage:

e Follow step 1, and then instead of adding EWMA MAC Throughput add Allocated PRBs
to Values section.

e Now, right click on the values and select ‘show values as’ section then select ‘% of Grand
Total” and click on OK as shown below.

L Sum of Allocated PRBs PivotTable Fields
) UE 1D

Velue Field Settings

Source Name: Allocated PRES

Custom Name: | Sum of Allocated PRBs

Summarize Values By [ Show Values As

Show values as

Slot End Time(ms)

9% of Grand Total
a5 Allocated PRBs

Figure 4-94: Obtaining Resource Utilization

e On the left side table, you can see the values.

e The values obtained from all the cases are tabulated in Results.

4.15.7 Results and Discussion

Let’s analyze the Application Throughputs and MAC Throughputs obtained by 3 UEs in results
dashboards in all the three different cases discussed above:
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Table 4-70: Application Throughputs
Case # Description UE1l (Mbps) UE2 (Mbps) UE3 (Mbps)
1 Proportional Fair Scheduling (PFS).  64.65 37.22 19.59
All UEs static.
2 PFS with RG using Guaranteed Bit 61.26 35.27 21.64
Rate (GBR). All UEs static.
3 PFS with RG using GBR. UE 3 is 33.23 19.13 20.83
mobile.
Table 4-71: MAC Throughputs
Case # Description UE1l (Mbps) UE2 (Mbps) UE3 (Mbps)
1 Proportional Fair Scheduling (PFS).  82.34 47.40 24.59
All UEs static.
2 PFS with RG using GBR. All UEs 78.03 44.92 27.56
static.
3 PFS with RG using GBR. UE 3 is 42.34 24.38 26.53
mobile.
Table 4-72: Resource allocation
Case # Description UE1l (%) UE2 (%) UE3 (%)
1 Proportional Fair Scheduling (PFS).  33.33 33.33 33.33
All UEs static.
2 PFS with RG using GBR. All UEs 31.59 31.59 36.83
static.
3 PFS with RG using GBR. UE 3 is 17.14 17.14 65.73
mobile.

Case-1: Proportional Fair (PF) Algorithm

e Under standard PFS, the algorithm distributes Physical Resource Blocks (PRBs) uni-
formly among the three UEs, with each receiving approximately 33.33% of the resources.

This results in decreasing throughputs as distance from the gNB increases — UE1 achieves
64.65 Mbps, UE2 gets 37.22 Mbps, and UE3 receives 19.59 Mbps at the application layer.

Case-2: GBR with Static UEs

e When GBR is enabled for UE3 with a target rate of 27.57 Mbps, we observe the index
bias mechanism actively working to guarantee this rate. The scheduler increases the bias
factor for UE3, resulting in its PRB allocation increasing from 33.33% to 36.83%.

e This resource reallocation successfully raises UE3’s throughput from 19.59 Mbps to 21.64 Mbps
at the application layer, achieving the target MAC layer throughput of 27.56 Mbps.

e However, this comes at the cost of reduced resources for other UEs — UE1’s through-
put drops from 64.65 Mbps to 61.26 Mbps, and UE2’s decreases from 37.22 Mbps to

35.27 Mbps.
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Case-3: GBR with Mobile UE

e As UE3 begins moving away from the gNB, we observe a complex interplay between
distance, channel conditions, and the index bias mechanism.

e Initially, as UE3’s throughput starts dropping due to increased distance, the index bias
increases to compensate, pulling more resources from UE1 and UE2. Their throughputs
drop significantly — UEL1 falls to 33.23 Mbps and UE2 to 19.13 Mbps.

e As UE3 moves even further away, the scheduler dramatically increases the index bias in
an attempt to maintain the GBR. This results in UE3 being allocated nearly 65.73% of
all PRBs, leaving only about 17.14% each for UE1 and UE2.

e Despite this extreme resource reallocation, UE3’s throughput still falls to 20.83 Mbps,
unable to meet the GBR target due to poor channel conditions at the increased distance.
Meanwhile, the throughputs of UE1 and UE2 are severely impacted due to their minimal
resource allocation.

This behavior demonstrates both the power and limitations of the index bias mechanism in GBR
implementation — while it can effectively guarantee bit rates under most conditions by redis-
tributing resources, there are physical limitations that cannot be overcome simply by increasing
resource allocation when channel conditions become too poor.

5 Omitted Features

e The omitted features in the PHY layer are mentioned in 3.9.1.
e Wireshark packet capture for 5G MAC
e Broadcast transmissions

e Implementation of ROHC (rfc 5795) for header compression and decompression of IP data
flow

e Application

— Different resource type and priority levels for applications
¢ RRC

— Modification and release of RRC connection
e PDCP

— ciphering and deciphering
— integrity protection
— for split bearers, routing

e MAC

— Random access procedure
— PCH
— BCH
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— DRx

— S-cells

— BWP operation

— SUL operation

— Beam failure detection
MAC CE

— RNTI

— MAC header

e Miscellaneous

— In-sequence delivery of upper layer PDUs at re-establishment of lower layers

— Duplicate elimination of lower layer SDUs at re-establishment of lower layers for
radio bearers mapped on RLC AM.

— Timer based discard and Duplicate discarding.
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