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Performance Analysis of Wireless Ad Hoc Networks using NetSim  

Introduction 

Wireless ad hoc networks comprise fixed or mobile devices, each equipped with a wireless transceiver, 
distributed over a region. Wireless links can form between pairs of such nodes, thereby creating multi-
hop communication paths. Since new links can be created and existing links broken, as and when 
necessary, typically without any centralised coordination, such networks are called “ad hoc” wireless 
networks, to distinguish them from fixed wireless networks (e.g., digital microwave networks) or wireless 
access networks (e.g., WiFi or cellular networks). Examples of applications of ad hoc wireless networks 
are: emergency networks for situations in which the communication infrastructure has been rendered 
inoperable, and networks for coordination and communication between mobile entities such as drone 
and robot swarms. 
 

 
Fig 1: An example ad hoc network. Dashed lines represent wireless links between nodes (see text for an 

discussion of this notion of “links” in the ad hoc network).  

Let us consider the ad hoc wireless network that is schematically depicted in Figure…..There are 8 
nodes, assumed to be located in a 2-dimensional region. Each node is equipped with a radio 
transceiver, and all radios operate in the same band, using the same channel, and the same digital 
communication scheme. Let us note some features of this depiction: 

1. Some “links” are shown between pairs of nodes; thus, for example, the diagram suggests that 
Node 1 can communicate with Node 6 via Node 5. Due to the need for simplicity in such 
networks, it is generally assumed that all nodes have omnidirectional antennas. Then, even 
though only a few links are shown in the diagram, in principle, any node can have a link with 
any other node. The existence of links, however, is governed by the radio propagation over the 
terrain on which the nodes are located, and the existence of radio obstacles. Thus, in Figure…., 
no link is shown between Node 1 and Node 2 perhaps because there is an obstacle (e.g., a tall 
building) between them; and there is no link between Node 1 and many other nodes because 
the distance and terrain between them is such that the coding and modulation scheme being 
used cannot be decoded. Further, a link in Figure … also denotes a physical association 
between the two nodes; i.e., each node has a record of the other node being its “neighbour.”  

2. The links that are shown only indicate that, when all other nodes are quiet, the pair of nodes at 
the ends of that link can communicate. Each link can have associated with it a bit error rate 
(BER) or packet error rate (PER), for a given packet length. Where a link is not shown, it means 
that under no circumstances can that pair of nodes communicate directly. 
 

Given such an ad hoc network, the next matters to be discussed are: 
 

• Scheduling over the links 

• Network performance and capacity 
 
Scheduling: Ad hoc network implementations are frequently based on WiFi transceiver hardware, due 
to its easy and inexpensive availability. In this chapter we will use NetSim to evaluate several ad hoc 
network examples, where all communication links are based on the IEEE 802.11g WiFi standard. Thus, 
for our purposes here, the transmissions will be scheduled as a result of the IEEE 802.11g MAC 
protocol.  
 
Network Performance: The performance of a general ad hoc network, in which the transmissions are 
scheduled with the IEEE 802.11 DCF mechanism, is difficult to analytically characterise. Some 
guidance on the throughput capacity can be obtained from the general theory of throughput capacity of 
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wireless networks (see, for example, Chapter 8 of [1]). In this document, we will study the performance 
of some wireless ad hoc networks that use the IEEE 802.11g mechanism, by using NetSim. 
 
We use NetSim to explore four ad hoc network scenarios: 

1. Case 1: The network is a collection of single-hop networks that interact in different ways. In the 

simplest subcase we have just one transmitter receiver pair. Then we study two transmitter 

receiver pairs by varying the distance between them. Finally, we have three transmitter receiver 

pairs placed so that two of them cannot “see” each other, but there is one pair, placed in 

between, that can see both. The transmitters are assumed to be backlogged, and the objective 

is to obtain the throughput from each transmitter to its receiver. 

2. Case 2: The network has transceivers placed, equally spaced, along a line. Denoting the node 

indices by 1, 2, ⋯ , 𝑁, Node 𝑖 and 𝑖 + 2  are within carrier-sense range. Except for the edge 

nodes, every node is a receiver of transmissions from the immediate upstream node and 

transmitter to the immediate downstream node. Every transmitter is backlogged. The objective 

is to study the average of the single hop throughputs achievable in such a network, as the 

number of nodes increases.  

3. Case 3: The network has transceivers placed at the points of uniform lattice, thus forming a 

chain single hops networks (as in Case 2) for each row and column of the lattice. Denoting the 

nodes by (𝑖, 𝑗), 1 ≤ 𝑖 ≤ 𝑁, 1 ≤ 𝑗 ≤ 𝑁, Node (𝑖, 𝑗) is in carrier sense range of all nodes within the 

distance 2 𝑑, where 𝑑 is the distance between neighbouring pairs of nodes (in either direction). 

All transmitters are are backlogged. The objective is to study the average throughput achievable 

over all the single hop flows in the network. 

4. Case 4: This is Case 2, except that the flow is end-to-end, i.e., a packet transmitted by the “left-

most” transmitter is destined for the “right-most” receiver, using the other transceivers as relays. 

The objective is to study the network behaviour of this multi-hop flow as the network transitions 

from below saturation to fully saturation capacity.   

MCS Table for 802.11 g  

Index Rx Power (dBm) SINR 𝐈𝐓𝐡 Modulation Code Rate Bit Rate 

1 -82 2 -84 BPSK 1/2 6 Mbps 

2 -81 4 -85 BPSK 3/4 9 Mbps 

3 -79 5 -84 QPSK 1/2 12 Mbps 

4 -77 9 -86 QPSK 3/4 18 Mbps 

5 -74 11 -85 16 QAM 1/2 24 Mbps 

6 -70 15 -85 16 QAM 3/4 36 Mbps 

7 -66 18 -84 64 QAM 2/3 48 Mbps 

8 -65 20 -85 64 QAM 3/4 54 Mbps 

Table 1: 802.11g bit rates for different modulation schemes, and the minimum received signal power and SINR 
required for achieving each bit rate. 

Transmission range, carrier sense range, and interference range 
 
1. The radio propagation model is the log-distance model whereby, if a transmitter transmits at power 

𝑃𝑇 to a receiver at distance 𝐷 (meters) (where it is assumed that 𝐷 > 1), then the received power 
is given by: 
 

𝑃𝑅 =  𝑃𝑇 − 40.09 − 10 × 𝜂 ×  log10(𝐷) 
 

The 40.09 dB loss is at the distance of 1 meter, and this value holds for the 2.4 GHz band. In a 3-

dimensional model we have 𝜂 > 2; a typical value being 𝜂 = 2.6, which we use in the NetSim 
simulations below. Thus, for example, a transmit power of 100 mW, i.e., 20 dBm, will drop to 

−20 dBm, or 10−2mW, at the distance of 1 meter, and to −46 dBm at the distance of 10 m. 
 

2. Transmission Range: For these cases, we arbitrarily choose to transmit at a PHY rate of 24 Mbps, 
which, as per Table 1, requires a received signal power in the range [−74, −70) dBm, where 
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−70 dBm is not included in the range as that would permit the link to operate at 36 Mbps.  Thus, 
using the propagation model above, for the transmit power 𝑃𝑇 = 20 dBm, for the link to operate at 

24 Mbps, the source to destination distance, 𝐷, would need to satisfy the following inequalities: 
 

−70 >  20 − 40.09 − 26 × lo g10  (𝐷) ≥  −74, 
 

This inequality leads to 83.1 𝑚 <  𝑑 <  118.4 𝑚. We choose 𝑑 = 100𝑚 
 

3. Interference Range: Even though the received signal strength is above the value shown in Table 
1 the corresponding PHY rate may not be decodable at a receiver if the received signal power is 
not sufficiently large as compared to the sum of the receiver noise, and the cochannel interference 
from simultaneous transmissions, i.e., unless the SINR is large enough. We have considered a 20 

MHz communication channel, for which the receiver noise is taken to be −100 dBm. As for 
interference, NetSim, at present, uses a conservative model. With reference to Table …, for each 
PHY rate, if we subtract the signal to interference ratio from the minimum received signal strength 
(e.g., for 24 Mbps, −74 − 11 =  −87 dBm), we obtain a value below which the interference power 
will still permit decoding of that modulation and coding scheme. By doing this, we see that if the 
interference power is below −86 dBm, then any of the 8 PHY rates can be decoded, provided the 
received signal strength is above the corresponding minimum shown in Table …. Note that this 
assertion uses the fact that the noise power is negligible as compared to the interference power.  
NetSim adopts this approach in the current release, i.e., if the receiver sensitivity is in the desired 
range for an MCS, and the interference is below 𝐼𝑡ℎ then the packet is decoded, else the packet is 
declared as failed. This approach is conservative since a higher received signal strength can permit 
a PHY to be decoded (i.e., permit the required SNIR) even if the interference was larger than −87  
dBm. For example, the 24 Mbps PHY can be decoded at the received power of −71 dBm, provided 

there is the signal to interference ratio of 11 dB; this requires the interference to be below −82 dBm, 
which is 5 dB above the interference limit that NetSim imposes, i.e., −87  dBm. Thus, for the 
examples below, let us calculate the distance from a receiver to a single interferer 

 
20 − 40.09 − 26 × log(𝐷) ≥  −87,  leads to 𝐷 < 374.5 𝑚 

 
4. Carrier Sense Range: In the examples below, we consider the Carrier Sense (CS) Threshold = 

−90  dBm. Notice, in the diagram below, if Node 3 transmits to Node 2 even at the lowest PHY rate, 

and the received power at Node 2 is the lowest possible, i.e., −82 dBm, the power received at Node 

1 will be −82 − 10 × 𝜂 × log 2 = − 89.83 dBm >  −90 dBm; hence, the Carrier Sense at Node 1 will 
be triggered, preventing Node 1 from attempting to transmit while Node 2 is receiving from Node 1. 
We note here that there is still a small probability of Node 1 and Node 3 attempting together, within 
small “vulnerable” period, in which case a collision occurs; carrier sense cannot avoid such 
vulnerable period collisions. The distance at which a node transmitting at 100 mW will cause Carrier 
Sense to be triggered at another node can then be computed as follows. 
 

20 − 40.09 − 26 × 𝑙𝑜𝑔10(𝐷) ≥  −90, which means 𝐷 < 490 𝑚 
 

 

Fig 2: Adhoc network scenario showing a transmitter node and the Interference, Transmission and Carrier Sense 
Ranges 

 

We now turn to the NetSim simulation results from the four experiments outlined above. 
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Case 1: Single Link Networks: Proximity and Spatial Reuse 

Network Layout 

 

Fig 3: Schematic of network layout. T is transmission range and CS is carrier sense range. The sources of traffic 
are N1, N3 and N5 with destinations N2, N4 and N6 respectively. Source to destination distance is 100m. Source 
to source distance shown is 490m and is varied as explained in Table 6. Source Destination transmissions are at 

a PHY rate of 24Mbps. 

Network Configuration for the 6 cases 

802.11 Parameters 

Standard  IEEE802.11g 

Operating Frequency  2.4GHz 

Rate Adaptation  False 

Dot11_RTS Threshold 3000bytes 

Frequency Band 2.4GHz 

Bandwidth 20MHz 

Transmitter Power 100mW 

Medium Access Control DCF 

Table 2: Values set for different parameters in 
simulation 

 

Wireless Link Parameters 

Channel 
Characteristics  

Path Loss Only 

Path Loss Model  Log Distance 

Pathloss Exponent 
(η) 

2.6 

Simulation Duration 

Simulation Time  10 seconds 

Table 3: Wireless Link parameter and Simulation 
time 

 

Application Parameters 

Application Type CBR 

Source ID Node_1, 3 and 5 

Destination ID Node_2, 4 and 6 

Packet Size  1460 bytes 

Packet Size 
Distribution 

Constant 

Inter-Arrival Time  
467.2 microseconds  
(25 Mbps Application 
Rate. Saturated queues) 

Transport Protocol UDP 

Table 4: Application properties set in this 
experiment 

 

Protocol Parameters Value 

CS Threshold  -85 dBm 

SIFS 10 𝜇𝑠 

Slot Time 9 𝜇𝑠 

DIFS (SIFS + 𝟐 ×Slot Time) 28 𝜇𝑠 

Preamble Time 20 𝜇𝑠 

MPDU Size  1528 B 

Table 5: 802.11 g protocol parameters. These 
values are set in the code  
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Case # Description Node 1 Node 2 Node 3 Node 4  Node 5 Node 6 

Case 1 a 
2 Nodes: N1, N2.  
Src-Dest separation 100m 

(50,150) (50,50) - - - - 

Case 1 b 

4 Nodes: N1, N2, N3, N4 
Src-Dest separation 100m 
Src-Src separation 485m 

(50,150) (50,50) (535,150) (535,50) - - 

Case 1 c 

4 Nodes: N1, N2, N3, N4 
Src-Dest separation 100m 
Src-Src separation 490m 

(50,150) (50,50) (540,150) (540,50) - - 

Case 1 d 

6 Nodes: N1, N2, N3, N4, N5, N6 
Src-Dest separation 100m 
Src-Src separation 485m 

(50,150) (50,50) (535,150) (535,50) (1020,150) (1020,50) 

Case 1 e 

6 Nodes: N1, N2, N3, N4, N5, N6 
Src-Dest separation 100m 
Src-Src separation 550m 

(50,150) (50,50) (600,150) (600,50) (1150,150) (1150,50) 

Case 1 f 

6 Nodes: N1, N2, N3, N4, N5, N6 
Src-Dest separation 100m 
Src-Src separation 646m 

(50,150) (50,50) (696,150) (696,50) (1342,150) (1342,50) 

Table 6: Description of the 5 cases under study and the device X, Y co-ordinates in each case 

 
Carrier sense blocking and PHY rate for the different cases 
 
The following section provides the numerical calculations for determining the carrier-sense blocking 
between the transmitting nodes. Also computed is the PHY rate between the source destination pairs.  
 
Case 1a:  Distance between N1 and N2, 𝑑′ = 100𝑚. Power at N2 from N1 whose transmit power is 100 
mW, i.e., 20 dBm.   
 

𝑃𝑁2𝑁1 = 10 log10(100) − 40.09 − 10 × 2.6 × log10(100) =  −72.09 𝑑𝐵𝑚 
 
From the MCS Table, we see that the Phy Rate is 24 Mbps for Rx Power -72.09 dBm1.  
 
Case 1b:  Distance between N1 and N3, 𝑑 = 485𝑚 and 𝜂 = 2.6. Power at N3 from N1 
 

𝑃𝑁3
𝑁1 = 10 log10(100) − 40.09 − 26 log10(485) =  −89.92 𝑑𝐵𝑚 

 
Since −89.91 ≥  −90, the carrier-sense threshold, N3 is in CS range of N1. This means N1 will block 
N3 if N1 transmits and N3 will block N1 if N3 transmits.             
 
Case 1c: Distance between N1 and N3, 𝑑 = 490𝑚 and 𝜂 = 2.6. Power at N3 from N1 

𝑃𝑁3
𝑁1 = 10 log10(100) − 40.09 − 26 log10(490) =  −90.03 𝑑𝐵𝑚 

 
Since −90.03 ≤  −90, N3 is beyond CS range of N1. 
 
Case 1d: Distance between N1 and N3, N3 and N5, 𝐷′ = 485𝑚. Power at N3 from N1 
 

𝑃𝑁3
𝑁1 = 𝑃𝑁3

𝑁5 =  10 log10(100) − 40.09 − 26 log10(485) = −89.92𝑑𝐵𝑚 
 

𝑃𝑁3
𝑁1𝑁5 = 𝑃𝑁3

𝑁1 + 𝑃𝑁3
𝑁5 =  −86.9 𝑑𝐵𝑚 

 
Case 1e: Distance between N1 and N3, N3 and N5, 𝐷′′ = 550𝑚 
 

𝑃𝑁3
𝑁1 = 𝑃𝑁3

𝑁5 = 10 log10(100) − 40.09 − 26 log10(550) = −91.34 𝑑𝐵𝑚 
 

𝑃𝑁3
𝑁1𝑁5 = 𝑃𝑁3

𝑁1 + 𝑃𝑁3
𝑁5 =  −88.33 𝑑𝐵𝑚 

 

 
1 This PHY Rate is applicable for all cases since the distance between all pairs of sources and destinations is fixed 

at 100m.  
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Therefore, there is CS blocking at N3 even if N1 and N5 transmit simultaneously. However there is no 
bocking if either N1 or N5 alone transmit.  
 
Case 1f: Distance between N1 and N3, N3 and N5, 𝐷′′ = 646𝑚 
 

𝑃𝑁3
𝑁1 = 𝑃𝑁3

𝑁5 =  10 log10(100) − 40.09 − 26 log10(646) = −93.15 𝑑𝐵𝑚 
 

𝑃𝑁3
𝑁1𝑁5 = 𝑃𝑁3

𝑁1 + 𝑃𝑁3
𝑁5 =  −90.14 𝑑𝐵𝑚 

 
Therefore, there is no blocking at N3 even if N1 and N5 transmit simultaneously. 
 
A tabulated summary of these calculations above is provided below.  
 

Case #. (N1 N3 and  

N3 N5 separation) 

Rx Power at N2, N4, 

N6 from N1, N3, N5 

resp.  

Rx Power at N3 

due to just N1 (or 

N5) 

Rx power at N3 

from N1 plus N5 

Case 1-a. 2 Nodes -72.09 dBm - - 

Case 1-b (485m). 4 Nodes -72.09 dBm -89.92 - 

Case 1-c (490m). 4 Nodes -72.09 dBm -90.03 - 

Case 1-d (485m). 6 Nodes -72.09 dBm -89.92 -86.9 

Case 1-e (550m). 6 Nodes -72.09 dBm -91.34 -88.33 

Case 1-f (646m). 6 Nodes -72.09 dBm -93.15 -90.14 

Table 7: Summary of Rx power for the different cases. CS Threshold is -90 dBm. The numbers below -90 are 
underlined. 

Results and discussion 

Case 1-#. (N1-N3 
and N3-N5 
separation) 

Throughput 
(Mbps).  

N1 to N2  

Throughput 
(Mbps) 

N3 to N4 

Throughput 
(Mbps) 

N5 to N6 
Comment 

Case 1-a. 2N 17.41 - - 
This is the zero-contention throughput on the 
24Mbps PHY; about 72% of the raw PHY rate 

Case 1-b (485m). 4N 9.57 9.58 - 
The two subnetworks N1-N2 and N3-N4 are 

within CS range which prevents simultaneous 
transmissions over these two “links” 

Case 1-c (490m). 4N 17.41 17.42 - 
N1-N2 and N3-N4 are now far enough apart 
that they can operate independently 

Case 1-d (485m). 6N 15.49 2.43 15.48 

This is the “link in the middle” problem. N3 is 
in the CS range of N1 or N5, whereas there is 

no blocking between N1 and N5; thus, the 
N3-N4 link is frequently blocked by the other 

two 

Case 1-e (550m). 6N 17.41 13.22 17.41 
N3 is blocked when both N1 and N5 transmit, 

but not when either one transmits 

Case 1-f (646m). 6N 17.41 17.42 17.41 Spatial reuse. 3 parallel streams 

Table 8: NetSim results. 802.11g (PHY Rate 24 Mbps) UDP throughput (Mbps) for different cases. Most striking 
is the comparison between 1c and 1d. A remarkable change in throughput for a small change in distance. 

1. Case #1a: 
a. N1 to N2. With N1 backlogged, 17.41 Mbps is the maximum possible UDP throughput 

with 802.11g when the PHY rate is 24 Mbps. The almost 28% difference between the 
PHY rate and the UDP throughput is due to the large overheads in the MAC and PHY 
of the IEEE 802.11 protocols. 

2. Case #1b: 
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a. N1 to N2 and N3 to N4. N1 and N3 are in CS range of each other. When N1 transmits 
N3 is blocked and when N3 transmits N1 is blocked. Hence, the throughputs are equal 
and slightly more than half the throughput of a single transmitter-receiver pair. The 
slightly larger total throughput, as compared to Case 1a, is due to two nodes having a 
slightly larger total attempt rate, and therefore, less wasted time until an attempt is 
made. 

3. Case #1c: 
a. N1 to N2 and N3 to N4. Since the transmitters are farther apart than minimum distance 

for carrier-sense to be triggered, the two transmitter-receiver pairs will act 
independently. There is perfect spatial reuse, and parallel transmissions occur; each 
transmission attains 17.41 Mbps throughput. 

4. Case #1d:  
a. The power received at N1 (and N5) due to N3 is above the CS Threshold. Therefore, 

N1 and N5 see CS blocking whenever N3 is transmitting. This leads to lower (15.50 
Mbps) throughputs for N1 and N5 

b. Node N3, however, does not get many opportunities to transmit, due to asynchronous 
blocking from N1 and N5. This is also known as an the “link in the middle” problem. 

5. Case #1e: 
a. This is a special case where N1, N3 and N5 do not affect each other individually. 

However, power level at N3, when both N1 and N5 transmit, is above CS threshold; 
the channel at N3 is blocked when N1 and N5 simultaneously transmit. This leads to a 
lower throughput for N3 to N4 application. The drop in throughput is not as much as in 
Case #1d, since simultaneous operation of N1-N2 and N5-N6 does not happen with a 
high probability. 

b. Power level N1 (and N5) from N3 is below CS threshold. Hence N1 and N5 see full 
(17.41 Mbps) throughput 

6. Case #1f: 
a. The distance N1 – N3 and N3 – N5 is increased to 646. At this distance the power level 

at N3 from N1 plus N5 is less than -90 dBm. This leads to complete spatial re-use and 
three parallel transmissions occur at each transmitter receiver pair, with each 
transmission attaining 17.41 Mbps throughput.  
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Case 2: Ad Hoc Chain, Single Hop Communication: Two-Hop CS Range 

Layout Schematic 

 

Fig 4: Schematic of network layout of 10 MANET nodes. Nearest neighbour distance is 165m. UDP traffic is 
configured from N1 to N2, N2 to N3, … N19 to N20. 

In this example, the network has transceivers placed, equally spaced, along a line. Denoting the node 
indices by 1,2, ⋯, N, Nodes 𝑖 and 𝑖 + 2 are within carrier-sense range. Except for the edge nodes, every 
node is a receiver of transmissions from the immediate upstream node and transmitter to the immediate 
downstream node. Every transmitter is backlogged. The objective is to study the average of the single 
hop throughputs achievable in such a network, as the number of nodes increases  

We use the CS Threshold of -90 dBm and the pathloss exponent 𝜂 = 2.6. The distance setting should 
be such that (i) N1-N2 are in transmission range, (ii) N1-N3 are in CS range but not in transmission 
range, and (iii) N1-N4 are beyond in CS range. These conditions are met when the distance to the 
immediate neighbour is 165m with received powers as follows: 

𝑃𝑁2

𝑁1 = 20 − 40.09 − 2.6 × 10 × log10(165) =  −77.74 𝑑𝐵𝑚 >  −90 𝑑𝐵𝑚 

𝑃𝑁3

𝑁1 =  20 − 40.09 − 2.6 × 10 × log10(165 × 2) =  −85.57 𝑑𝐵𝑚 >  −90 𝑑𝐵𝑚 

𝑃𝑁4

𝑁1 =  20 − 40.09 − 2.6 × 10 × log10(165 × 3) =  −90.14 𝑑𝐵𝑚 <  −90 𝑑𝐵𝑚 

From Table 1 we see that at this power level, MCS 3 is chosen and the PHY rate for transmission is 12 
Mbps. Keeping the 165m distance between neighbouring devices, the X, Y co-ordinates of any device 
𝑁𝑖 is 𝑁𝑖(𝑋, 𝑌) = ((𝑖 − 1) × 165, 100). Thus, the placement would be 𝑁1 (0, 100), 𝑁2 (165, 100),
𝑁3 (330, 100) … and so on.  

Results 

 Without RTS/CTS With RTS/CTS 

Number of 
Transmitting 

Nodes 

Average 
Throughput (Mbps) 

Aggregate 
Throughput (Mbps) 

Average 
Throughput 

(Mbps) 

Aggregate 
Throughput 

(Mbps) 

1 9.90 9.90 9.08 9.08 

2 5.05 10.10 4.62 9.25 

3 3.42 10.27 3.12 9.37 

4 4.72 18.87 4.51 18.06 

5 3.74 18.68 3.66 18.32 

6 3.28 19.66 3.08 18.49 

7 2.89 20.20 2.70 18.93 

8 2.72 21.73 2.56 20.46 

9 2.76 24.87 2.78 24.98 

10 2.70 27.01 2.65 26.50 

11 2.60 28.60 2.48 27.25 



Performance Analysis of Wireless Ad Hoc Networks using NetSim  

 

NetSim White Paper   Page 9 of 18 
 

12 2.49 29.86 2.34 28.11 

13 2.51 32.64 2.52 32.79 

14 2.48 34.74 2.48 34.77 

15 2.43 36.45 2.39 35.84 

16 2.39 38.23 2.28 36.47 

17 2.33 39.67 2.21 37.58 

18 2.31 41.62 2.19 39.46 

19 2.29 43.55 2.18 41.38 

20 2.27 45.45 2.16 43.21 

21 2.25 47.29 2.14 44.89 

22 2.23 49.11 2.11 46.48 

23 2.21 50.92 2.10 48.26 

24 2.20 52.87 2.09 50.11 

25 2.19 54.76 2.08 51.99 

26 2.18 56.65 2.07 53.76 

27 2.17 58.50 2.05 55.46 

28 2.15 60.31 2.04 57.18 

29 2.14 62.18 2.03 59.00 

30 2.14 64.11 2.03 60.78 

31 2.13 65.97 2.02 62.58 

32 2.12 67.88 2.01 64.33 

33 2.11 69.74 2.00 66.11 

34 2.11 71.64 2.00 67.87 

35 2.10 73.46 1.99 69.70 

36 2.09 75.35 1.99 71.51 

37 2.09 77.25 1.98 73.26 

38 2.08 79.11 1.97 75.01 

39 2.08 81.01 1.97 76.82 

40 2.07 82.86 1.97 78.60 

41 

 

2.07 84.73 1.96 80.38 

42 2.06 86.58 1.96 82.24 

43 2.06 88.50 1.95 84.04 

44 2.05 90.35 1.95 85.81 

45 2.05 92.22 1.95 97.56 

46 2.05 94.11 1.94 89.35 

47 2.04 95.95 1.94 91.15 

48 2.04 97.90 1.94 92.97 

49 2.04 99.76 1.93 94.75 

Table 9: NetSim simulation results. Avg. and Agg. Throughput (802.11g, UDP) as the number of transmitting 
nodes and applications increase 

 

Fig 5: Average throughput (without STA/CTS) as the number of nodes increases. As 𝑛 grows large the 

throughput approaches 2 Mbps. A polynomial trendline has been added.
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Discussion 

• The one-hop throughput (between Node 𝑖 and Node 𝑖 + 1) shows a steep decline from 1 
transmitting node to 2 transmitting nodes (i.e., three nodes, in all), and beyond this the one-hop 
throughput decreases gradually and appears to be reaching an asymptote of about 2.04 Mbps.  

• The initial steep decline is because of wireless channel “sharing” which starts with 2 nodes.  

• Note that the first 3 nodes are all in one contention domain. Therefore, some increase is seen 
at 4 transmitting nodes since spatial reuse starts, i.e simultaneous transmissions in different 
parts of the network.  

• The achievable one-hop throughput is constrained by the fact that there are several contending 

nodes within range of each other. Thus, asymptotically the addition of each new node increases 

the network throughput by just 2.04 Mbps in the without RTS/CTS case.  

Asymptotic Throughput 

• We understand asymptotic throughput from [2] in which the network in modelled as a graph 

where the vertices represent the nodes, and the edges represent the links. In the subsection 

below we explain the concept of exclusion set, and how an approximate asymptotic throughput 

can be analytically derived using exclusion sets.  

• Each link has an exclusion set that contains all the links that cannot be active at the same time 

as itself. This is because a node senses the carrier (channel) and transmits only if the channel 

is idle. A link sees the communication channel as idle if and only if none of the links in its 

exclusion set is active. 

• A more convenient way to represent the exclusion set constraints is to associate to each active 

link a domain, the exclusion domain, that corresponds to the space occupied by an active link 

in the centre of a maximal pattern.  

 

Fig 6: When node 𝑖 is transmitting to node 𝑖 + 1, then nodes 𝑖 − 2, 𝑖 − 1, 𝑖 + 1 and 𝑖 + 2 cannot transmit since the 

CS range is 2 hops.  

• Let us denote the distance between two neighbours as 1 space unit. In our model, a 2-hop CS 

Range has a radius of 2 space-units. This means that the exclusion domain of a link is a 

segment of length, 𝑙 = 2 + 1 = 3.  

• Let 𝜃1 be the throughput when we have just one node transmitting. Per [2] we know that the 

asymptotic throughput should be equal to 
𝜃1

𝑙
. From Table 9 we see that 𝜃1 = 9.9 Mbps. 

Substituting, the expected asymptotic per node throughput would be 𝜃𝑎𝑠 =  
9.9

3
= 3.3 Mbps.  

• The desire for tractability has led to the authors of [2] to several simplifications and 

assumptions. Their results can only serve as an upper limit.  

• We see that NetSim simulation outputs an asymptotic per node throughput of 2.04 Mbps which 

is 61.8% of the analytical prediction. In the subsequent sub sections, we explain the reasons 

for this different between analysis and simulation.   

Vulnerable period collisions 

• In [2] the authors assume a continuous backoff distribution, instead of the discrete distribution 

implemented in actual protocols. This means that two (or more) timers have a zero probability 

of expiring at the same time. The above assumption results in no collision occurring due to 

simultaneous transmission attempts. 

• NetSim implements the 802.11 protocol per standard, whereby a transmitted packet encounters 

a collision, when at least one of the remaining stations, within its CS range, transmit in the same 

time slot. 
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• In the 49 transmitting nodes (without RTS/CTS) case we see from NetSim’s results that a total 

of 952,761 packets were transmitted of which 98,549 underwent collisions. It is these 10% 

collisions that play a major role in the ≈ 39% throughput reduction when compared with the 

ideal theoretical model.   

Border Effects 

• Border effects are essentially local effects: the nodes at the boundaries of the network get an 

increased access to the channel, because they have fewer neighbours than nodes in the centre 

• These effects are expected to rapidly reduce as the network topologies grows. 

• To test our premise, we plot the throughput of all the nodes in the network. 

 

  

 

Fig 7: NetSim results shows border effects in line networks. Top left: 5 transmitting nodes, Top right: 24 
transmitting nodes and Bottom: 49 transmitting nodes.  

• In Fig 7 we see the throughput vs. node ID for different number of transmitting nodes. Clearly 

nodes at the borders see higher throughput and these border effects dimmish rapidly as the 

number of nodes in the line network increases. In large networks asymptotic throughput sees 

only a minor impact due to border effects.  
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Case 3: Ad Hoc Lattice, Single Hop Communication, Two Hop CS Range: Horizontal Traffic 

The network has transceivers placed at the points of uniform lattice, thus forming a chain single hops 
networks (as in Case 2) for each row and column of the lattice. Denoting the nodes by (𝑖, 𝑗), 1 ≤ 𝑖 ≤
𝑁, 1 ≤ 𝑗 ≤ 𝑁, Node (𝑖, 𝑗) is in carrier sense range of all nodes within the distance 2 × 𝑑, where 𝑑 is the 
distance between neighbouring pairs of nodes (in either direction). The transmit range continues to be 
one hop. All transmitters are backlogged. The objective is to study the average throughput achievable 
over all the single hop flows in the network. 

Layout Schematic  

 

Fig 8: Schematic of network layout of 5x5 MANET nodes. Nearest neighbour distance is 70m. The pathloss 
calculations show that N1 – N3 transmission would have a PHY rate of 18Mbps.The data transmissions are 

purely horizontal. 

Static routes were configured in each device so that the flow of data packets will be as required.  

Results 

Lattice Size # of Nodes Avg. Throughput (Mbps) Agg. Throughput (Mbps) 

1x1 1 9.90 9.90 

2x2 4 4.70 9.40 

3x3 9 1.73 10.40 

4x4 16 1.44 17.33 

5x5 25 1.05 20.99 

6x6 36 0.99 29.60 

7x7 49 0.85 35.83 

8x8 64 0.73 40.85 

9x9 81 0.66 47.72 

10x10 100 0.61 55.11 

11x11 121 0.43 46.96 

12x12 144 0.45 59.12 

13x13 169 0.42 65.53 

14x14 196 0.34 62.39 

15x15 225 0.38 80.59 

16x16 256 0.39 93.45 

17x17 289 0.38 102.99 
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18x18 324 0.36 110.61 

Table 10: NetSim simulation results for 802.11g applications (UDP) throughput in Mbps for different cases shown 
above. 

 

Fig 9: Plot of average throughput vs number of transmitting nodes. Power trend line added.  

Discussion 

• Exclusion zone along X axis is 3 units and along Y axis is also 3 units. The total exclusion set  
𝑙′ =  3 × 3 = 9 square space units.  

• Let 𝜃1 be the throughput when we have just one node transmitting. Per [2] we know that the 

asymptotic throughput should be equal to 
𝜃1

𝑙
. From Table 9 we see that 𝜃1 = 9.9 Mbps. 

Substituting, the expected asymptotic per node throughput would be 𝜃𝑎𝑠 =
𝜃1

9
= 1.1 Mbps. As 

explained the discussion section of case 2, this is an ideal case and is based on several 
assumptions and simplifications.  

• Now, NetSim output is 0.51 Mbps. What is the reason for this ≈ 49% difference when 
compared to the ideal case analysis?  

• We see from the NetSim results tables that the packet collisions are 

Data packets 

transmitted 

Control packets 

transmitted 

Data packet 

collisions/failures 

Control packet 

collisions/failures 

1,551,775 1,305,946 268,690 149,038 

• In comparison to line networks, in lattice networks we see (i) a higher data collision rate, 17.31% 

and (ii) Control packet (MAC ACK) failure rate of 11.41%.  

• These higher packet failures coupled with larger border effects2 lead to this difference between 
the ideal case and simulation results per the actual 802.11 protocol.  

 
2 Predicted in [2]. We leave it to an interested reader to study border effects in lattice networks using NetSim.  
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Case 4: Adhoc Chain. Multi-hop.  Node after next is beyond CS range. Queuing in nodes3 

Throughput of wireless multi-hop networks has been well studied in cases where (i) the network is fully 

saturated, and (ii) the network operates below saturation capacity. In this section, we study the network 

behaviour when transitioning between these two regimes. 

 

Fig 10: Schematic of network layout. T is transmission range and CS is carrier sense range. Source is N1 and 

destination is N5. Source and Destination transmission rate are at PHY rate of 2 Mbps 

We consider a linear wireless ad hoc networks operating per the IEEE 802.11b protocol. The first 

scenario is a 4-hop linear network as shown in Fig 11 .Node 0 is the source, and it generates traffic at 

a rate 𝜆 destined for node 4. Nodes 1, 2 and 3 do not generate any traffic and act solely as relays for 

the traffic to destination node 4. The links are time invariant, and nodes are static (immobile). 

Network Configuration 

        Table 13 : Application properties 

Transmission range  

Per [4] we need a transmission range of 1-hop with a PHY rate of 2 Mbps. The MCS tables for 
802.11b is given below.   

 
3 Here we reproduce in NetSim the work done in [4]. Some parts of the discussion are quoted from [4]. 

802.11 Properties 

Standard 802.11b 

Operating frequency 2.4GHz 

Rate Adaptation False 

Dot11_RTS Threshold 3000bytes 

Transmitter Power 100mW 

Medium Access Control DCF 

Transmission type DSSS 

 
Table 11 : Wireless Node 802.11 parameters 

 
 

Wireless Link Parameters 

Channel 
Characteristics  

Path Loss Only 

Path Loss Model  Log Distance 

Pathloss Exponent (η) 2.6 

Table 12: Wireless Link Parameters 

 

Application Parameters 

Application Type CBR 

Source ID Node_1 

Destination ID Node_5 

Packet Size  1000 bytes 
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Index Sensitivity (dBm) Bit Rate 

1 -92 1 Mbps 

2 -87 2 Mbps 

3 -80 5.5 Mbps 

4 -76 11 Mbps 

From this table we see that the receive power at 𝑁𝑖+1 from transmitting node 𝑁𝑖 should satisfy the 

inequality −80 > 𝑃𝑁𝑖+1

𝑁𝑖 >  −87, to get a PHY rate of 2 Mbps. We choose a distance 𝐷 = 300𝑚 

between neighbouring nodes and see that the inequality holds 

𝑃𝑁𝑖+1

𝑁𝑖 = 20 − 40.09 − 10 × 2.6 × log(300) =  −84.49 𝑑𝐵𝑚 

Static routes (whereby 𝑁𝑖 always transmits to 𝑁𝑖+1) are set to ensure single hop transmission. 

Thereby each node transmits data to the next-hop node according to the topology. 

Carrier sense range  

Per [4] we need a CS range of 2-hops. The CS threshold for 802.11b in NetSim is −95 dBm. 
Therefore, to ensure a CS-range of 2-hops, the following two inequalities would need to be satisfied, 

(i) 𝑃𝑁𝑖+2

𝑁𝑖 >  −95 and (ii) 𝑃𝑁𝑖+3

𝑁𝑖 <  −95.  

For a neighbour distance 𝐷 = 300 we see that both inequalities hold 

𝑃𝑁𝑖+2

𝑁𝑖 = 20 − 40.09 − 10 × 2.6 × log(2 × 300) =  −92.32  𝑑𝐵𝑚 >  −95 𝑑𝐵𝑚 

𝑃𝑁𝑖+3

𝑁𝑖 = 20 − 40.09 − 10 × 2.6 × log(3 × 300) =  −96.90  𝑑𝐵𝑚 <  −95 𝑑𝐵𝑚 

Hence, we have N2 in CS range of N0, while N3 is beyond CS range of N0.  

 

Results and discussion 

 

We observe the relationship between source rate 𝜆 and end-to-end throughput 𝜇.  

 

Fig 11: End to end throughput (μ) vs Source rate (λ) plotted for median value. The 3 phases are clearly visible (i) 

where 𝜇 increases with 𝜆 (ii) where 𝜇 decreases with 𝜆 and (iii) where 𝜇 is independent of 𝜆. The transition points 

are 𝜆1 ≈ 0.52 Mbps and 𝜆2 ≈ 0.6 Mbps4.  

 
4 Interested readers can run simulations per the saved examples provided and observe the 25th and 75th 

percentile. They would see that throughput variability is small in the phase 1 and increases in phases 2 and 3. 
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The results show that the relation between the input rate 𝜆 and the throughput 𝜇 can be divided into 

three distinct phases according to 𝜆:  

• 𝜆 < 𝜆1: It occurs when the source rate is within capacity. In this case no queues build up and 

𝜇 is an increasing function of 𝜆 and it reaches its maximum at 𝜇1 (𝜇1 = 𝜆1).  

• 𝜆 > 𝜆2: It corresponds to the saturated regime, where the source always has packets to send. 

In this situation, we have 𝜇 = 𝜇2 independent of 𝜆 

• 𝜆1 < 𝜆 < 𝜆2: It is the phase during which a form of congestion collapse occurs. Indeed, 𝜇 is a 

decreasing function of 𝜆 in this region. This performance drop is caused by the queue build-

up at the first relay that consumes resources. 

 

Fig 12: Queue build up at the source node (𝑁0), the first relay (𝑁1) and the second relay (𝑁2). The build-up of the 

queue at 𝑁1 (yellow) at input rate 𝜆1 ≈ 0.52  is clearly visible. Queue build up at 𝑁0 at 𝜆2 ≈ 0.6 is small and isn’t 
visible in the plot. This plot is based on 802.11b and hence will not exactly match Fig 1b of [4] which is per a 

theoretical CSMA model 

The first transition point is 𝜆1 , the source rate, where the queue of node 1 starts to build up in the 

network. It is interesting to note that it is the first relay node 1 and not the source node 0 where this 

happens.  Because the congestion takes place after the first hop, any increase in the source rate beyond 

𝜆1  (up to 𝜆2) maps to a proportional decrease in the end-to-end throughput 𝜇 Indeed, as the queue of 

node 0 does not build up for 𝜆 ∈ [𝜆1, 𝜆2], we have that an increase in 𝜆 maps to a proportional increase 

in the number of packets transmitted by node 0. Moreover, the shared nature of the wireless medium 

implies that each time node 0 transmits a packet that will be queued up at node 1 (i.e., 𝜆 − 𝜆1 packets 

per time slot in average), it prevents both nodes 1 and 2 from forwarding the packets waiting in their 

own queues. Resources are thus wasted to build up the queue at node 1 and the throughput decreases 

linearly with 𝜆.  

The point 𝜆2 corresponds to the threshold rate above which the queue of node 0 begins to build up. 

After this threshold, the input rate 𝜆 has no resulting effect on either the throughput 𝜇 or the queue 

growth at node 1, because the (saturated) source always has packets to send and thus an increase in 

𝜆 does not make any difference in the network, except that the queue of the source grows faster. 

In order to confirm that the 4-hop topologies are not a particular case, we repeated simulations for 

networks of 5-hop and 6-hop topologies. The results are produced below. 

0

100

200

300

400

500

600

700

800

0.5 0.55 0.6 0.65 0.7 0.75 0.8 0.85 0.9 0.95 1 1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2

#
 o

f 
P

a
c
k
e

t 
Q

u
e

u
e

d

Source Input Rate (Mbps)

Packets queued vs. Source Rate (at tenth second)

N0 N1 N2



Performance Analysis of Wireless Ad Hoc Networks using NetSim  

 

NetSim White Paper   Page 17 of 18 
 

 

 

Fig 13: Throughput vs. source rate for 5-hop and 6-hop network. The three phases are clearly visible in both. 

It is interesting to note that the use of RTS/CTS does not affect this trend. A similar phase-transition 

behaviour is also noticed in simulations for a 7-hop network with RTS/CTS 

Fig 14: Throughput vs. source rate for a 7-hop network using RTS/CTS. The three phases are seen in this case 
as well. 
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Appendix: Supplementary Material and Configuration Files 

NetSim (v13.1) workspaces and configuration files for all these simulations are available at 

https://github.com/NetSim-TETCOS/Performance-Analysis-

Wireless_Adhoc_Network_v13.1/archive/refs/heads/main.zip. 

The folder available in that URL also has a document detailing the procedures involved in running the 

configuration files and obtaining the results.  
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