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ABSTRACT

In this paper, we explore TCP performance over a two-
node mobile wireless link in five realistic scenarios with dif-
ferent propagation environments. We use a simple method
to combine a physical layer modelling and a network sim-
ulation using the network simulatorns-2. We present the
results of the propagation channel simulation and the results
of the corresponding network simulation using TCP Tahoe
protocol. Our work demonstrates that in order to improve
TCP performance over wireless links, one needs not only
to tune the parameters of TCP but also to modify the TCP
semantics.
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I. I NTRODUCTION AND BACKGROUND

TCP/IP is the most widely used protocol stack in today’s
world of computing, with many applications readily avail-
able for it. TCP was first introduced for wired links. Its
parameters and semantics were carefully tuned to maximize
its performance on wired networks, where packet delays and
losses are caused mainly by congestion, whereas on wire-
less networks they are also caused by mobility handoffs and
transmission errors. With the recent developments in mobile
wireless networking, TCP performance in mobile wireless
environment is becoming a topic of interest.

TCP is a complicated collection of different algorithms,
each having a few variable parameters. The protocol perfor-
mance in any network depends on physical channel charac-

teristics, traffic pattern, network size, etc. Improving TCP
performance in wireless networks was addressed by sev-
eral authors. A good overview of proposed techniques can
be found in [1], [2]. Both radical changes in TCP seman-
tics as well as slight modifications of parameters were pro-
posed [3], [4], [5], [6], [7], [8]. For example, [8] concen-
trates on dealing with effect of mobility handoffs on TCP
performance in the absence of transmission errors.

Accurate simulation of a physical layer in wireless net-
works is important for evaluating and optimizing the per-
formance of routing protocols [9], [10]. A popular net-
work simulator isns-2[11]. It was originally developed by
Lawrence Berkeley National Laboratory [12]. There are a
few extensions forns-2 that account for physical layer ef-
fects [9], [13], [14], [15]. There are also other network sim-
ulators with a similar capability [16], but integrating physi-
cal layer effects into a network simulation is usually a com-
plicated procedure. On the other hand, detailed wireless
channel simulations [17], [18], [19], [20] have traditionally
been done independently from the transport protocol perfor-
mance research.

In this paper, we use a simple way to combine an accurate
independent propagation channel modelling and a network
simulation withns-2. We focus on the performance impair-
ment caused by wireless transmission errors due to the low
signal strength at the receiver. Mobility handoffs are not
present in our two-node peer-to-peer connection.

The remainder of the paper is organized as follows. Sec-
tion II describes our simulation technique and scenarios.
Simulation results are presented in Section III. Section IV
contains the discussion. Conclusions are given in Section V.



II. SIMULATION

There are a few ways to incorporate wireless channel
effects into the network simulatorns-2. One way is to
look at each received packet individually, estimate its signal
strength using physical channel model, and decide whether
the packet should be kept or discarded [9]. This method al-
lows to simulate capture effects and collisions, which are
important in multiple node networks. It requires signifi-
cant modifications to the existing base version of the net-
work simulatorns-2, and physical layer modelling has to be
done concurrently with the network simulation. The other
method, used here, is to artificially interrupt the link be-
tween two nodes if the signal strength is below the receive
threshold [14]. The advantage of this approach is simplic-
ity. It does not require any modifications tons-2 and the
physical channel modelling can be done beforehand, inde-
pendently from the network simulation.

Our simulation process is illustrated in Figure 1. It in-
volved the scenario generator, the channel modeler, and the
network simulator. One-way TCP was used, where one node
was transmitting and the other node was receiving. The sce-
nario generator created a specific movement pattern of mo-
bile nodes and other objects in a specific propagation envi-
ronment. The channel modeler computed the signal strength
at the receiving node as a function of time. Whenever the
computed signal strength was below the receive threshold,
the link was considered to be down. This temporal infor-
mation was fed into the network simulatorns-2, which sim-
ulated a data exchange between the nodes and generated a
datafile with an information about the TCP behavior (ns−2
tracefile). Packets still on the air, when the link came down,
were considered to be lost.
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Fig. 1. Block diagram of simulation process: physical layer modelling
combined withns-2network simulation.

A. Scenario generation

Scenario generator created a propagation environment,
which the communication takes place in. Each scenario was
characterized by the specific movement pattern of mobile
nodes and other objects (cars). Four outdoor scenarios and
one indoor scenario were considered. In all cases, we as-
sumed a flat terrain, a clear line of sight between the trans-
mitter and the receiver, and modelled buildings and cars as
rectangular-shaped objects.
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Fig. 2. Illustration of the propagation model: dashed lines show a direct
ray, a ground-reflected ray, and rays reflected from the building and
from the car.

B. Channel modelling

The frequency of 915 MHz (a center frequency of 902-
928 MHz ISM band) was used. Both node antennas were
considered to be omnidirectional, with a unity gain, posi-
tioned 1.5 meters above the ground. For simplicity, the
transmitter power was assumed to be 0 dBm. Ray-tracing
approach was used to predict the signal strength as a func-
tion of time. The deterministic propagation model took into
account a direct ray, a ground-reflected ray, and rays re-
flected off other objects (buildings or cars) as shown in Fig-
ure 2.

The total power received is described by the following
expression:
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wherePt is the transmitted power,λ is the wavelength,d is
the length of the direct ray path,Γn is the reflection coeffi-
cient of then-th reflecting object (including ground),dn is
the length of then-th reflected ray path, andN is the total
number of reflected rays. Only single reflections are consid-
ered, and the reflection coefficient of all reflecting objects
(ground, car, building, walls) was assumed to beΓn = −1.

Interference of reflected rays results in a multipath fad-
ing and causes enough signal variation to make our sce-
narios interesting. The output of the propagation model is
the file containing the received signal strength as a function
of time. After comparing it with the receive threshold, the
datafile that contained the link status temporal behavior is
produced and fed into the network simulator. In this ap-
proach, all wireless channel effects are contained in the link
status, which has two possible states - up or down.

C. Network simulation

TCP Tahoe agent was selected for the network simulation
using ns-2. Other TCP agents (Reno, Vegas, etc.) could



be used as well. No network layer and no wireless MAC
protocol was considered in our two-node system. The max-
imum capacity of the link, connecting two communicating
nodes, was 2 Mbps (250 Kbps). TCP packet size was 1500
bytes, which corresponded to the packet transmission time
of 6 ms. In our scenarios, the propagation delay always re-
mained small compared to the packet transmission time and
did not affect the TCP behavior.

Each network simulation run produced a tracefile con-
taining the information about all sent and received packets.
The following TCP parameters were recorded as functions
of time: congestion window size, packet sequence number,
packet transmission time. The throughput was calculated
via moving average over the period of 100 ms (the period
of a reasonable granularity, during which approximately 16
packets could potentially be transmitted).

III. R ESULTS

Simulations were conducted for five different scenarios
over the period of 20 seconds, which was sufficient to col-
lect the necessary data and observe the behavior trends. A
description of scenarios, along with the results, is given be-
low.

Figures 3, 4, 5, 6, and 7, accompanying each of the five
scenarios, show received signal strength, congestion win-
dow size, throughput, transmitted packet sequence number,
and transmission events (a vertical line is drawn whenever a
data packet is sent, which allows to illustrate a TCP expo-
nential backoff strategy). In all cases, the slow start thresh-
old was set to 16 packets, the initial/reset congestion win-
dow size was set to 1 packet, and the maximum bound on
congestion window size was set to 64 packets (the maxi-
mum value allowed in TCP Tahoe). The congestion window
never reached its maximum value because of the signal fad-
ing.

A. Scenario 1

One node is stationary (e.g., a base station), and the other
node (e.g., a user with a mobile phone) is moving away from
it with constant speed of 6 m/s (13.5 mph), initial node sepa-
ration is 10 m. No other objects are present nearby, the only
reflection comes from the ground. Power drops asd−2 at
short and asd−4 at long distances.

The receive threshold was chosen to be -75 dBm. The
simulation results are shown in Figure 3. In this scenario, us-
ing a constant backoff time could improve the performance.
For example, the link is up att = 5 s, but transmission does
not start until aboutt = 6 s because the last packet has not
timed out yet. Adjusting the slow start threshold value could
also improve the throughput.

B. Scenario 2

One stationary node and one mobile node are initially lo-
cated 10 m from the building wall and 30 m from each other.
The mobile node starts moving away from the building with
a constant speed of 5 m/s (11.25 mph). This scenario simu-
lates a situation similar to two nodes communicating in front
of a building, while one of the nodes is moving away from
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Fig. 3. Scenario 1.

the building. In addition to a reflection from the ground,
which was calculated in scenario 1, there is also a reflection
component from the nearby wall. The receive threshold was
chosen to be -75 dBm.

The simulation results are shown in Figure 4. After about
10 s, the signal strength becomes low, which causes frequent
threshold crossings and corresponding packet losses. The
congestion window, which has grown constantly up to that
point, drops down and can not re-grow further. However,
some packet transmissions still take place during short in-
tervals when the link is up. In such situation, keeping re-
transmission timer close to its minimum value could help
to utilize those short time intervals when the link is up and
the data can safely travel through the air. Another way to
improve the performance would be to make packets shorter
than the average period of signal strength oscillations. This
could be done either by reducing the packet size or by in-
creasing the transmission rate.

C. Scenario 3

Two stationary nodes sit 10 m away from the busy one-
lane road, which is parallel to the line of sight between the
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Fig. 4. Scenario 2.

nodes. The spacing between the cars, passing by on the road,
randomly varies between 1 m and 30 m, the length of the
cars randomly varies between 2 m and 5.6 m, and the car
speed is assumed to be constant 30.2 m/s (67.5 mph). The
received signal strength is barely above the chosen receive
threshold of -80 dBm in the absence of any vehicles. Waves,
reflecting from the cars, can interfere either constructively or
destructively, favoring or impairing the transmission.

The simulation results are shown in Figure 5. The linear
plot of sequence numbers shows that TCP performs quite
good in this case, even though there are several delays and
retransmissions. Changing the retransmission timer does
not change the performance because fades are short, and
TCP does not have time to backoff a lot. Some increase
in the throughput can be achieved by resetting the window
size (whenever a packet is lost) not to its minimum value (1
packet) but, e.g., to the half of the current window.

D. Scenario 4

Two cars follow each other along a centerline of a 20 m
wide urban street with 50 m long buildings symmetrically
located on both sides and spaced 20 m apart. Initial car sep-
aration is 100 m, the first car moves at a constant speed of
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Fig. 5. Scenario 3.

17.9 m/s (40 mph), the speed of the second car randomly
varies between 15.6 m/s (35 mph) and 20.1 m/s (45 mph).
Reflections come from the ground and surrounding build-
ings. The received signal is initially below the -78 dBm
threshold, but whenever a building is passed, the reflected
rays interfere constructively, allowing communication.

The simulation results are shown in Figure 6. Making the
retransmission timeout smaller would help to increase the
throughput in this case. For example, the link is up att =
9.5 s, but transmission does not start until approximately
t = 10.5 s.

E. Scenario 5

Two nodes (e.g., users with wireless devices), move in-
side an empty square room, 14 m x 14 m in size. For sim-
plicity, nodes follow each other on a circular trajectory with
a speed of 1.6 m/s (3.6 mph) and separation of 8.7 m. Re-
flections come from the walls and from the floor. We chose
a threshold of -50 dBm to make this scenario interesting.

The results of simulation are shown in Figure 7. The dis-
tance from the nodes to the walls of the room varies, which
creates an irregular temporal signal strength pattern. Due to
the multipath fading, there are not many time periods when
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Fig. 6. Scenario 4.

the nodes are able to communicate. To improve the perfor-
mance, one might consider either decreasing the retransmis-
sion timer or transmitting multiple copies of a single packet.
Waiting for ACKs to arrive makes us miss those short time
intervals when we could get a few packets through. Also, a
short fade at the end of the long packet transmission causes
the whole packet to be lost (no error correction is considered
in our model). Making a packet size smaller than the aver-
age fade duration in this case would increase the throughput.

IV. D ISCUSSION

Our channel behavior can be well described by a few pa-
rameters. The first parameter is the link downtimeTd: the
ratio of time when the link is down to the total simulation
time. The second parameter is the average number of fades
Nf during the simulation time. The third parameter is the
average fade durationTf . In terms of the protocol perfor-
mance, one of the parameters characterizing it is the average
data throughputR. Table I gives the link downtime, the av-
erage number of fades, the average fade duration, and the
average data throughput for all five scenarios.

Note that all our scenarios are quasi-static: the time scale
on which the node movements happen is much larger than
both the packet transmission time and the propagation de-
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lay. Also, the time needed to send out a congestion window
size is much larger than the packet roundtrip time. Our ob-
served simulation results, including the congestion window
size behavior, are close to the results reported in [8], but we
addressed wireless transmission errors rather than mobility
handoffs.

Our physical layer modelling approach assumed that
when the signal power was below the threshold, packets
could not be successfully demodulated, the link was down,
and the transmitted data were lost. This approach did not
take into account impulse response characteristics of the
wireless channel. In our scenarios, this effect was not sig-
nificant since the multipath delay spread was very small (a
few tens of ns) compared to the packet transmission time (a
few ms).

V. CONCLUSIONS

In our work, we simulated and analyzed the TCP perfor-
mance over a wireless communication link between two mo-
bile nodes in five different scenarios. We used the packet
simulatorns-2, which is a powerful tool for studying the
network behavior. We described a simple way to model



TABLE I

L INK DOWNTIME Td (%), AVERAGE NUMBER OF FADESNf , AVERAGE

FADE DURATION Tf (S), AND AVERAGE THROUGHPUTR (KBPS) FOR

DIFFERENT SLOW START THRESHOLD VALUESSST (PACKETS) IN

SCENARIOS1, 2, 3, 4,AND 5.

Scenario 1 2 3 4 5

Td 21 27 5 45 46
Nf 3 50 6 4 54
Tf 1.4 0.1 0.2 2.2 0.2

R (SST=8) 192 152 228 116 30
R (SST=16) 190 131 228 183 30
R (SST=32) 184 125 231 107 30

physical layer effects in a network simulation by creating
an external command file, which breaks the communication
link at certain time moments according to the scenario of
node movement and the surrounding propagation environ-
ment. This approach allows to perform wireless channel
simulation independently of network simulation and does
not require any modifications tons-2. The link condition
is determined based on comparison of the received signal
strength to the receive threshold.

Packet losses in mobile wireless environment depend on
many factors that include both large-scale and small-scale
fading, interference from other sources, etc. When packets
are dropped because of the channel fading, TCP considers it
to be a result of the congestion. The protocol backs off and
shrinks the congestion window size. Frequent retransmis-
sions are also not desirable in the presence of long fading
periods and other nodes that need to use the bandwidth. The
better strategy is to grow the retransmission timeout only
until a certain value and keep it constant afterwards. This
way we periodically try to transmit a packet, “probing” the
channel to see if the link is up again.

If the behavior of a wireless communication link can be
approximately predicted for a certain time period, it should
be possible to maximize the throughput over this time pe-
riod by optimizing TCP parameters without changing TCP
semantics. However, developing an algorithm that would
adaptively change TCP parameters based on channel condi-
tion information is a challenging task, and such an informa-
tion may not always be available to the protocol. The best
way to improve the protocol performance in a mobile wire-
less environment is to use specialized transport protocols,
such as I-TCP [5] or Snoop TCP [21], which modify TCP
semantics.
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