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Abstract. Analysis of TCP throughput in multihop wireless networks is
a continuously important research topic. Yet a neat and practically use-
ful formula for the TCP transfer rate similar to the macroscopic model
of TCP in the Internet, however, capturing the cross-layer dependen-
cies is unavailable for wireless networks. In this paper we statistically
analyze the significance of parameters on physical, MAC and transport
layers in a multihop wireless chains and derive a practically usable cross-
layer throughput formula. The resulting model allows estimation of the
throughput with less than 2% error.

1 Introduction

Multihop wireless networks are known for their highly variable and unstable
performance. Being able to accurately predict the network performance prior
to the start of the actual communication session would provide an essential
input for various optimization processes, e.g. selection of an optimal multihop
route, setting parameters for traffic shapers, configuring appropriately the MAC
protocol etc. In this article we focus on the throughput prediction of a bulk TCP
transfer in a IEEE 802.11b-based multihop wireless chain prior to starting the
data exchange.

Analysis of TCP throughput in multihop wireless networks is a continuously
important research topic. On the one hand there is the traditional “square root”
model for the macroscopic TCP throughput in the Internet. As Figure 1 shows
this model captures pretty accurately the behavior of the TCP protocol in a wire-
less chain. This model, however, hides the influences of adjustable parameters on
the lower layers of the TCP/IP stack behind the round trip time, the cumulative
path quality metric measurable at the TCP layer and the probability of packet
losses. In this way, the model does not provide means for cross-layer optimization
of the multihop wireless path. It is also important that both parameters could
be estimated only after the connection has already established.

We on contrary wish to obtain a practically useful TCP throughput model
as a function of:

– Adjustable parameters of protocols on different communication layers, for
example the maximum segment size on the transport layer, number of hops
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Fig. 1. Simulated TCP throughput versus predicted by the traditional and our models.

on the network layer(this parameter is “adjustable when multipath routing is
available), size of contention window or number of retransmission attempts
on the MAC layer, transmission rate on the physical layer;

– Characteristics of design-imposed and runtime communication context, for
example relative signal-to-interference values at nodes, distances between
nodes and node density along the path of a specific connection, etc.;

In fact, deriving such a model is an ambitious task. The large number of
model parameters and complex interdependencies do not allow for analytical
treatment of the problem and at the same time make an empirical derivation
challenging.

The contribution of this article is twofold. Firstly, we present a two-stages
methodology for empirical derivation of the target model. Secondly, we empiri-
cally derive a so far three dimensional variant of the cross-layer TCP throughput
model as a function of gross physical layer transmission rate, number of wireless
hops traversed by the flow and MSS. Already in this form the formula can be
used for boosting TCP performance in multihop wireless networks as described
in [1]. Our model allows practical estimation of TCP throughput with less than
2% error (see Figure 1).

The article is structured as follows. We outline the modeling process in Sec-
tion 2. Section 3 elaborates the details of the performed experiments. The signif-
icance analysis and TCP throughput modeling is presented in Section 4. Section
6 concludes the article.

2 Motivation and solution outline

An ability to estimate the throughput of a TCP session is useful for a variety
of purposes. Our motivation for developing the model described in this article
particularly stems from the work presented in [1]. There the authors adapted the
max-min fairness framework from the wireline Internet to the specifics of mul-
tihop wireless networks and suggested practically implementable mechanisms
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which enforce the fairness model in real networks. The two major components
of the adaptive distributed capacity allocation scheme for multihop wireless net-
works are: (a) The usage of an ideal throughput achieved by a multihop TCP
flow for characterizing the boundary load of a geographical region traversed by
the session and (b) the rate throttling mechanism for reducing the output rate at
sources of TCP sessions in order to control the load in their bottleneck regions.
The major improvements achieved by the suggested mechanism of throttling the
output rate at ingress nodes are an increase in total network throughput and
almost perfect fairness.

2.1 Related Work

Modeling of TCP throughput has in fact generated many publications. One of
the most notable work is [2] presenting an analytical model of TCP throughput
for the Internet. In wireless networks several attempts to analytically model TCP
throughput were undertaken [3], [4], [5] during the last decade. It was proven
that capturing the cross-layer nature of wireless communications is far from
being simple. Even with some simplified assumptions the resulting models are too
complex to be applied in practice [6]. There are also several examples of empirical
TCP modeling [7], [8]. While these papers present fundamental observations
on the TCP behavior in multihop wireless scenarios, practically usable TCP
throughput formula remains to be discovered. The uniqueness of the modeling
approach presented in this article comes from the nature of parameters included
in the model. Our model binds the adjustable parameters of protocols on different
communication layers on the one hand and directly measurable parameters of
the communication context on the other. In this way the throughput could be
predicted without the need of estimating parameters during the actual message
exchange.

2.2 Our approach

We seek the TCP throughput model in a general form (1), where RPHY is
the gross data rate on the physical layer and f(

−−−−→
PENV ,

−−−−→
PMAC ,

−−−→
PNET ,

−−−−→
PTRAN ) is

the rate reduction coefficient as function of parameters on the physical, MAC,
network and transport layers and

−−−−→
PENV is a vector of characteristics of particular

operating environment as described in the previous section.

R̂ = RPHY · f(
−−−−→
PENV ,

−−−−→
PMAC ,

−−−→
PNET ,

−−−−→
PTRAN ). (1)

From the rich experience collected in the research community on the analysis
TCP behavior in multihop wireless networks it is known that the number of
cross-layer parameters affecting the TCP performance is large. It is also known
that not all of these parameters, though, place significant effect on the overall
system performance. Moreover, involving unnecessary parameters in the cross-
layer optimization process and at the end an implementation of the cross layer
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TCP/IP
Layer

Physical MAC Network Transport

Parameters Data rate
(RPHY )

Minimum
contention
win-
dow size
(CWmin)

Number of
hops (nh)

Maximum segment size
(MSS); maximum conges-
tion window (CWND)

Table 1. Parameters on different communication layers potentially affecting the TCP
throughput selected for significance analysis in this work.

architecture may lead to a cumbersome solution with to a large extent unpre-
dictable behavior [9].

Determining the optimal subset of parameters statistically significant for op-
timization constitutes the first phase of our methodology. At this step we perform
2n factorial design where n is the number of candidate factors to be included
in the the target model. We use F-test to evaluate the significance of chosen
parameters.

In the second phase of our methodology we perform iterative curve fitting
on the parameters with the highest statistical significance. On each iteration
we choose a parameter with the highest significance, perform curve fitting and
evaluate the accuracy of fitting using a coefficient of multiple determination. We
repeat the procedure for all significant parameters.

In this work we apply the methodology on a special class of multihop net-
works - a wireless chain with single TCP flow. The rationale for choosing this
class of networks is twofold: firstly, our target is to create a model for an ideal
throughput of TCP bulk transfer without interferences inferred by the cross traf-
fic [1]; secondly, already with these settings applying our model is both effort
and time consuming. Overall, we follow a bottom-up approach by first modeling
the simplest case and then extending the model by gradually adding complexity
of the scenarios.

2.3 Highlights of the contribution

For the significance tests in this work parameters reflected in Table 2.3 were
selected. Note that the table does not present a complete list of parameters on
different layers. For this work we only selected those with the highest relevance
to the considered scenario.

In total we performed 24000 simulation runs to collect the necessary statistics
for the significance analysis of the four chosen factors. The most interesting result
from the significance analysis is that imposing an artificial limit on the size of
TCP congestion window does not significantly affect TCP throughput in the
particular scenario. This result differs from previously published findings in [7]
suggesting to clamp CWND depending on the number of hops as 3·nh

2 . However,
this finding is not a contradiction to previous analysis, but shows that there is
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Table 2. Factors and chosen levels in factorial design.

Factors nh MSS (Bytes) CWND (segments) CWmin

Levels Low High Low High Low High Low High

Values

1 2 100 200 2 3 15 30
3 4 500 600 6 7
9 10 900 1000 10 11

1360 1460 14 15
18 19

a complex dependency between CWND parameter and characteristics of the
communication context.

As a result of iterative fitting we obtained a three-dimensional variant of the
model (2), where −→α ,

−→
β and −→γ are vectors of scalar values for each considered

physical layer transmission rate.

R̂(RPHY , nh,MSS) == RPHY ·
MSS +−→α
−→
β · nh−−→γ

. (2)

The coefficients in vectors −→α ,
−→
β and −→γ can further be expressed as functions

of other parameters. Determining these parameters is left outside the scope for
this paper and will be considered in our future work. Our model allows practical
estimation of TCP throughput with less than 2% error (see Figure 1).

3 Description of experiments and simulation setup

For the analysis of statistical significance of model parameters we performed
factorial design as one of the most suited techniques for such purposes [10]. In
this technique independent variables of interest (or factors) are assigned dis-
crete values (or levels). The factorial design is a strategy where experiments are
performed with all possible combinations of the factors’ levels. We decided to
perform the analysis with two levels for each factor (“low” and “high”). This
number allows reducing the number of simulation runs while keeping good sta-
tistical accuracy of the analysis. Analyzing only two values for each factor is,
however, not enough for the identification of the factor’s significance. For this
reason nh factor was analyzed with three pairs of levels, MSS with four pairs,
CWND with five pairs as indicated in Table 2. The significance of CWmin fac-
tor was analyzed with one pair of values. Each experiment was repeated 5 times
randomly seeding the random number generator at each iteration. In total 24000
(24 ·3 ·4 ·5 ·1 ·5) independent factorial designed experiments were performed.The
response from each run is the throughput in kilobits per second which was com-
puted as the amount of data received by the sink node divided by the total
transmission time.
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Table 3. Simulation parameters.

Parameter Value

Physical Layer Parameters

Carrier sensing threshold -115 dBm
Reception threshold -72 dBm
Transmitted signal power 15 dBm
Channel frequency 2437e6 (channel 6)
Base TX rate 1 Mb/s
Data rate 2, 5.5, 11 Mb/s

MAC Layer Parameters

Maximum Contention Window 1023
Short slot time 9 us
SIFS 10 us
Short preamble 72 bits
RTS/CTS off

3.1 Simulation setup

The network topology used in our experiment is a static wireless chain depicted
in Figure 2. The nodes were placed on distances equivalent to the transmission
range of the wireless interface at a given physical layer data rate. A single wireless
channel is shared by all nodes in the network. Static routing was used in order
to avoid interferences imposed by the routing traffic. The test flow is originated
at Node 1 and traversed variable number of hops to the last node in the chain
which was the sink node for the monitored flow. We used TCP Newreno and an
FTP application which constantly generated traffic during each simulation run.

Fig. 2. The experimental chain topologies.

We used network simulator ns-2.33 [11] to perform the experiments. Prior
to the experiments we performed careful calibration of the network simulator
parameters in order to achieve as close to the reality performance figures as
possible. For this we configured the simulator with parameters of real IEEE
802.11b network interfaces which are used in our wireless mesh testbed. Table 3
summarizes the used settings.

In order to verify the correctness of the simulation settings we compared the
results from the simulations to the performance of the bulk transfer in a real
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multihop testbed deployed in our lab. As Table 4 indicates we achieved good
simulations accuracy especially on larger hop counts.

Table 4. Results of calibration of network simulator parameters: TCP throughput (in
kb/s) measured in simulations and in real multihop testbed.

hops 1 3 6

Simulations 5041.4 1681.2 836.3
Measurements 3870.0 1260.0 870.0
|∆| 1171.4 421.2 33.7

4 Statistical significance and empirical throughput
modeling

In factorial analysis F-test is used to evaluate the significance of a factor. The
null hypothesis of the F-test is that the factor would have a zero coefficient when
added to a linear model. The decision about the validity of the null hypothesis
is taken by inspecting the p-value of the test. The p-value is defined as the
smallest level of significance that would lead to rejecting the null hypothesis
[10]. A significance level of the test (α-level) is a probability of rejecting the null
hypothesis when in fact it is true. Accordingly factors which p-values are lower
then the defined α-level are considered as significant. Usually a significance level
equal to 0.05 is considered as an acceptable error level.

The F-test is based on the assumption of normality and independence of the
residuals from an identified linear regression model. In our analysis the normality
assumption was checked by evident results from Jarque-Bera hypothesis test of
composite normality. The independence is achieved by the experiment design
presented in the previous section.

Applying factorial analysis to experimental data led to identify the following
factors as significant: nh and MSS with confidence 95% (α-level equals 0.05).
We observed that factors CWmin and CWND were significant only in some
small part of the experiments. Table 5 demonstrates the minimum and maxi-
mum impacts of factors shown as coefficients in linear regression models where
all factors were significant for the particular physical layer transmission rate.
We observe that even when CWmin and CWND factors are significant, their
impact is considerably smaller compared to the impact from nh and MSS fac-
tors. Therefore, for the TCP throughput modeling we decided to continue only
with nh and MSS, the factors with the most evident significance in this par-
ticular scenario. We, however, highlight that CWmin and CWND should not
be disregarded from further modeling of more complex scenarios as their im-
pact could became more significant in other settings [7]. We, however, leave the
development of this issue for our future work.
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Table 5. Maximum and minimum impacts of considered factors in regression models
where all factors were significant (20% of all regressions).

Factors nh MSS CWND CWmin

RPHY Mb/s min max min max min max min max

1 -1093 -52.01 998 12700 -37.62 -3.70 -3.69 265.12
2 -2059 -83.08 1897 29070 -67.56 -3.58 -3.58 492.03

5.5 -4694 -134.96 8209 87120 -133.14 -8.70 -8.70 630.27
11 -7448 -161.33 11027 17746 -180.20 -6.58 -6.58 221.93
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Fig. 3. TCP throughput measured in simulations for RPHY =5.5 and 11Mb/s and
selected values of MSS versus number of hops.

4.1 Iterative empirical modeling of TCP throughput

In this section we present the results of an iterative throughput modeling based
on three selected parameters: number of wireless hops (nh), TCP maximum
segment size (MSS) and physical layer transmission rate (RPHY ).

Two dimensional throughput model: Fitting nh and RP HY parame-
ters. The plots of the measured TCP throughput Rmeasured in Figure 3 suggest
choosing a reciprocal function of number of hops in form 1

a·nh+b as a target func-
tion for TCP throughput. We performed |RPHY|× |MSS| nonlinear regressions
where |RPHY| and |MSS| are cardinality of vectors of physical layer transmis-
sion rates and MSS sizes used in experiments correspondingly. In this way we
estimated matrices of coefficients A and B for each permutation of rate and MSS
values. The non-linear regression was transformed to the linear one by fitting

1
Rmeasured

values to first order polynomial a · nh + b using the method of least
squares. After that in all models with the determined coefficients we extracted
the values equal to the corresponding physical layer data rate and obtained
elements of matrices of coefficients A and B as 1

RP HY
·ai,j and 1

RP HY
· bi,j corre-

spondingly. By this we obtained the two-dimensional model for TCP throughput
(3).
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Fig. 4. Coefficient a1 and b1 versus MSS for different physical layer data rates.

R̂(RPHY , nh) =
1

1
RP HY

· (A · nh−B)
= RPHY ·

1
A · nh−B

. (3)

The coefficient of multiple determination was used as a measure of the pre-
diction accuracy of the model. The estimated values for coefficients ai,j and bi,j
for different physical layer transmission rates (index i) and selected MSS sizes
(index j) as well as the calculated R2 values for (3) are reflected in Table 6. The
calculated R2 values shows that the predictive ability of the model is better then
96%.

Table 6. Values of coefficients a1 and b1 in two-dimensional model with corresponding
R2 values.

A B R2

MSS, B 100 500 900 1100 1300 1460 100 500 900 1100 1300 1460

1 Mb/s 3.23 1.84 1.59 1.55 1.49 1.4 1.06 0.50 0.37 0.36 0.31 0.34 0.96
2 Mb/s 3.99 2.04 1.72 1.64 1.58 1.54 1.04 0.45 0.35 0.33 0.31 0.29 0.97
5.5 Mb/s 6.78 2.82 2.17 2.00 1.88 1.83 1.36 0.52 0.39 0.32 0.27 0.30 0.98
11 Mb/s 11.03 4.03 2.86 2.58 2.38 2.25 1.28 0.45 0.28 0.28 0.24 0.19 0.99

Three dimensional throughput model: Fitting the MSS parameter.
On the next iteration of fitting we extended model (3) as follows. The matri-
ces of coefficients A and B are functions of MSS for different physical layer
transmission rates: R̂(RPHY , nh,MSS) = RPHY · 1

f1(MSS)·nh+f2(MSS) .
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Fig. 5. Functions f1, f2 and f3 of MSS on the example of f1 and f2 model forRPHY =
11Mb/s.

Based on the shape of plots of the estimated A and B values as function
of MSS shown for a given transmission rate in Figure 4 we again selected
a reciprocal function as a candidate for fitting: f1(MSS) = 1−→

a1·MSS+
−→
a2

and

f2(MSS) = 1−→
b1·MSS+

−→
b2

. Here
−→
a1,
−→
a2,
−→
b1,
−→
b2 are vectors of coefficients (for trans-

mission rates 1, 2, 5.5, 11 Mb/s) to be estimated by linear regression on the
set of previous coefficients { 1

ai,j
} and { 1

bi,j
}. The result of the regression with

R2 ≥ 0.97 accuracy are vectors:

−→
a1 = {0.30; 0.33; 0.35; 0.31} · 10−4;

−→
a2 = {0.38; 0.31; 0.18; 0.10},

−→
b1 = {0.19; 0.21; 0.25; 0.38} · (10)−3;

−→
b2 = {0.11; 0.11; 0.09; 0.06} · (10).

Now, since f1 and f2 belong to the same class of functions we may express
them as a product of another function f3(MSS) = 1

MSS+α of their class and
multipliers β and γ, which transforms the common function f3 to f1 and f2
as f1(MSS) = f3(MSS) · β and f2(MSS) = f3(MSS) · γ correspondingly
(this step is illustrated in Figure 5). By doing this the target model for TCP
throughput takes form (5). Note that multipliers α, β and γ are specific to
particular transmission rate and therefore in (5) the vector notation is used.

R̂(RPHY , nh,MSS) = RPHY ·
1

f3 · (
−→
β · nh−−→γ )

=

= RPHY ·
MSS +−→α
−→
β · nh−−→γ

.

(4)

We estimate the values of coefficient vectors −→α ,
−→
β and −→γ for each considered

physical layer transmission rate by performing a system of nonlinear regressions
for selected target model (4). Due to space limitations and because we used
standard methods of performing a system of regressions, we do not present the
details of the regression analysis here. The values of α, β and γ obtained as the
result of the regression analysis are reflected in Table 7 along with R2 values for
the accuracy of each estimated model.
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Table 7. α, β, and γ coefficients values

RPHY (Mb/s) α β γ R2

1 9834 27394 1851 0.98
2 7541 25777 1433 0.98

5.5 4458 25997 984 0.99
11 2966 30284 855 0.99
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Fig. 6. TCP throughput measured in simulations and predicted by the final model for
RPHY =11Mb/s and different values of MSS versus number of hops.

The calculated R2 values shows that the predictive ability of the model is
better then 98%. Figure 6 demonstrates how well the estimated model fit the
measured values of throughput in the case when RPHY = 11 Mb/s for selected
values of MSS.

5 Discussion

In last years TCP performance modeling over wireless networks was an active re-
search topic. TCP modeling could be classified on analytical, real-measurements,
and simulations based modeling. Many previous works were dedicated to ana-
lytical modeling such as [6], [3]. These models are based on Markov chain theory
with limitations and hard assumptions.

6 Conclusions

In this article we considered a problem of empirical modeling of TCP through-
put in wireless networks. The main difference of our approach from those previ-
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ously reported in the literature is that our model uses adjustable parameters on
different communication layers and parameters of the communication context
directly measurable before the actual start of the data transfer. Since model-
ing of cross-layer dependencies is a complex task in this article we presented
a so far three-dimensional variant of the general model. Our model uses trans-
mission rate at the physical layer, number of wireless hops and the maximum
size of TCP segment as input parameters and predicts TCP throughput with
98 - 99% accuracy. Already in this form the model can be used for practical
cross-layer optimization of the TCP throughput. We continue the development
of the presented material by identifying new significant adjustable parameters
and parameters of the communication context and considering more complex
scenarios.
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