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ABSTRACT 

Single User, Transmission Control Protocol Downstream Throughput (TCPDST) probability models 

in an IEEE802.11b WLAN have been developed, validated and evaluated for performance. 

Measurement of single user TCPDST were taken using Tamosoft throughput test while that of signal 

to noise ratio (SNR) were taken using inSSIDer 2.1. The Tamosoft throughput tests were conducted 

using different quality of service (QoS) traffic. These QoS traffic (which were sent through an 

infrastructure based network) correspond to different wireless multimedia tags. Measurements 

were taken in free space, small offices and open corridor environments. By assuming a normal 

distribution, single user TCPDST Cumulative distribution function (CDF) probability models were 

developed for different signal categories namely: (i) all the SNR considered, (ii) strong signals only, 

(iii) grey signals only and (iv) weak signals only. The models were validated and their performances 

evaluated using root mean square (RMS) errors. RMS errors were computed by comparing model 

predicted values with validation data. The RMS errors for single user CDF all signals model was 

0.1466%. RMS errors for strong signals models, grey signals model and weak signals model 

respectively were 0.1466%, 0.6756% and 0.1233% indicating acceptable performances. All 

signals, strong signals, grey signals and weak signals CDF probability models predicted probabilities 

of obtaining TCPDST values greater than 5Mbps as 74.79%, 90.55%, 13.00% and 4.77% 

respectively while probabilities of obtaining TCPDST values less than 2Mbps were predicted as 

4.91%, 0.00%, 18.98% and 52.41% respectively. These probability models will provide additional 

useful information needed to design efficient distributed data networks. 
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1. INTRODUCTION  

The world is presently experiencing an increasing 

need for wireless technologies and associated 

bandwidth for internet access. In many 

organizations, the trend is to be able to access the 

internet in a fast and convenient way. This has 

resulted due to the disruptive emergence of 

numerous innovative digital communication 

application platforms like e-governance, e-health, e-

learning, e-democracy, e-agriculture, etc. [1 – 3].  

On the internet, network devices use network 

protocols to send and receive data. A network 

protocol defines rules and conventions for 

communication between network devices. Messages 

are sent and received as packets by protocols for 

computer networks using methods of packet 

switching. The internet protocol (IP) family contains 

a set of network protocols. Apart from IP, higher-level 

protocols like transmission control protocol (TCP), 

user datagram protocol (UDP), hypertext transfer 

protocol (HTTP) and file transfer protocol (FTP) all 

combine with IP to provide improved functions. 

Lower-level internet protocols like address resolution 

protocol (ARP) and internet control message protocol 

(ICMP) also co-exist with IP. TCP and UDP which are 

higher level protocols interact more closely with web 

browser applications while lower-level protocols 

interact with network adapters and other computer 

hardware.  

Majority of network measurements are carried out 

using either TCP or UDP packets because most of the 

traffic on the internet are made of these two 
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protocols. TCP ensures that packets that are sent 

from the source do not just arrive at their destination 

but must do so in the order in which they were 

transmitted. TCP uses an algorithm that attempts to 

avoid network congestion by delaying the 

transmission of packets if it senses congestion in the 

network. A disadvantage of TCP compared with UDP 

is that it has a higher overhead than UDP. Internet 

control message protocol (ICMP) is used by many 

network engineers to design their distributed data 

networks even though the protocol is not a good 

representation of protocols like TCP and UDP usually 

employed in real networks [4, 5]. An example of ICMP 

used in practice is the ping utility. Ping uses ICMP to 

probe the round trip time and responses of remote 

hosts of the probe messages [4].  

Although network Engineers keep using ICMP to 

estimate the throughput between clients and servers, 

the throughput measurement provided by ICMP is a 

rough estimate of the actual throughput and errors 

are introduced into the estimate they provide 

compared with real life data. Hence being able to 

estimate the network throughput using TCP 

measurements gives a more accurate and reliable 

throughput data to the network engineers or 

designers. Wireless local area networks (WLANs) use 

TCP to access the internet. According to [6] 

IEEE802.11b WLAN system remains the most widely 

deployed technology that also provides the widest 

range although it is an old technology. Other 

technologies are forced to use lower data speeds 

when an IEEE802.11b device is introduced into the 

network hence in applications where an IEEE802.11b 

device will be introduced into the network and where 

the distance covered rather than high throughput or 

bandwidth is desired; IEEE802.11b is preferred above 

newer technologies [6]. 

Moltchanov [7] and Loiuseau, et. al [8] postulated 

that over 80% of the total traffic in the Internet use 

TCP. Tools that predict TCP performance are 

therefore in high demand to be able to better 

understand the performances of systems like WLANs 

which access the internet using TCP. 

To characterize the performances of WLANs, the 

major parameters needed to be used are the 

throughput and round trip time (RTT) experienced by 

the users. Throughput indicates the average rate with 

which data (in bits) can be sent between one user 

and another in a network [9]. Upstream throughput 

is the speed of data sent from the client to the WLAN 

radio while downstream throughput is the speed of 

data sent from WLAN radio to the client. Upstream 

and downstream throughput should be studied 

separately because they show appreciably different 

characteristics [10, 11]. Most internet users do more 

downloads than uploads hence specifically 

developing measurement tools for TCP downstream 

throughput is very useful today. 

Several models that predict TCP throughput directly 

from SNR exist.  Several researchers [9-22] have 

modelled throughput in IEEE802.11 WLANs but none 

of them focused on modelling the probability of 

obtaining a throughput value falling into a certain 

range for different categories of received signals. 

Some stochastic models [23-28] focused on packet 

loss probability, packet delay, back off duration, 

attempt and transmission probabilities, etc. but did 

not consider the probability of the observed TCP 

throughput falling within a defined throughput range 

for different categories of signals. Oghogho, et. al 

[29] provided TCP probability models for predicting 

upstream throughput but did not provide TCP 

downstream probability models. This paper by 

providing TCP probability models for predicting 

downstream throughput provides an empirical 

probability tool for filling this gap. 

 

2. RESEARCH METHOD  

The method used in this work was earlier used by 

[19]. However probability models were developed in 

this work as was done in [29]. The types of QoS 

traffic used in this research are described in [30]. 

Tamosoft throughput test was used to collect single 

user TCPDST field data. The received signal strength 

indication (RSSI) was measured in dBm using 

inSSIDer 2.1 software. inSSIDer 2.1 was also used to 

monitor any interfering access points. This 

information was used to make the decision of the 

most suitable channel for measurement. From the 

Client or server, the noise floor level was observed by 

logging into the WLAN radio. SNR was computed by 

subtracting the noise floor level from the RSSI value 

observed. TCPDST was measured using Tamosoft 

throughput Test software for each RSSI observed at 

different distances from the WLAN radio. The 

collected single user TCPDST field data were sorted 

into four categories using the received SNR. Single 

user TCPDST CDF probability models were developed 

for predicting the probability of single user TCPDST 

falling into different throughput ranges for various 

SNRs. From all data collected, one model which 

relates single user TCPDST with SNR categories was 
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developed. One model was developed for all signals 

considered another was developed for Strong signals 

only (SNR>25dB), another model was developed for 

grey signals only (25dB>SNR>18dB) and yet another 

model was developed for weak signals only 

(SNR<19dB). The models were compared with the 

validation data collected in different but similar 

environments to that where the field data were 

collected. RMS errors for the developed models were 

computed for all signal categories to check the 

validity of the models. 

 

3. RESULTS AND DISCUSSION 

Table 1 shows field data and Validation data 

statistical Parameter values of Single user TCPDST for 

different categories of SNR. From the Table, both the 

field and the validation data compare well for the 

different statistical parameters considered even 

though the measurements were taken in different 

similar environments. To develop the models, a 

normal distribution was assumed to derive a general 

function for predicting the probability distribution 

function (PDF) of obtaining TCPDST values for the 

different categories of SNR. This was also extended 

to develop Cumulative distribution function (CDF) 

models of obtaining TCPDST values for all SNR, 

Strong signals only, Grey signals only and Weak 

signals only. The normal or Gaussian distribution is 

defined by the mathematical model [31]. 

f(x) =
1

σ√2π
e

−
1
2

(x−μ)

σ2

2

(−∞<𝑥<+∞)
                (1) 

Where σ = standard deviation of the population, μ is 

the population mean, and x is the downstream 

Throughput being investigated. f(x) is the PDF of 

obtaining a TCPDST = x Mbps. From Table 1, the 

required standard deviations and mean values are 

obtained and inserted into equation 1 to obtain the 

PDF models or equations for the normal distribution 

assumed in the various categories of signals for a 

single user on the network. Since throughput cannot 

be negative, the range is from 0 to infinity. The PDFs 

have little practical importance because they estimate 

the probability of obtaining a particular TCPDST value 

and not a range of TCPDST values. 

This leads to the need to evaluate the CDF in terms 

of standard units. To obtain CDF in terms of standard 

units, equation 1 is transformed to the standard 

normal form shown in equation 2 [31]. 

f(Z) =
1

σ√2π
e

−
1
2

(Z)

σ2

2

(−∞<𝑥<+∞)
                    (2) 

Where  

𝑍 =
x − μ

σ
                                                (3) 

and σ =  standard deviation of the population and μ 

is the population mean. For a single user on the 

network, Z scores or values can be obtained using 

model equations 4, 5, 6, and 7 for all SNR, strong 

signals, grey signals and weak signals respectively.  

 𝑍 = (
x − 5.232

1.3374
) + ɤ      (0 ≤ x ≤ ∞)                 (4) 

𝑍 = (
x − 5.749

0.6044
) + ɤ      (0 ≤ x ≤ ∞)                  (5) 

𝑍 = (
x − 3.392

1.3702
) + ɤ       (0 ≤ x ≤ ∞)                (6) 

𝑍 = (
x − 2.1143

1.5196
) + ɤ (0 ≤ x ≤ ∞)                  (8) 

ɤ is the correction factor that was introduced to make 

the models more accurate. The CDF is given by 

equation 8 and for any value of Z score in equations 

4, 5, 6, and 7, the CDF value can be found from the 

standard normal distribution table [31].  

𝐹(𝑍) =
1

√2π
∫ e−

1
2

u2
Z

−∞

du                         (8) 

The correction factor (ɤ) was computed by 

comparing the values from the CDF probability 

models with the field data probabilities of obtaining 

TCPDST in the various SNR categories. Thus after the 

CDF probabilities are estimated using the respective 

models from Z tables, the correction factors are 

obtained by subtracting the model values from Z 

tables from the field data probabilities. Table 2 shows 

the unadjusted CDF probability models values 

obtained using Z tables, the adjusted TCPDST CDF 

probability models values and the correction factors 

introduced to make them more accurate in predicting 

the probability of obtaining TCPDST for different 

signal categories. 
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Table 1: Values of Statistical Parameters of Single user TCPDST for different SNR. 

Statistical 
Parameter 

ALL RSSI (SNR) considered (63dB≥
𝐒𝐍𝐑 ≥ 𝟏𝟑𝐝𝐁) 

Strong Signal (SNR ≥ 25dB) 

TCPDST Field data 
(Mbps) 

TCPDST Validation 
data 

TCPDST Field data 
(Mbps) 

TCPDST Validation data 

N (Sample Size) 1885 762 1506 568 
Mean 5.232 4.975 5.749 5.591 
Std. Error of Mean 0.0308 0.0526 0.0156 0.0302 
Median 5.85 5.7050 5.94 5.8900 
Mode 6.03 5.92* and 6.08* 6.03 5.92* and 6.08* 
Std. Deviation 1.3374 1.4512 0.6044 0.7192 
Variance 1.788 2.106 0.365 0.517 
Coefficient of 
dispersion 

0.2556 0.29172 0.1051 0.128628 

Skewness -1.698 -1.513 -1.747 -1.902 
Std. Error of 
Skewness 

0.056 0.089 0.063 0.103 

Kurtosis 2.469 1.494 7.106 4.254 
Std. Error of 
Kurtosis 

0.113 0.177 0.126 0.205 

Range 10 7.13 7.65 6.18 

Statistical 
Parameter 

Grey signal (25dB>SNR≥19dB) Weak Signal (SNR<19dB) 

N (Sample Size) 316 98 63 95 
Mean 3.3915 4.0413 2.1143 2.2459 
Std. Error of Mean 0.07708 0.11572 0.19145 0.13923 
Median 3.2750 4.3500 1.91 2.1000 

Mode 
2.76*, 3.2* and  
4.89* 

5.01 
0.36* 0.54* 0.56*1.15* 
2.56* 3.1*. 

3.73*, 1.87*, 0.77*, 0.74*, 
0.67*, 0.39* 

Std. Deviation 1.3702 1.14553 1.5196 1.35703 
Variance 1.878 1.312 2.309 1.842 
Coefficient of 
dispersion 

0.4041 0.2834558 0.7187 0.6042255 

Skewness 0.144 -0.551 1.159 0.335 
Std. Error of 
Skewness 

0.137 0.244 0.302 0.247 

Kurtosis 0.188 -0.324 1.874 -1.085 
Std. Error of 
Kurtosis 

0.273 0.483 0.595 0.490 

Range 9.19 5.14 7.47 4.85 

* multiple mode exists 

 

Table 2: TCPDST CDF probability models values  
ALL RSSI (SNR) considered (63dB≥ SNR ≥ 13dB) Strong Signals (SNR ≥ 25dB) 

TCPDST 

(Mbps) 

CDF probability 

model value 

from Z table 

Correction 

factor  (ɤ) 

Adjusted CDF 

Probability 

Model values 

CDF probability 

model value 

from Z table 

Correction 

factor  (ɤ) 

Adjusted CDF 

Probability 

Model values 

> 6 0.3121 0.013 0.3251 0.3372 0.067 0.4042 

5-5.99 0.2118 0.211 0.4228 0.5553 -0.054 0.5013 
4-4.99 0.2052 -0.111 0.0942 0.1056 -0.04 0.0656 

3-3.99 0.1479 -0.075 0.0729 0.0019 0.026 0.0279 

2-2.99 0.0794 -0.042 0.0374 0.0000 0.001 0.0010 
1-1.99 0.0317 0.002 0.0337 0.0000 0 0.0000 

<0.99 0.0094 0.006 0.0154 0.0000 0 0.0000 

Grey signals (25dB>SNR≥19dB) 

> 6 0.0287 -0.022 0.0067 0.0052 0.011 0.0162 
5-5.99 0.0923 0.031 0.1233 0.0235 0.008 0.0315 

4-4.99 0.2090 0.019 0.2280 0.0788 0.016 0.0948 
3-3.99 0.2841 -0.006 0.2781 0.1735 -0.062 0.1115 
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ALL RSSI (SNR) considered (63dB≥ SNR ≥ 13dB) Strong Signals (SNR ≥ 25dB) 

TCPDST 

(Mbps) 

CDF probability 

model value 
from Z table 

Correction 

factor  (ɤ) 

Adjusted CDF 

Probability 
Model values 

CDF probability 

model value 
from Z table 

Correction 

factor  (ɤ) 

Adjusted CDF 

Probability 
Model values 

2-2.99 0.2320 -0.058 0.1740 0.2509 -0.029 0.2219 
1-1.99 0.1138 0.044 0.1578 0.2354 -0.013 0.2224 

<0.99 0.0460 -0.014 0.0320 0.2327 0.069 0.3017 

 

Table 3:  RMS errors for Adjusted CDF Probability Model for TCPDST. 
Signal Category All SNR Strong Signals Grey Signals Weak Signals 

RMS Error  0.0015 0.0015 0.0068 0.0012 

 

 
Fig. 1: Graph of Probability Vs TCPDST for developed models and Validation data. 

 

For a single user, the models probabilities and that of 

validation field data are plotted against TCPDST in 

Figure 1. Fig.1(a) shows the graph for all SNR, 

Fig.1(b) shows the graph for strong signals only, 

Fig.1(c) shows the graph for grey signals only and 

Fig.1(d) show graphs for weak signals only. It can be 

seen from the graphs that the model predicted 

probabilities follow the validation data probabilities 

closely in all categories of signals. A bimodal 

distribution is observed in the grey signal range. 

For a single user on the network, the all signals, 

strong signal, grey signal and weak signal CDF 

probability models respectively predicted probabilities 

of obtaining TCPDST values greater than 5Mbps as 

74.79%, 90.55%, 13.00% and 4.77% while 

probabilities of obtaining TCPDST values less than 

2Mbps were predicted as 4.91%, 0.00%, 18.98% and 

52.41% respectively. Thus when a signal is strong 

and there is a single user on the network, there is a 

very high probability (over 90%) of obtaining a 

TCPDST value greater than 5Mbps and a practically 

near zero possibility to obtain a value less than 

2Mbps. On the other hand when signal has become 

weak there is a high probability (52.41%) of 

obtaining a TCPDST less than 2Mbps. RMS errors 

were computed to test the validity and performance 

of the developed probability models. 

This was done by comparing the developed model 

predicted probabilities with validation data 

probabilities. Table 3 shows the RMS errors for the 

adjusted CDF probability TCPDST models in the single 

user scenario estimated for all SNR, strong signals 

only, grey signals only and weak signals only. All the 

models have good performance as they show low 

RMS errors. In the single user scenario, the adjusted 

CDF probability TCPDST model for grey signals 

showed the largest error (0.0068 or 0.6756%) 

observed which is reasonably negligible. 

 

4. FUTURE RESEARCH DIRECTIONS, 

RECOMMENDATIONS AND CONCLUSION 

In this work (by assuming a normal distribution for 

the collected data), empirical CDF probability models  

that will enable researchers and WLAN users to 

estimate the probability that TCPDST falls into various 

throughput ranges for various categories of signals 
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when there is a single user on the network have been 

developed validated and tested for performance. All 

CDF probability models developed showed low RMS 

errors which are within acceptable limits as shown in 

Table 3. However, the research needs to also cover 

multiple users TCPDST as this is what is most 

experienced in real life scenarios. In addition, it is 

necessary to consider models developed for specific 

QoS traffic types and specific environments to allow 

network users have tools for predicting such 

scenarios. Probability models for newer WLAN 

systems such as IEEE802.11g/n and LTE systems 

should also be considered for development since the 

old technologies are gradually getting out of use.  

This work has formed the background for the future 

work identified above which are already being 

considered by us in our on-going research. In 

addition to already existing throughput prediction 

models, our probability models will provide some 

additional useful information needed to design very 

efficient distributed data network. 
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