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ABSTRACT 
Context. The decrease in the probability of successful frame transmission in the infrastructure domain of IEEE 802.11 DCF 

wireless network is caused both by the influence of the collision intensity and by the impact of external interference in the radio path. 
Using the Markov chain approach as a baseline, we explicitly expressed the dependence of the network throughput on the number of 
operating stations, bit error rate (BER), and the frame fragmentation factor. 

Objective. The purpose of this article is to study the influence of interference intensity on the throughput of a wireless network 
domain in a wide range of the number of operating stations when transmitting frames of various lengths in the absence and with the 
use of the fragmentation mechanism. 

Method. The performed mathematical modelling showed, that in the range of increased and high noise intensity (BER = 10–5 –
 10–4), a decrease in the length of the frame data field from the standard length of 12000 bits to 3000 bits is accompanied by a de-
crease in the throughput for all values of the number of competing stations. At the same time, it must be noted that as the amount of 
the frame data decreases, the throughput becomes less susceptible to an increase in the noise intensity. Qualitatively different results 
are obtained in the region of very high interference intensity (BER = 2·10–4). A significant increase in the probability of frame trans-
mission in this region observed with a decrease in the standard length of the frame data field by 2–3 times, made it possible to in-
crease the throughput compared to the original one. This effect is especially pronounced when the length is halved. 

Results. The study of the standard frame transmitting process, but with a fragmented data field, showed that if for BER = 5·10–5 
and less with an increase in fragmentation factor, the throughput values decrease, in the entire range of the number of stations due to 
the predominant increase in overhead costs, then in the region of high (BER = 10–4) and very high noise intensity (BER = 2·10–4) we 
have the opposite effect. To the greatest extent, the throughput increases when the frame data is transmitted in two equal fragments. 
We have made a comparison of the network throughput determined by simply reducing the length of the frame data field and using 
fragmentation of a standard frame. The comparison showed that the use of the fragmentation mechanism is more beneficial both 
when throughput is stabilized under conditions of increased noise intensity and when the throughput is increased under conditions of 
high and very high noise intensity. 

Conclusions. In this article, a mathematical model has been modified for direct calculation of the wireless network throughput. 
Using this model, we studied the changes in throughput over a wide range of BER and a number of operation stations for various 
values of the transmitted frame fragmentation factor. The conditions for increasing the throughput are determined. 

KEYWORDS: IEEE 802.11 wireless networks, DCF, throughput, infrastructure domain, BER, frame, fragmentation factor, col-
lision. 

 

ABBREVIATIONS 
AP is an access point; 
BER is a bit error rate; 
CSMA/CA is a Carrier Sense Multiple Access with 

Collision Avoidance; 
DCF is a Distributed Coordination Function; 
FCC is a Federal Communication Commission; 
MAC is a Medium Access Protocol; 
MIMO is a Multiple Input Multiple Output; 
STA is a station; 
Wi-Fi is a Wireless Fidelity; 
WLAN is a Wireless Local Area Network. 

 
NOMENCLATURE 

ACK is a frame acknowledgment; 
DIFS is an interframe space;  
SIFS is a short interframe space;  
bE is a number of erroneous bits; 
H is a frame header transmission time; 
Eb is an amount of energy per bit; 

FER is a frame error rate i.e. probability of frame dis-
tortion; 

k is a fragmentation factor; 
L is length of the frame data field in bits; 
L0 is an initial length of the frame data field in bits; 
MAChdr is a transmission time of a frame channel layer 

header; 
m is a number of window doubling allowed; 
N0 is a noise power spectral density; 
n is a number of competing stations; 
Pb is a bit error probability; 
PHYhdr is a transmission time of a frame physical layer 

header; 
PS is a probability of successful frame transmission; 
p is the collision probability; 
R is a data transfer rate; 
S is a network throughput; 
Tc is an average time the channel is sensed busy be-

cause of collision; 
Tsc is an average time the channel is sensed busy be-

cause of successful transmission; 
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t is a transmission time; 
W0 is a minimum value of contention window; 
α is a multiplicative constant coefficient; 
β is a power constant coefficient; 
δ is a propagation delay; 
η is a number of empty slots; 
σ is a duration of one slot;  
T is a probability of successful frame transmission 

over the channel without errors. 
 

INTRODUCTION 
In the last few decades, we have witnessed an expo-

nential growth of the demand for wireless networks that 
provide reliable communications and ensure ubiquitous 
coverage, high spectral efficiency, and low latency [1, 2]. 
From 2012 to 2017, mobile networks have been a seven-
teen-fold cumulative growth, registering an increment in 
71% in data traffic from 2016 to 2017 alone. Recent stud-
ies also show, that 54% of the traffic, generated by de-
vices that support cellular and Wi-Fi connectivity was 
offloaded via Wi-Fi in 2017 and is expected that this 
number increases up to 59% by 2022 [3, 4]. 

The 802.11 DCF WLANs (Wi-Fi networks) work on 
the basic of the well-known carrier-sense multiple access 
with collision avoidance (CSMA/CA) protocol. In dis-
tributed WLAN’s environment a common wireless me-
dium is shared by a number of associated stations without 
any centralized coordination. Whenever a given station 
has a frame to transmit, it waits until the channel becomes 
idle for a given amount of time (DIFS interval), and then 
accesses the channel following exponential backoff rules. 
If a successful reception occurs the access point responds 
after a SIFS – interval with an ACKnowledgment frame. 
The management of the common medium is specified by 
two aspects: (1) multiple access resolution, i.e. the rules 
that govern how a given station acquires the right to use 
the channel; and (2) channel transmission operations, i.e. 
the rules that govern how a station that wins a contention 
performs transmissions without losing control over the 
channel. 

Despite significant progress in solving these and other 
WLANs problems, achieved in the development of next-
generation networks such as 802.11ac and 802.11ax, the 
effective throughput increases quite slowly, especially in 
dense networks operating under conditions of high inter-
ference intensity. A high noise level is usually caused by 
the presence of both external interference and interference 
specific to a given data transmission technology, usually 
caused the need to increase the transmission rate [5]. 

As noted by US Federal Communications Commis-
sion (FCC), an urgent problem for technologies using 
channels with a width Δf = 160 MHz, operating in the 
range with a central frequency f = 5 GHz, is “clearing the 
frequency range”. The effect of noise increases as the 
channel bandwidth expands. A similar effect is also ob-
served with a decrease in the inter-symbol interval of 
transmitted data and with an increase in the number of 
subcarrier frequencies used in modern wireless technolo-

gies. Being closer to each other adjacent subcarriers are 
more sensitive to noise and mutual interference [6]. 

In the presence of a significant number of obstacles in 
the signal propagation area, multiple reflected signals lose 
their initial energy and arrive to wireless router with a 
certain delay. To struggle the negative influence of multi-
path propagation, several antennas are used on the sender 
side and on the receiver side of the channel (MIMO 
scheme). This also allowed the formation of several paral-
lel spatial data streams. In 802.11ac technology, which 
uses 8 antennas in the router, a directional signal forma-
tion mode (Beamforming) has been created. This mode is 
used, for example, between two routers in the backbone 
of the wireless network. At the same time, the concentra-
tion of several spatial streams in one region of the chan-
nel, even despite, for example, different polarization of 
signals transmitted in each stream, leads to an increase in 
the mutual influence of signals. This effect is further en-
hanced with an increase in the intensity of external noise, 
blurring the distinctive features of signals of different 
streams. 

The object of study is the process of data transmis-
sion in wireless networks with heavy traffic at high inten-
sity of external interference. 

The subject of study is the mathematical models of 
IEEE.802.11 DCF networks operation under conditions of 
collisions and external interference combine influence. 

The purpose of the paper is to study the possibility 
of increasing the throughput of a dense wireless network 
at high noise intensity due to the fragmentation of trans-
mitted frames. 

 

1 PROBLEM STATEMENT 
In conditions of increased interference intensity, the 

probability of successful frame transmission from the 
station to the access point can be defined as [7, 8] 

 

)1( FERTPS  . (1)
 

The probability T is traditionally determined using 
Markov-chain models in the form of the function 
F(p, W0, m), where p is the collision probability, which in 
turn depends on T; W0 = CWmin is the minimum conten-
tion window; m is the number of window doublings after 
every next collision [9–11]. 

Collisions coming from WLAN’s nodes using the 
same MAC protocol, and interference coming from de-
vices outside the network, waste valuable transmission 
time and radiated power, having a negative impact on the 
energy efficiency, throughput, and delay of the system 
[12]. Network nodes cannot distinguish one type of loss 
from another because the symptoms are the same – not 
receiving the acknowledgment from the access point.  The 
increase in the level of interference leads to the increase 
in the loss of information frames during transmission, 
which in turn decreases the network throughput. 

Rational for improving the reliability of WLANs is to 
avoid losing frames due to occurrence of channel induced 
errors, collisions etc. The STA needs to retransmit the 
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whole frame even if it contains only one bit error. When 
the channel error rate is significantly high to get the frame 
through would require a large number of retransmissions. 
To mitigate this, fragmentation was proposed whereby big 
frames are sent in small fragments which are individually 
acknowledged or retransmitted. Doing this in case the 
error the STA needs to retransmit only the error fragment 
which takes short time compared to retransmitting the 
whole initial frame. If the medium is significantly noisy, a 
fragment has a higher probability to get through without 
errors because it can be fitted between error bursts [13, 
14]. By operating this way, the STA increases its chances 
of successful frame transmission in bad channel condi-
tions. 

At the same time, it should be considered that frag-
mentation increases the amount of service information 
needed to transfer a given amount of data, which leads to 
a decrease in network throughput. 

The purpose of this work is to expand the mathemati-
cal model proposed by us in article [15], which in an ex-
plicit analytical form describes the impact of collisions 
and external noise on the operation of IEEE 802.11 net-
works, for the case of frames fragmentation, and to study 
the possibility of increasing network’s throughput due to 
fragmentation under conditions of high intensity of exter-
nal interference. 

 
2 REVIEW OF THE LITERATURE 

The basic for the theoretical analysis of the frame 
transmission probability in IEEE 802.11 DCF wireless 
networks for more than the last two decades are Markov 
chain models [9–11, 16–20]. In the widely known work 
published by Bianchi [9] which was further developed by 
Tinnirello, Bianchi, and Xiao [10] the authors use the 
chain model for ideal channel conditions. The probability 
that a station accessed a channel depends on when the 
channel was idle or busy in a previous time slot. These 
aspects were studied in [16]. In article [17] a Markovian 
agent model is used to represent the behavior of wireless 
nodes based on CSMA/CA access method. 

In articles using the Markov model, it is often assumed 
that traffic is saturated [18–21]. In these conditions nodes 
can be modeled as being equally likely to send in any slot, 
and this assumption also holds in the first approximation 
for unsaturated traffic which nearly Poisson [22]. 

Work [23] is devoted to study of the optimization prob-
lem of retransmission number on transmission perform-
ance. The number of stations in the network is 20, 40, and 
80. The author provides an analytical model on the per-
formance of real-time applications transmission over 
WLAN. The analytical model evaluates the random-access 
performance of real-time services based on two-
dimensional Markov-chain model by taking into account 
the impact of the maximum optimal retransmission number 
on the service time of the packet transmissions. Modelling 
and performance evaluation of the IEEE 802.11 DCF for 
real-time control is also carried out in article [24]. 

Electromagnetic interference that reduces the effi-
ciency of wireless networks occurs both due to external 
sources and depends on the architecture and operating 
conditions of the network itself. Sources such as automo-
biles, aircrafts, ignition electric motors and switching 
gear, high voltage wires and fluorescent lamps cause in-
dustrial noise. Electromagnetic interference is a distur-
bance generated by these external sources that affects an 
electrical circuit of electromagnetic induction, electro-
static coupling, discharging process or conduction disor-
der. 

The problem of interference arises when more APs of 
wireless network are placed near each other and the cov-
erage area of these APs starts to overlap, which causes 
degradation of the bandwidth and the service received by 
the recipients. Another challenge in wireless networks is 
the handover, which is process of switching users from 
one AP to other [25]. 

Significant interference in the process of information 
transmission in some cases introduced the effect of multi-
path signal propagation. This effect is also known as mul-
tipath interference or multipath distortion. Notable conse-
quences of this are envelope fading and inter-symbol in-
terference [26]. If the propagation delay of the rays is 
small compared to the channel symbol duration, then only 
wave interference occurs, leading to the fading. Due to 
the time difference between the base signal and the multi-
ple reflected copies, the access point may have problems 
demodulating the received signal. In this case, the serious 
problem is the overlapping of information bits on each 
other, as a result of which the data is damaged. This effect 
is called inter-symbol interference. 

Interferences that have a various physical nature differ 
in their spectral composition. At the same time, it is im-
portant to study the general patterns of the interference 
influence on data transmitted in wireless networks over a 
radio channel. For this purpose, it is advisable to use 
Gaussian noise as the most general noise model that de-
scribes a wide range of noise sources and their superposi-
tion quite well [27]. 

An example of a simple channel model that is widely 
used in information theory is additive white Gaussian 
noise channel without fading [27, 28]. In [29], Tianji et al 
analyze the throughput performance of the Block ACK 
scheme over a noisy channel. In [30] authors present a 
new discrete time Markov chain model to estimate the 
packet transmission probability. They propose an en-
hancement of the IEEE 802.11 RTS/CTS scheme to rec-
ognize the reason of transmission failure (collision or 
noise errors). 

One of the changes that modern digital communica-
tion systems have brought to radio engineering is the need 
to end-to-end performance evaluations. The measure of 
that performance is usually bit error rate (BER), which 
quantified the reliability of the radio system from “bits in” 
to “bits out” [31], 

 

BER = number of corrupted bits / total number of bits = bE / (R·t). (2)
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In a noisy channel, the BER is often expressed as a 
function of the normalized carrier-to-noise ratio denoted 
Eb / N0 (energy per bit to noise power spectral density) 
[28]. The Gaussian approximation of the noise in deter-
mining the BER is used to estimate the number of itera-
tions needed to the convergence the parity code decoder 
in function of the level of noise power [32]. Bit-error rate 
analysis of low-density parity-check codes using Gaussian 
approximation of a channel is considered in [33]. 

In general, errors at different locations of an informa-
tion sequence of length L can occur with different prob-
abilities. In this article, we use for transmission a time-
discrete channel without memory with white Gaussian 
noise. A channel of this type is characterized by the fact 
that the bit errors in it are independent and equally dis-
tributed over the bits of the frame data [27]. 

 
3 MATERIALS AND METHODS 

Improving the transmission reliability of a frame can 
be achieved by reducing the size of its data field [28, 30, 
34]. At the same time, this leads to an increase in the rela-
tive contribution of the time spent on the transmission of 
the MAC protocol information of the 802.11 standard, 
which is necessary to ensure a successful transmission 
process. Let us study this process under conditions of 
high noise intensity. 

In work [15], we have expressed in an explicit analyti-
cal form the dependence of the throughput of the IEEE 
802.11 DCF wireless computer network on the number of 
stations operation in saturation mode and the value of 
BER, which is determined by the intensity of interference 
in the radio path. This dependence can be represented in 
the following form: 
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In expression (3) 
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In accordance with the justification given in the previ-

ous section, bit errors occurring in the noisy channel are 
independent and equally distributed over the bits of the 
frame data field. Then the probability that a frame with a 
data field of length L will be transmitted undistorted is 
equal to  
 

).1)...(1)(1)(1( 321 bLbbb PPPPq   

 

And since the probabilities of distortion of individuals 
bits are the same, then 
 

L
bPq )1(  . (7)

 

Using expressions (3)–(7), we calculated the depend-
ences S(n, Pb) for different values of L. The probability of 
an error of one bit in a frame was taken equal to Pb = 10–5, 
5·10–5, 10–4 which corresponds to increased and high in-
terference intensity. We took the initial length of the 
frame data field equal to L0 = 12000 bits. 

To calculate the dependences S(n, L) for different val-
ues of Pb, we used the following data [15, 35, 36]: 

SIFS = 16 μs, DIFS = 34 μs, δ = 0,33 μs (the distance 
between the station and AP was taken equal 100 m), 
σ = 9 μs, ACK = 38,66 μs, H = PHYhdr + MAChdr = 68 μs, 
R = 54 Mbps, α = 0,05, β = 0,2, W0 = 16. 

 
4 EXPERIMENTS 

Tables 1, 2 and 3 for Pb = 10–5, 5·10–5 and 10–4 respec-
tively show the values of the throughput S depending on 
the number of simultaneously operating stations n and the 
length of the frame data field L. 

In [36] the authors carried out the numerical study of 
the well-known bi-dimensional Markovian mathematical 
model [9, 10] under ideal channel conditions using the  
ns-3 discrete-event network simulator. Comparison of the 
throughput values S obtained by them with our data de-
termined during the transmission in a noisy channel with 
a relatively low noise level Pb = 10–5 (Table 1) showed 
acceptable results. For example, for n = 10, the decrease 
in the value of S in our case is 27%, for n = 10 – 26%. 

Analyzing the numerical dependences presented in 
Table 1, the following can be noted. With an increase in 
the number n of stations competing for access to the 
communication channel, the value of the throughput S 
monotonically decreases. This is due to the growth of the 
collision intensity of simultaneously operating stations. 
Reducing the length of the transmitted frames data field 
from 12000 bits to 6000 bits and further to 3000 bits al-
lows you to increase the probability of the frame success-
ful transmission q in expression (3). So, at L = L0 

q = 0,887, at L = L0 /2 q = 0,942, at L = L0 /4 q = 0,97. 
However, despite this, in Table 1 we observe a decrease 
in the value of S with a decrease in the length of transmit-
ted frames. This is due to the fact that with a decrease in 
amount of transmitted data L, the relative part of the 
overhead costs, i.e., service information that ensures the 
process of the frames transmitting increases. 

The probabilities of successful frame transmission for 
Table 2 are: at L = L0 q = 0,549, at L = L0 /2 q = 0,741, at 
L = L0 /4 q = 0,86. 

The probabilities of successful frame transmission for 
Table 3 are: at L = L0 q = 0,30, at L = L0 /2 q = 0,549, at 
L = L0 /4 q = 0,74. 

Using Tables 1, 2 and 3 we determined the relative 
decrease in the throughput value with a growth of inter-
ference intensity for various lengths of the frame data 
field. 
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Table 1 – Results of throughput S calculations for Pb = 10–5 
n 5 7 10 15 20 25 30 40 50 60 80 

L = L0 19.440 19.300 19.220 18.690 18.100 16.130 13.410 7.430 3.210 1.180 0.130 
L = L0 / 2 12.550 12.470 12.430 11.980 11.480 9.960 8.020 4.200 1.400 0.630 0.068 

S. 
Mbps 

 L = L0 / 4 7.350 7.310 7.290 6.980 6.640 5.640 4.450 2.240 0.910 0.330 0.035 
 

Table 2 – Results of throughput S calculations for Pb = 5·10–5 
n 5 7 10 15 20 25 30 40 50 60 80 

L = L0 16.80 16.79 16.76 16.11 15.27 12.86 10.08 5.07 2.07 0.74 0.08 
L = L0 / 2 11.57 11.55 11.53 11.05 10.47 8.81 6.90 3.45 1.40 0.50 0.05 

S. 
Mbps 

 L = L0 / 4 7.03 7.01 6.98 6.67 6.31 5.28 4.10 2.02 0.82 0.29 0.03 
 

Table 3 – Results of throughput S calculations for Pb = 10–4 
n 5 7 10 15 20 25 30 40 50 60 80 

L = L0 12.61 12.59 12.55 11.96 11.07 8.79 6.51 2.99 1.16 0.41 0.04 
L = L0 / 2 10.16 10.15 10.12 9.66 9.04 7.37 5.59 2.66 1.05 0.37 0.04 

S. 
Mbps 

 L = L0 / 4 6.59 6.58 6.56 6.25 5.87 4.83 3.70 1.78 0.71 0.25 0.03 
 

Let the number of simultaneously operating stations 
n = 20. Then for L = L0 an increase in Pb from 10–5 to 
5·10–5 leads to a decrease in the value of S by 15,6%, and 
a further increase in Pb from 5·10–5 to 10–4 by another 
27,5% relative to the level at Pb = 5·10–5. Similar calcula-
tions for n = 30 give ΔS12 / S1 = 24,8% and 
ΔS23 / S2 = 35,4%, where 1, 2 and 3 are the Tables num-
bers. For n = 40 ΔS12 / S1 = 31,8% and ΔS23 / S2 = 41%. 

When the length L0 of the frame data field is halved, 
we get the following data: for n = 20 ΔS12 / S1 = 8,8% and 
ΔS23 / S2 = 13%; for n = 30 ΔS12 / S1 = 14% and 
ΔS23 / S2 = 19%; for n = 40 ΔS12 / S1 = 17,9% and 
ΔS23 / S2 = 22,9%. By reducing the length L0 of the frame 
data field by four times, we get the following data: for 
n = 20 ΔS12 / S1 = 5% and ΔS23 / S2 = 7%; for n = 30 
ΔS12 / S1 = 7,9% and ΔS23 / S2 = 9,8%; for n = 40 
ΔS12 / S1 = 9,9% and ΔS23 / S2 = 11,9%. 

The performed calculation shows that with a decrease 
in the length L of the transmitted frame data field from 
12000 bits to 6000 bits and further to 3000 bits, the 
throughput S becomes less susceptible to an increase in 
the noise intensity. So, for example, for n = 20, an in-
crease in the error probability Pb from 10–5 to 5·10–5 leads 
for L = 12000 bits to a decrease in the value of S by 
15,6%, for L = 6000 bits – by 8,8%, for L = 3000 bits – by 
5%. In the zone of more intensive noise increase in Pb 

from 5·10–5 to 10–4 leads for L = 12000 bits to a decrease 
in S by 27,5%, for L = 6000 bits – by 13%, for 
L = 3000 bits – by 7%. Similar results are observed for 
other values of n. 

Qualitatively different results are obtained in the re-
gion of very high interference intensity, at Pb = 2·10–4. 
Corresponding dependences S(n) at L = L0, L = L0 / 2 and 
L = L0 / 4 are shown in Fig. 1. 

As can be seen from the graphs, the dependence S(n) 
at L = L0 / 2 is located significantly higher than the similar 
dependence at L = L0. Thus, in the region of high-intensity 
noise, a two-fold decrease in the length of the frame data 
field made it possible to significantly increase the 
throughput S compared to the original one. Reducing L to 
3000 bits also allows, although to a lesser extent, to in-
crease the throughput compared to the original. 

 

 
Figure 1  Throughput S versus the number of competing 

stations n at different length of the frame data field L for 
BER = 2·10–4, L0 = 12000 bits 

 

5 RESULTS 
The increase in throughput within the framework of 

the fragmentation mechanism can be achieved by reduc-
ing the overhead that is spent on a frame transmission. In 
the overhead, we also include the time spent on the re-
transmissions of frames distorted by interferences. 

Reducing the length of the data field L of the transmit-
ted frames decreases the probability of its distortion by 
external interference and can, at the same time, increase 
throughput by reducing the number of retransmissions. It 
follows from the results of the previous section that this 
effect is more pronounced in the range of very high noise 
intensity. Let us study this process under the condition of 
a constant total length of the data field of the frame 
transmitted using the fragmentation mechanism. 

We will divide the standard original frame with data 
field of length L0 = 12000 bits into fragments so that the 
sum of the data fragments is L0. In the basic DCF scheme, 
only first fragment in a transmitted frame contends for a 
channel access, the other fragments are transmitted after 
differing a SIFS interval and after each fragment an ACK 
is sent back by access point [14, 19, 34]. When creating a 
model for studying the throughput, we assumed that 
channel errors don’t corrupt ACK frames. Since the ACK 
frames are usually transmitted at lower transmission rate 
than the data frames, this should be a reasonable assump-
tion in many practical environments [37]. For all these 
conditions, and taking into account the fragmentation 
factor k, expression (3) is transformed to the following 
form: 
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Dependences S(n) calculated in accordance with ex-

pressions (8)–(10) at different values of k for conditions 
of increased noise intensity (BER = 5·10–5), high intensity 
(BER = 10–4) and very high intensity (BER = 2·10–4) are 
shown in Fig. 2, 3 and 4, respectively. 

 

 
Figure 2  Throughput S versus the number of competing sta-

tions n at different value of fragmentation factor k for 
BER = 5·10–5 

 

 
Figure 3  Throughput S versus the number of competing sta-

tions n at different value of fragmentation factor k for 
BER = 10–4 

 
As follows from the graphs shown in Fig. 2–4, if for 

BER = 5·10–5 with an increase in the fragmentation factor 
k, the values of S decrease for all values of n due to the 
predominant influence of an increase in overhead costs, 

then for BER = 10–4 and especially for BER = 2·10–4 we 
observe the opposite effect. This is most characteristically 
for fragmentation with k = 2, in which the throughput 
values in relation to the initial frame increase most sig-
nificantly for all values of n. 

 
Figure 4  Throughput S versus the number of competing sta-

tions n at different value of fragmentation factor k for 
BER = 2·10–4 

 
6 DISCUSSION 

Based on the Markov chain model, which is used by 
many researchers as the basic for studying the behavior of 
wireless networks of IEEE 802.11 DCF standard, we ex-
pressed in an explicit analytical form the dependence of 
the throughput of the network infrastructure domain on 
the number of operating stations, the value of BER, which 
is determined by the interference intensity in radio path, 
and the size of the transmitted frames. This allowed us to 
investigate these dependencies for different lengths of the 
frame data field. 

The initial length of the data field is taken equal to the 
standard – 12000 bits. The calculations were carried out 
with the error probabilities in one bit of data 10–5, 5·10–5, 
10–4, 2·10–4. The first two values correspond to the prob-
abilities 0.887 and 0.549 of standard-length frame suc-
cessful transmission and correspond to increased noise 
intensity. The third and fourth values correspond to the 
probabilities 0.3 and 0.09 of successful transmission. We 
can assume that they correspond to high and very high 
noise levels, respectively. Reducing the length of the 
frame data field to 3000 bits made it possible to increase 
the probability of successful transmission to 0.97; 0.86; 
0.74 and 0.55, respectively. 

Analyzing the obtained dependencies, it should be 
noted that in the range of increased and high noise inten-
sity, a decrease in the length of the frame data field from 
the standard length of 12000 bits to 3000 bits is accompa-
nied by a decrease in the throughput for all values of the 
number of competing stations. This is because as the 
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amount of the transmitted data decreases, and the relative 
overhead increases. At the same time, it can be seen from 
the above tables that as the amount of the frame data de-
creases from 12000 bits to 6000 bits and further to 3000 
bits, the throughput becomes less susceptible to an in-
crease in the noise intensity. So, for example, for 20 sta-
tions, an increase in the error probability in one bit from 
5·10–5 to 10–4 leads to a decrease in the throughput by 
27,5 % for 12000 bits, by 13% for 6000 bits, and by 7% 
for 3000 bits. Similar results are also observed for a dif-
ferent number of operating stations. 

Qualitatively different results are obtained in the re-
gion of very high interference intensity. A significant in-
crease in the probability of frame transmission in this re-
gion observed with a decrease in the standard length of 
the frame data field by 2 and 3 times, made it possible to 
increase the throughput compared to the original one. 
This effect is especially pronounced when the length is 
halved. 

Consider the process of sending a frame with data of 
standard length but divided into a several fragments. In 
the basic DCF scheme, only the first fragment of the 
transmitted frame contends for access to the communica-
tion channel with the access point, each subsequent frag-
ment is transmitted after the separating SIFS interval and 
is acknowledged by the ACK frame. 

For these conditions, previously obtained by us ex-
pression for the throughput is transformed taking into 
account the number of transmitted fragments. As follows 
from the calculations, if for BER = 5·10–5 with an in-
crease in the fragmentation factor, the throughput values 
decrease over the entire range of the number of simulta-
neously operating stations, due to the predominant influ-
ence of the increase in the overhead costs, then already in 
the region of high (BER = 10–4) and, accordingly, very 
high (BER = 2·10–4) noise intensity we have the opposite 
effect. The throughput increases the most at a fragmenta-
tion factor of two. 

It is of interest to compare the results obtained in sec-
tions 3 and 4 of this article at different noise levels. 

For BER = 5·10–5, a simple decrease in the frame data 
field from 12000 bits to 6000 bits and further to 3000 bits, 
for example, for 25 stations, leads to a decrease in the 
throughput by 1.46 and 2.44 times, respectively. In the 
case of using fragmentation, an increase in the fragmenta-
tion factor from k = 1 to k = 2 and further to k = 4 with the 
same number of the operating stations leads to a decrease 
in the throughput by 1.13 and 1.69 times, respectively, 
i.e., significantly less than in the previous case. 

At BER = 10–4 for the same conditions, in the first 
case, a decrease in the throughput by 1,19 and 1,82 times 
is observed, and in the second case, for fragmentation, 
with an increase in k from 1 to 2, an increase in the 
throughput by 1,07 times is observed, and with an in-
crease in k from 1 to 4 – a decrease in the throughput, but 
only by 1,27 times. 

For BER = 2·10–4 at 25 stations, reducing the frame 
data field from 12000 to 6000 bits leads to an increase in 
the throughput by 1,44 times, and when reducing from 

12000 to 3000 bits to an increase in the throughput by 
1.19 times. When fragmenting the data field of a standard 
length of 12000 bits, the transition from k = 1 to k = 2 
gives an increase in the throughput by 1,8 times, and from 
k = 1 to k = 4 – by 1,68 times. 

Thus, it can be stated that the fragmentation mecha-
nism under conditions of increased and high noise inten-
sity is more beneficial in terms of stabilization or increase 
in throughput than simply reducing the length of the 
frame data field. 

 
CONCLUSIONS 

The scientific novelty. Using an approach based on 
the Markov chains modeling of the operation of IEEE 
802.11 DCF wireless networks, we first expressed in an 
explicit analytical form the dependence of the infrastruc-
ture domain throughput on the number of operating sta-
tions, the value of BER, which is determined by the level 
of interference in the domain space, and the fragmentation 
factor of the transmitted frame data field.  

It is shown that despite the increase the noise immu-
nity, a decrease in the length of the transmitted frame data 
field is accompanied by reduce in throughput in the range 
BER=10–5 – 10–4. And only at a very high noise intensity, 
corresponding to BER = 2·10–4, a decrease in the frame 
size leads to an increase in the throughput. 

The study of the process of the standard frame trans-
mitting, but with a fragmented data field, showed that if 
for BER = 5·10–5 with an increase in fragmentation factor, 
the throughput values decrease in the entire range of the 
number of stations due to the predominant increase in 
overhead costs, then in the region of high (BER = 10–4) 
and very high noise intensity (BER = 2·10–4) we have the 
opposite effect. To the greatest extent, the throughput 
increases when the frame data is transmitted in two equal 
fragments. 

For the first time, a comparison was made of the net-
work throughput determined by simply reducing the 
length of the frame data field and using fragmentation of a 
standard frame. The comparison showed that the use of 
the fragmentation mechanism is more beneficial both 
when throughput is stabilized under conditions of in-
creased noise intensity and when the throughput is in-
creased under conditions of high and very high noise in-
tensity. 

The practical significance of this work lies in the fact 
that the results obtained in it make it possible to determine 
the optimal value of the fragmentation factor of the frame 
data field transmitted in the wireless network, depending 
on the number of operating in the domain stations and the 
intensity of electromagnetic interference.  

One of the priorities of wireless networks is their use 
for the automation of production processes in a number of 
industries. A common factor that reduces their efficiency 
is the high electromagnetic interference level in the shops 
of industrial enterprises, due to the operation of techno-
logical equipment. Studying the possibilities of increasing 
the networks throughput in such conditions, with 
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BER = 10–5 – 2·10–4, is of significant practical impor-
tance.  

Prospects for further research are to study the re-
veal regularities of the joint influence of collisions and 
noise on the transmission efficiency of fragmented frames 
in the conditions of further development of modern wire-
less network technologies.  
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AНОТАЦІЯ 
Актуальність. Зниження імовірності успішної передачі фрейму в інфраструктурному домені бездротової мережі стан-

дарту IEEE 802.11 DCF обумовлено як впливом інтенсивності колізій так і дією зовнішніх завад у радіоканалі. Використо-
вуючи в якості базового підходу той, що, заснований на використанні Марківських ланцюгів, ми в явній аналітичній формі 
виразили залежність пропускної здатності мережі від кількості працюючих станцій, швидкості бітових помилок (BER) і 
коефіцієнта фрагментації фрейму. 

Мета роботи. Метою даної статті є дослідження впливу інтенсивності шуму на величину пропускної здатності домену 
бездротової мережі в широкому діапазоні кількості працюючих станцій, під час передачі фреймів різної довжини за відсут-
ності та із застосуванням механізму фрагментації. 

Метод. Математичне моделювання показало, що в діапазоні підвищеної та високої інтенсивності шуму  
(BER = 10–5 – 10–4), зменшення довжини поля даних фрейму, що передається, від стандартних 12000 біт до 3000 біт супро-
воджується зниженням пропускної здатності для будь-якої кількості конкуруючих станцій. Одночасно з цим слід відмітити, 
що пропускна здатність стає менш сприятливою до збільшення інтенсивності шуму. В області дуже високої інтенсивності 
завад (BER = 2·10–4) одержані результати, які  якісно відрізняються. Значне збільшення імовірності передачі фрейму в цій 
області, яке спостерігається зі зменшенням стандартної довжини поля даних в 2–3 рази,  дозволило підвищити пропускну 
здатність порівняно з початковою. Цей ефект є особливо вираженим у випадку, коли довжина зменшується вдвічі.  

Результати. Дослідження процесу передачі фрейму стандартного розміру але з фрагментованим полем даних показало, 
що для BER ≤ 5·10–5 зі збільшенням коефіцієнту фрагментації значення пропускної здатності знижуються на всьому діапа-
зоні кількості працюючих станцій переважно за рахунок впливу зростання накладних втрат. Однак в області високої 
(BER = 10–4) і надвисокої (BER = 2·10–4) інтенсивності шуму ми маємо зворотний ефект. Найбільше зростання пропускної 
здатності спостерігається, коли дані фрейму передаються двома рівними фрагментами. Ми провели порівняння пропускної 
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здатності мережі, визначеної при простому зменшенні довжини поля даних фрейму і для передачі фрейму з даними станда-
ртної довжини, розділеними на декілька фрагментів. Порівняння показало, що використання механізму фрагментації є 
більш вигідним як при стабілізації пропускної здатності в умовах підвищеної інтенсивності шуму, так і при збільшенні про-
пускної здатності в умовах високої і надвисокої інтенсивності шуму. 

Висновки. У даній статті була модифікована математична модель, що дозволяє безпосередньо обчислювати пропускну 
здатність бездротової мережі. Використовуючи цю модель, ми дослідили зміну пропускної здатності в широкому діапазоні 
BER і кількості працюючих станцій, для різних значень коефіцієнта фрагментації фрейму, що передається. Визначено умови 
підвищення пропускної здатності. 

КЛЮЧОВІ СЛОВА: бездротові мережі IEEE 802.11, DCF, пропускна здатність, інфраструктурний домен, BER, фрейм, 
коефіцієнт фрагментації, колізія. 
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