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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 = 107 —

107, 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 =2-107*). 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 = 5-107
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™*) and very high noise intensity (BER = 2-107*) 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;

DCEF 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;
Eyp is an amount of energy per bit;
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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;

L is an initial length of the frame data field in bits;

MAC; is a transmission time of a frame channel layer
header;

m is a number of window doubling allowed;

Ny is a noise power spectral density;

n is a number of competing stations;

Py, is a bit error probability;

PHY g is a transmission time of a frame physical layer
header;

Psis a probability of successful frame transmission;

p is the collision probability;

R is a data transfer rate;

S is a network throughput;

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

Ty is an average time the channel is sensed busy be-
cause of successful transmission;
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t is a transmission time;

W is a minimum value of contention window;

o is a multiplicative constant coefficient;

B is a power constant coefficient;

d is a propagation delay;

n is a number of empty slots;

o 1s 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 WLANSs (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 Af = 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-
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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, §]

P =T -(1- FER). (1)

The probability T is traditionally determined using
Markov-chain models in the form of the function
F(p, Wy, m), where p is the collision probability, which in
turn depends on T; Wy= CW,, 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
Ep/ No (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:

2ngL
2nq(Tse =Te) +(Q+1-2g)[Tc(

S=

Q+l_ 0. (3)
Q+1-29 T

In expression (3)

Tsc —Tc =SIFS + ACK +3, (4)
L

Tc = PHYpar +MAChg +—+DIFS +3, )
W, . 2B(=1)

= (6)
I+a(n-1)

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

q=(1-PFy)—=Py2)d=Py3)..(1 =Py ).
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And since the probabilities of distortion of individuals
bits are the same, then

a=(1-Ry)". (7)

Using expressions (3)—(7), we calculated the depend-
ences S(n, Pp) for different values of L. The probability of
an error of one bit in a frame was taken equal to P,= 1073,
510, 10 which corresponds to increased and high in-
terference intensity. We took the initial length of the
frame data field equal to Lo= 12000 bits.

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

SIFS =16 us, DIFS =34 us, 8 =0,33 ps (the distance
between the station and AP was taken equal 100 m),
6=9 us, ACK=138,66 us, H=PHYp4+ MACpgr= 68 s,
R =54 Mbps, o= 0,05,  =0,2, W= 16.

4 EXPERIMENTS

Tables 1, 2 and 3 for P,=10", 510" and 10™* 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 P,=10" (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 g in expression (3). So, at L=L,
g=0,887, at L=L,/2 q=0,942, at L=L,/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=L,q=0,549, at L=L,/2 q=0,741, at
L=L,/4g=0,86.

The probabilities of successful frame transmission for
Table 3 are: at L=L,q=0,30, at L=L,/2 q=0,549, at
L=L,/49=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 P,= 107

n 5 7 10 15 20 25 30 40 50 60 80
S. L=L, 19.440 19.300 19.220 18.690 18.100 16.130 13.410 7.430 | 3.210 1.180 0.130
Mbps | L=L,/2 | 12.550 | 12470 | 12.430 | 11.980 | 11.480 | 9.960 | 8.020 | 4.200 | 1.400 | 0.630 | 0.068
L=Ly/4 7.350 7.310 7.290 6.980 6.640 5.640 4.450 2.240 | 0910 0.330 0.035
Table 2 — Results of throughput S calculations for Py=5-107
n 5 7 10 15 20 25 30 40 50 60 30
S. L=L, 16.80 16.79 16.76 16.11 15.27 12.86 10.08 5.07 2.07 0.74 0.08
Mbps L=Ly/2 11.57 11.55 11.53 11.05 10.47 8.81 6.90 3.45 1.40 0.50 0.05
L=Ly/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 Py=10"*
n 5 7 10 15 20 25 30 40 50 60 80
S. L=L, 12.61 12.59 12.55 11.96 11.07 8.79 6.51 2.99 1.16 0.41 0.04
Mbps L=Ly/2 10.16 10.15 10.12 9.66 9.04 7.37 5.59 2.66 1.05 0.37 0.04
L=L,/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 S
n=20. Then for L =L, an increase in P, from 107 to 8 L=L,2
5-10" leads to a decrease in the value of S by 15,6%, and /
a further increase in P, from 5:10° to 10 by another  ©
27,5% relative to the level at P,=510". Similar calcula- 5 -
tions for n=30 give AS;;/5=248% and 4 \N\
AS,3/ S,=35,4%, where 1, 2 and 3 are the Tables num- 3
bers. For n =40 AS;,/ S, = 31,8% and AS,3/ S, = 41%. ) AN
When the length L, of the frame data field is halved, 4
we get the following data: for n =20 AS,,/S;= 8,8% and 0 . . a2
A823/ 82: 13%, for n=30 AS]Q/ S| =14% and 0 20 40 60 80
ASy/S;=19%; for n=40 AS;,/$,=179% and Figure 1 — Throughput S versus the number of competing

ASy;/ S,=22,9%. By reducing the length L, of the frame
data field by four times, we get the following data: for
N=20 AS;/S;=5% and ASy/S,=7%; for n=30
AS1,/S51=79% and ASy/S,=9,8%; for n=40
ASlz/ Sl = 9,9% and A523/ 82: 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 Py from 107 to 5-10°° 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 Py
from 5:107° to 10™* 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 P,=210".
Corresponding dependences S(n) at L=1L,, L=1L,/2 and
L =L,/ 4 are shown in Fig. 1.

As can be seen from the graphs, the dependence S(n)
at L =L,/ 2 is located significantly higher than the similar
dependence at L = L. 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.
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stations n at different length of the frame data field L for
BER =210 Ly= 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 Ly= 12000 bits into fragments so that the
sum of the data fragments is L,. 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 Kk, expression (3) is transformed to the following

form:
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L
2nLy(1-Ry) ¥
S= s
L L Q+1 0 @)
2n(1-Ry) K (Tse =T )i +[Q+1-2(1-Ry) K 1{Tei [ 1 tnol
Q+1-2(1-Ry) ¥

where

(Tsc —Te )k =K+ (SIFS+ ACK +5). (10)

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°), high intensity
(BER = 10*) and very high intensity (BER =2-10"*) are
shown in Fig. 2, 3 and 4, respectively.
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Figure 2 — Throughput S versus the number of competing sta-
tions n at different value of fragmentation factor k for

BER =510"°
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Figure 3 — Throughput S versus the number of competing sta-
tions n at different value of fragmentation factor k for
BER=10"

As follows from the graphs shown in Fig. 24, if for
BER = 510" 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,
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then for BER = 10* and especially for BER =210 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.
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Figure 4 — Throughput S versus the number of competing sta-
tions n at different value of fragmentation factor k for
BER =2-10"

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, 5:107,
107, 2:10*. 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° to 107 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 =510 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"*) and, accordingly, very
high (BER = 2-10*) 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 = 5107, 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"* 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" 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
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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=1tok=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=107°—10"*. And only at a very high noise intensity,
corresponding to BER =210, 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"° 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 =107
and very high noise intensity (BER =210"*) 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°-2-10" 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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AHOTANIA

AKTyasbHicTh. 3HIKEHHS IMOBIPHOCTI YCIIMIHOI nepenadi ¢peiiMy B iHppacTpyKTypHOMY IOMEHI 0e3pOoTOBOi Mepexi cTaH-
napty IEEE 802.11 DCF oGymoBieHoO SIK BIUTHBOM IHTEHCHBHOCTI KOJIi3iif Tak i Ji€l0 30BHIIIHIX 3aBaJ y paxiokaHami. Buxopucro-
BYIOYH B SIKOCTi 0a30BOT0 MiAXOAY TOH, L0, 3aCHOBAHUI Ha BUKOPUCTaHHI MapKiBChKUX JIAHIIIOTIB, MU B SIBHIH aHAIITHYHIHN dopmi
BHPA3WIM 3aJIEKHICTh MPOITYCKHOT 37aTHOCTI MEpexi BiJ KUIBKOCTI NMPAaIIOIoYMX CTaHLii, mBuakocti O6iroBux nmommwiok (BER) i
koeoirienra Gpparmenranii Gppeiimy.

Meta po6oTu. MeToro AaHOT CTaTTi € AOCHIKSHHsI BIUIMBY IHTEHCHBHOCTI IIyMy Ha BEJIMYHHY HPOIYCKHOI 3aTHOCTI TOMEHY
0e3IpOTOBOI MEpeXi B ITUPOKOMY Iiana3oHi KUTBKOCTI MPANIOI0YNX CTaHIIH, M Yac nepenadi GppeiiMiB pi3HOT JOBKHUHU 32 BiACYT-
HOCTI Ta i3 3aCTOCYBaHHIM MEXaHi3My (pparMeHTaii.

Metoa. MatemaTudHe MOJENIOBAHHS II0KA3aJo, IO B Jiala3oHi MiABHINEHOI Ta BHCOKOI IHTEHCHBHOCTI UIIyMy
(BER = 107°— 10™*), 3MeHIICHHS IOBKHMHH TONS JaHHX (peiiMy, 0 HepeiacTses, B cranmapraux 12000 it no 3000 6iT cympo-
BOJIKYETHCS 3HIKCHHSM MPOIYCKHOI 3MATHOCTI st OY/1b-SKOT KIJIbKOCTI KOHKYPYFOUHUX CTaHI[iiH. OJHOYACHO 3 UM CIIijl BIAMITUTH,
II0 TIPOIYCKHA 3JaTHICTh CTA€ MEHII CIIPHUATIMBOIO O 301BIICHHS IHTEHCUBHOCTI IyMy. B o6nacTi myske BHCOKOT iIHTEHCHBHOCTI
3aBax (BER =2-107") omepxani pe3ynsrati, ki AKICHO BiZpi3HIOThCA. 3HauHe 3GiMBLICHHS iIMOBIpHOCTI mepenaui ppeiiMy B it
00J1acTi, SIKe CIIOCTEPIraeThCs 31 3MEHIICHHSIM CTaHJAPTHOI JOBKHHM NOJIA JJAHUX B 2—3 pasH, JO3BOJIMJIO MiJBHUIIUTH IIPOIYCKHY
3[aTHICTh MOPIBHSIHO 3 MOYaTKOBOI0. Leit edekT € 0coOINBO BUPaKEHUM y BUIA/IKY, KON JOBXXHWHA 3MEHIIYETHCS B/IBIYi.

PesyabTaTn. JJociimkeHHs nporecy nepenadi GppeliMy cTaHIapTHOTO po3Mipy aiie 3 parMeHTOBAHHM IOJIEM JaHUX IOKa3alo,
o s BER < 5-107° 3i 36inbeHHsM KoediieHTy (parMeHTalii 3HaueHHs POy CKHOI 3JaTHOCT] 3HIKYIOTECS Ha BCHOMY Jiara-
30HI KUIBKOCTI NpANIOIOUMX CTAHIIH MEpPeBaXHO 3a PAaXyHOK BIUIMBY 3POCTAHHSA HaKIagHUX BTpar. OmgHak B o6iacTi BHUCOKOT
(BER = 10" i mamsucoxoi (BER =2-10"*) inTencHBHOCT] myMmy Mu MaeMo 3BOpoTHHil edext. HaifGinbine 3p0CTaH s IPOIYCKHOL
3JIaTHOCTI CIOCTEPIraeThesl, KOJIU AaHi (ppeiMy mepenaroThes JBOMa PiBHUMH (parMeHTaMu. Mu NpoBe IOPIBHSHHS IIPOITY CKHOT
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3[1aTHOCTI Mepexi, BU3HAUCHOI IIPU IIPOCTOMY 3MCHIIIEHHI JOBXKHHH MOJIS JaHUX (GpeiMy 1 it nepenadi ¢peiiMy 3 1aHuMHU cTaHIa-
PTHOI JOBXHMHH, PO3IUICHHMM Ha JeKijabka (parMeHTiB. IIopiBHSHHS NOKa3ajo, 0 BHUKOPHCTaHHS MeXaHi3My (parMmeHTauii €
O1JIbLI BUTIAHUM SIK TIPH cTaOLIi3aMii NpOIyCKHOT 34aTHOCTI B yMOBAaX Ii/IBUIICHOI IHTEHCHBHOCTI IIyMy, TaK i IpH 301J1bIIEHHI IIPO-
MyCKHOT 37IaTHOCTI B YMOBaX BHUCOKOI 1 HAABUCOKOI IHTEHCHBHOCTI IIyMY.

BucHoBku. Y naniii crarti Oyia MoangikoBaHa MaTeMaTH4HAa MOJIENb, 10 JA03BOJISIE OE3MOCePeTHBO OOUHCITIOBATH IPOITYCKHY
3IaTHICTH 0E3APOTOBOI Mepeki. BUKOPHCTOBYIOUH 110 MOJENb, MU JOCTIIWIN 3MiHY MPOIYCKHOI 3aTHOCTI B IIMPOKOMY Iiana3oHi
BER i kiibKOCTI pamio0YrX CTaHIIHN, 11 pi3HUX 3HaYeHb KoedimieHTa pparMeHTanii GppeiiMy, mo nepeaacrses. BusHaueHO yMoBH
T ABUIIEHHS MPOIYCKHOI 3]aTHOCTI.
KJIIOYOBI CJIOBA: 6e3nporosi mepexi IEEE 802.11, DCF, npomyckHa 31atHicTs, iHdpacTpykrypHuit nomen, BER, dpeiim,
koedirieHT pparMeHTanii, Komisis.
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