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Introduction: Internet of Things devices are actively used within the framework of Massive Machine-Type Communication
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throughput one can use orthogonal preambles in the ALOHA-type class of algorithms. Purpose: To analyze ALOHA-based algorithms
using the exploration phase and to calculate the characteristics for the algorithm with and without losses with a finite number
of channels. Results: We have described a system model that employs random access for data transmission over a common
communication channel with the use of orthogonal preambles and exploration phase. We have obtained a formula for numerical
calculation of the throughput of an algorithm channel with losses with an infinite number of preambles and a given finite number
of channels. The calculation results for several values of the number of independent channels are presented. A modification of the
algorithm using the exploration phase and repeated transmissions is proposed and described. The system in question can work
without losses. For this system, we have given the analysis of the maximum input throughput up to which the system operates
stably. Also, the average delay values for the algorithm that were obtained by simulation modeling are shown. By reducing the
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Introduction

Currently, there is an active development of
wireless communication technologies, caused by
a large increase in the requirements for the num-
ber of operating devices and the amount of trans-
mitted data. A prime example is the Internet of
Things (IoT) technology. Support for this tech-
nology in cellular networks is being studied in
both the standard (5G) and emerging standards
(6G). IoT systems are expected to work with-
in the framework of the Massive Machine-Type
Communications scenario. The possibility of op-
eration of a potentially infinite number of devic-
es and a high load on the network [1-3] are con-
sidered. Since the number of users is potentially
infinite, random access algorithms are assumed
[4, 5]. As a rule, varieties of algorithms such as
ALOHA and its modifications are considered. The
existing algorithms have restrictions on the limit-
ing input arrival rate (throughput), which become
few with the existing increase in the number of
users. There are various approaches to increase
the throughput of algorithms. Thus, approaches

based on the use of non-orthogonal multiple ac-
cess (NOMA), sequential interference cancella-
tion (SIC) and orthogonal preambles are proposed
[6-12]. However, NOMA and SIC methods are
computationally intensive. Therefore, in this ar-
ticle we will consider an approach using orthogo-
nal preambles. The work [12] considers a system
with independent channels and a multichannel
ALOHA algorithm that uses orthogonal pream-
bles to implement work with two phases. The ex-
ploration phase is the phase of evaluating possible
collisions using preambles. Users then transmit
messages in the Data Transmission Phase based
on the results of the EP. In this paper, we will
take as a basis the model of such a system. In con-
trast to [12], we will analyze the throughput for
a finite number of independent channels. It also
proposes a modification of the algorithm using re-
peated transmissions, which allows the system to
work without losses. This algorithm can be used
to organize data transmission in high reliability
systems [13-15]. For such a model, the limiting in-
put arrival rate is sought, up to which the system
is stable for a given number of channels.
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Analysis of a system with losses

Let us introduce a system of assumptions for the
system under consideration.

Assumption 1. The entire time of the channel op-
eration is divided into frames of the same length.
A frame consists of two phases: an exploration
phase (EP) and a data transmission phase (DTP).
Each phase is followed by a response from the base
station (BS). In the exploration phase, orthogonal
preambles are transmitted, and in the data trans-
mission phase, user messages are transmitted.
Users know exactly the boundaries of the division
into frames and phases and can transmit data only
at the beginning of the corresponding phase at the
beginning of a new frame.

Assumption 2. There is a set of K independent
channels. All users have unique preambles. A pre-
amble is a sequence of bits of a certain length, which
is much less than the length of the message. The
preamble transmission rate is the same. The BS can
reliably determine the number of preambles on each
channel.

Assumption 3. In each channel, during each
phase of the frame, one of the following events can
occur:

— “Success” — if the data was transmitted by
one user;

— “Empty” — none of the users transmitted
data;

— “Conflict” — simultaneously, two or more us-

ers were transmitting data. If a conflict occurs dur-
ing the EP, then the BS will successfully determine
the number of preambles. If a conflict occurs during
the DTP, then the users’ messages overlap and can-
not be processed on the receiving side.

At the end of each phase, all users will reliably
know what event happened in the channel.

Assumption 4. The system has a potentially un-
limited number of users. The number of messages
appearing in the system in one frame is distributed
according to the Poisson law with the parameter K.

Assumption 5. The time of the data transmission
phase will be taken as a unit of time, and the time of
the exploration phase will be taken as 0.

Let us describe the considered algorithm.
According to Assumption 1, each frame consists of
two phases: EP and DTP. In EP, users randomly se-
lect one of the K channels and send a preamble over
it. The BS then estimates the number of preambles
in each channel and broadcasts this information
to all users. After that, users are divided into two
groups. The first group (Gg) includes users in whose
channels one preamble was transmitted. All other
users fall into the second group (G.). Channels se-
lected by users in G are assigned to them, and all
other channels belong to the second group.

Then comes DTP phase. Gg users transmit da-
ta with a probability of one. Users of the G decide
whether to transmit data to them with a probabili-

K-|Gg |
|Ge |

G group who decide to transmit data randomly
select one of the channels of the second group and
transmit their data. The base station then informs
all users about the events that have occurred in
each channel via the feedback channel.

Consider an example of the algorithm shown in
Fig. 1.

The system has three data channels. Consider the
first frame. In the first channel in the exploration

ty equal to pppp = min {1, } Users of the

«— EP—><«—— DTP ——>»<«— EP—><«——DTP——><«— EP—><«—— DTP ———,

Channel 3 gi 2 Data Uy S Uy | 1 Data Usg S 0 Data Uy S
U, Data U,
Channel 2| U 1 Data Us S Uy 2 Data Uy, C Us 1 Data U;g S
U, U Ui
Channel 1 U, 2 Data Uy S Us 2 E Uy 2 Data U S
>l >e—> ¢
T, = Ty T, Ty
h Frame 1 B Frame 2 7 Frame 3 ”
B Fig. 1. Example of the algorithm’s lossy work
50 7/ VH®OPMALMOHHO-YMNPABSSIOLLME CUCTEMBI 7/ N25, 2022



\ KOOAUPOBAHME U NMEPEOAYA MHOOPMALIMN \

phase users U; and U, decided to send their pream-
bles, in the second channel user U, decided to send
a preamble, in the third channel users U, and Uy
decided to send preambles. After evaluating the pre-
ambles in each channel, the base station will return
to all users the next set of data {2, 1, 2}. Thus, chan-
nels one and three belong to group two, hence users
U,, Uy, U, and Uy also belong to the G,. Channel
two belongs to group one and also user Uj; belongs
to Gg.

This is followed by the data transmission phase,
in which the user from the first group remains in
the same channel and transmits with probability
equal to one. Users of the second group randomly
decide whether or not to send data to them. In this
case, the transmission probability will be equal to

Pprp =min{1, %}=0.5. Assume that users U,

and Uy decide not to transmit, but users U, and U,
decide to transmit and randomly reselect one of the
channels of group two. Let user U, reselect the first
channel, and user U, reselect the third channel.
Thus, as a result, the “Success” event will occur in
all channels.

Consider the next frame. Suppose that in the ex-
ploration phase, users Ug and Uy decide to transmit
their preambles on the first channel, users U, and
U,, on the second channel, and user U on the third
channel. Then, the base station, having estimated
the number of received preambles in each channel,
returned the following data set to all users {2, 2, 1}.
Thus, channels one and two belong to group two,
hence users U,, Ug, Uy and U, also belong to the
G. Channel three belongs to group one, and user
U, belongs to Gg.

This is followed by the data transmission phase,
in which the user from the first group remains in
the same channel and transmits with probability
equal to one. Users of the second group randomly
decide whether or not to send data to them. In this
case, the probability of transmission will be equal

to pprp =min {1, %} =0.5. Assume that users U,

and Ug decide not to transmit, users U, and U, de-
cide to transmit and randomly reselect one of the
channels of group two. Let both users Uy and U, re-
select the second channel. Thus, the event “Empty”
occurred in the first channel, the event “Conflict”
occurred in the second channel, and the event
“Success” occurred in the third channel.

Consider the third frame. Assume that in the ex-
ploration phase, users U;; and U,, decide to trans-
mit preambles on the first channel, user U, trans-
mits the preamble on the second channel. Then,
the base station, having estimated the number of
received preambles in each channel, returned to all

users the following data set {2, 1, 0}. Thus, channels
one and three belong to group two, hence users Uy,
and U, belong to the G,. Channel two belongs to
group one and also user U, 5 belongs to Gg.

This is followed by the data transmission phase,
in which the user from the first group remains in
the same channel and transmits with probabil-
ity equal to one. The users of group two random-
ly decide to send data to them or not. In this case,
the probability of transmission will be equal to

Pprp = min{l, ;} =1. Assume that user U;; de-

cides to transmit and randomly reselects the third
channel. User U,, decided to transmit and random-
ly reselected the first channel. Thus, the “Success”
event occurred in all channels.

Let us analyze for the algorithm with a finite
number of channels. By analogy with [12], we will
consider the normalized throughput (per channel)
and denote it as T(A, K).

Throughput per channel is calculated as

T\, K) = E—NJ o))
b K b

where N, is the number of users who logged out of
the system at time ¢, N, € {0, 1, 2, ..., K}; K is the
number of channels in the system; X is the intensity
of the input arrival rate in the system, which affects
the distribution of the random variable N,.

Denote by N; the number of users leaving chan-
nel I at time ¢, then N, :Ngl) +N§2) +...+N§K).
Then from (1) it follows:

K .
E[N;l) +N§2) +...+N,§K)} ZE[N’?)J

_i=l

K K

T(\) =

It might be noted that E[Nt(l)JzE[NIQ)]:
~..= B[ N{®]. Then:

T0)=E[N{P|.

Taking into account the fact that only message
one user can be successfully transmitted in one

channel, then E [lel)J =Pr {N t(l) = 1}. Thus, we get
that:

()= Pr{N{® =1},

Next, we will show how to calculate this proba-
bility for channel number 1. For a channel with oth-
er numbers, the probability is calculated similarly.
Note the following:
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Pr{N§1> - 1} - Pr{N§1> -1, SEP} + Pr{N§1> -1, SDTP},

where Spp is success in the first phase (EP); Sppp is success in the second phase (DTP).
Success in the first phase occurs only if the channel in question has been selected by one user. Given
Assumption 4, the value of this probability can be calculated as

Pr{N§1> -1, SEP} — e

If there was no success in a given channel in the first phase, then success in the second phase depends on
the number of channels in which there was no success, let’s denote the number of such channels as L, then:

K
Pr{N{ -1, SDTP} - z-zlPr{Nt(D -1, Sprp, L=1} @)

Next, we will show how to calculate the terms from the sum in expression (2), for each /. Denote by
Pr{Syp, W = K — [} the probability that the event “Success” occurred in K -/ channels during the explo-
ration phase.

If [ = 1, then in all other channels except the current one there should be a “Success” event, therefore

Pr{Sgp, W=K -1} = (7\‘6_7‘)1{_1

Let i, users arrive at the input of the current channel. We write the probability of such an event as:

. A . .
Pr {entered i users} =—e ». During the data transmission phase, the current channel can have a “Success”
.

event if two events occur:

— at the exploration phase of the current channel there was an event “Conflict” (; > 2);

— during the data transmission phase, only one of the users participating in the “Conflict” event dur-
ing the exploration phase will make a decision to transmit in the current channel. Since in this case, the

users make a decision to transmission with the probability l So, the probability of such an event is
il_l il_l 21
Pr{Sprp li}=Cl Tl1-1|  —|1-L| .
1’1 l]_ ll Ll

Taking into account the introduced notation, we obtain:

Pr{N =1, Sppp, L=1} =Pr{Sgp, W=K -1} > Pr{Spyp |i, | Pr{entered i; users} =

;=2
o0 il_l 1,1
_ 3 K-1,-0K 3 [1_.l] 7»_
i1=2 ll ll ’

If [ = 2, then in all channels, except for the current and one more, there should be a “Success” event,
therefore
K-2
Pr{Sgp, W=K -2} = CE{ (] .

Let i; users arrive at the input of the current channel, and i, users at the input of another. We write the
probability of such an event as:

i
Pr{entered i users}Pr{entered iy users} = _—1e

l]_!

PYLE
» —e » .
12 '
During the data transmission phase, the current channel can have a “Success” event if two events occur:
—iy#landig#1land i) +i9>2;
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— during the data transmission phase, only one of the users participating in the “Conflict” event during the
exploration phase will make a decision to transmit in the current channel. Since in this case the users decide

- 2 —. Then, the probability of the event “Success”
ll + l2

to transmit in the current channel with the probability L

1 | Yt iy +ig—1
in the current channel is equal to Pr{S l2y, i9! = cl . — 1 -—— =|1-—— .
q { DTP 171 2} iy ll + l2 ll + l2 1’1 + lz

Taking into account the introduced notation, we obtain:

o w 1 \rtelaa b
Pr{N =1, Sprp, L=2} =CEZe™%2 Y % [1— j S et =

0=0  iy=0 htig h: Iy’
7l ig#l
1) +ig#0 i) +i5 %0
£ e n+ip-1 i
K- 1 A A
=Cx e MHE2 Y % (1—_ : j Ze AT 'ek:
0=0  iy=0 htip h- Iy
7l ip#l
i) +ig#0 i) +15 20
0 0 i1+i2_1 i1+i
1 . K-2 2K AT
G e 2 2 (l_i i ] i lig !
4=0 =0 172 1*%2°
u#l =l
i +ig#0 i +15 20

If [ = 3, then in all channels, except for the current one and two more, there should be a “Success” event,
therefore
K-3(, - \K3
Pr{Sgp, W=K -3} =CE (re ]

Let i, users arrive at the input of the current channel, and i, and i5 users, respectively, at the input of the
other two channels. We write the probability of such an event as:

h l2 I3
Pr{entered i users}Pr{entered iy users|Pr{entered iz users} = };—e% %eik %e#‘.
1 2 3

During the data transmission phase, the current channel can have a “Success” event if two events occur:

— i #landiy#landig# 1andi; + iy + ig> 2;

— during the data transmission phase, only one of the users participating in the “Conflict” event during
the exploration phase will make a decision to transmit in the current channel. Since in this case the users
decide to transmit in the current channel, the probability depends on the sum of the number of users in the
channels under consideration. If 2 <i; + i, + i3 < 3, then the probability of the “Success” event in the current

1 1 iy +ig+ig—1
channel is PI‘{SDTP | i].’ i2, i3, L= 3} = (l]_ +i2 + l3)§(1——j

3 . Ifi; + iy + i3 > 3, then the probability of

iy g +ig—1

. . Lo 1

the “Success” event in the current channel is Pr{Sppp |i;, iy, i3, L =3} = (1 - —J :
1 + 2] + l3

1, true

We introduce the following indicator function I{statement} = {0 false’
, false

Taking into account the introduced notation, we obtain:

PI'{N:L SDTP’ L:3} =

K2, -MK-3 < S S AL M A8
:CK71 (ke ) Z z z PI‘{SDTP |ll, iy, 13, L=3}ﬁ€ ﬁe ﬁe =
3, =0 i9=0 i3=0 1- 2 3
;71 ig#l ig#1

iy +ig +13 70 &) +ig +i3 #0 Iy +ig +ig 720
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K3 = = Al b
2012{_1(7\,@ X)K 8 z z Z Pr{SDTP Ill, 9, 13, L=3}—‘e )“,—'e }”,—'e » =

il =0 iZ =0 1,3 =0 ll . l2 . l3 !
=1 ig#l ig#1
Uy +ig +ig #0 &) +ig +ig #0 i) +ig +ig #0
X o © i) +ig+isg
2 K-3 _-\AK .o A
:CK_17\, e z Z Z PI‘{SDTP Ill, ZZ, l3,L:3}ﬁ:
3, =0 ig=0 i5=0 URIZRLE
i #1 ig#l ig#1l
iy +ig +ig #0 iy +ig +ig £0 i) +ig +ig #£0
2 K3 WK <~ - & 1 1\atitis—1
=Ciah™ e 2 X X |Hariprig<3j(i+i +l3)§(1_§j '
i1=0 i2:0 i3=0
y#l i9#1 la#1

Uy +ig+i3#0 1) +ig +i3 %0 i) +in +i3 %0
i) +ig+ig—1 o4
1 Jl 2743 Aatiats

+15 +i9g+19 >3 |1 -—v-—
iy +is }[ iy +ig +ig

ig lig lig !
Then we can write in general:
b 1 Kl K L .
T(M)=re™" +) Cgh" e > oo ZLjSl
I=1 0=0 =0
y#l y#l
1 1
2420 > i#0
j=1 j=1
l
Y1
j=1

l =i
s 25 1!
J=1

1, true
0, false

Formula (3) can be used to calculate for any number of channels.

Figure (2) shows the results obtained by (3) for a different number of channels depending on the throughput
per channel.

From Fig. 2, it can be seen that the throughput limit is reached when the input arrival rate is greater than 1.
The values of the maximum throughput and the corresponding input arrival rate are presented in Table 1.

The values presented in this table will be used as a parameter for the lossless algorithm.

where I {statement} = {

Analysis of a system without losses

Let us describe a modification of the algorithm [12], in which users remain in the system until they success-
fully transmit a message (system without losses).

To do this, we add one more assumption to the system.

Assumption 6. The number of active users (having a message ready for transmission) is known to M.

According to Assumption 1, each frame consists of two phases: EP and DTP. This algorithm repeats the de-
scription structure of the phases of the previous algorithm, but the transmission probability in the EP phase is

PEp = min{l, %G}, where G is the algorithm parameter. The user tries to send his message until he receives

confirmation of successful transmission.
Consider an example of the algorithm shown in Fig. 3.
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0.7
0.6 1
0.5 \
. 04+
a3
ISl
0.3 |
0.2 F
0.1F
0 / 1 ! 1 1 1
0 0.5 1 1.5 2 2.5 3
Input attival rate
——— 1 channel ——— 4 channels
—— 2 channels ——— 5 channels
——— 3 channels 6 channels

B Fig. 2. Throughput per channel on the input arrival
rate

B Table 1. Maximum throughput

Number channel max T(L) Py
1 0.5482 1.775
2 0.578 1.55
3 0.5917 1.415
4 0.5983 1.34
5 0.6015 1.285
6 0.6031 1.25

Consider the first frame. Suppose that by the be-
ginning of this frame there are messages from users
U,, Uy, Us, Uy, Ug and everyone decided to transmit.
Let in the EP users U, and Uy decide to transmit in
the first channel, users Uj in the second channel,
users U; and U, in the third channel. BS, having es-
timated the number of preambles in each channel,
will return the following information to all users

{2, 1, 2}. Thus, user Uj belongs to the Gg, and users
U,, Uy, Uy, Us belong to the G.

Then the DTP follows, in which the Uj; us-
er transmits with probability one in the second
channel. Users of the G, with a probability of

Pprp = min {1, %} =0.5 decide to send them data

in this frame or not. Suppose that users U; and U,
decided not to transmit, and users U, and Uy de-
cided to transmit and reselected channels 1 and 3,
respectively. As a result, the “Success” event will
occur in all three channels.

Consider the second frame. At the beginning of
this frame, there are messages from users U, and
U, from the previous frame, as well as new ones
from users Ug, U, and Ug. In the EP, users decide to
transmit preambles or not with a probability equal

<«—FEP—>«— DITP—>«—FEFP—H>«— DTP— >«—EP—><«—— DTP——>

Uy Data U;
Channel 3 U, 2 Data Uy S 0 Data U Uy 1 Data Uy S
Uy
Channel 2| Us 1 Data Us S U, 1 Data Uy U 2 Data Uy S
10
U, U,
Channel 1 2 Data Us S 2 E Us 1 Data Ug S
Us Us
> » » g » AN ’t
T T T
D Frame 1 T o Frame 2 T o Frame 3 ”
U, Uy
U, Uig
UB

B Fig. 3. Example of the lossless algorithm’s work
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to pgp = min{l, g} =0.6. Suppose that users U,

and Uy decided not to transmit, and users U;, U,
and Uy decided to transmit. User U, chose the sec-
ond channel, and users U; and Uy chose the first
channel. The BS, having estimated the number of
preambles in each channel, will return the following
information to all users {2, 1, 0}. Thus, user U, be-
longs to the Gg, and users U;, Ug to the G.

Then the DTP follows, in which the user Uj
transmits with probability one in the second chan-
nel. In this case, users of G transmit data with a

probability of pppp = min {1, %} =1. Let’s assume

that users U; and Ug have both re-selected the third
channel. As a result, the “Empty” event will occur
in the first channel, the “Success” event in the sec-
ond channel, and the “Conflict” event in the third
channel.

Consider the third frame. At the beginning of
this frame there are messages from users U;, Uy,
Ug, Ug from the previous frames, as well as new
ones from users Uy and U,,. Suppose that users U,,
Ug, Uy and Uy, decide to transmit in EP. User Uy
chose the first channel, users U, and Uj, chose the
second channel, and Uy chose the third channel. BS,
having estimated the number of preambles in each
channel, will return the following information to all
users {1, 2, 1}. Thus, users Uz and U, belong to the
Gg, and users Uy, U, to the G.

This is followed by the DTP. Suppose that user
U, decided not to transmit, and user U, decided to
transmit and re-selected the second channel. As a
result, the “Success” event will occur in all three
channels.

For a system with repeated transmissions, we in-
troduce two characteristics [16]:

— the dependence of the average delay on input
arrival rate d(V);

— the limiting input arrival rate at which the
system works stably L. £ sup{}: d(}) < o}.

Let us show how, for a system described by a set
of assumptions, 1., can be calculated.

The number of active users during system op-
eration can be described by the following recursive
equation:

M, =M,-N,+V,

where M, and M, are the number of users in the
system at time ¢ and ¢ + 1, respectively; NN, is the
number of users who logged out of the system at time
t,N,€{0, 1,2, ..., K}, Kis the number of channels in
the system; V, is the number of users who arrived at
time ¢, distributed according to the Poisson law with
the parameter A.

It follows from this description that the sequence
of random variables M, defines a homogeneous irre-
ducible aperiodic Markov chain.

To analyze stability, we calculate the mathemat-
ical expectation E[N,|M, = m]. It follows from the
Foster criterion (see, for example, [17]) that . can
be defined as the following limit:

lim E[N, | M, =m]

Ay =122 . 4)
cr K

Denoteby N Lgi) the number of users leaving chan-

nel i at time £, then N, =N§1)+N§2)+...+N§K).
Then from (4) it follows:

E[N® 4+ NP 4.+ NI | M, = m|

her = B, K -
S
. Diar
) nlgnw;E[Nt | M, =m | )
_ ~ _
K .
> lim B[N |M, =m|
_ Lzlm—mo
- K

It can be noted that for any value of m
E[N® M, =m|-
=B[N M, =m|=...=E[N{® | M, =m|.

Then:
her = lim B[N | M, =m |

m-—>0

Taking into account the fact that only message one
user’s can be successfully transmitted in one chan-
nel, then E[ N{¥' | M, =m | = Pr{N{® =11 M, = m|.

Then:

her = lim Pr{N{® =11 M, = m]. (5)

m-—>0

To calculate (5), we formulate and prove the fol-
lowing assertion.

Statement 1. Let there be m active users in some
frame with number ¢. Then, as m — o, each channel
independently receives a Poisson input flow with in-
tensity 1.

Proof: Let’s consider the channel number i. Let
M, =m and m > K, m > G, then all users decide to

transmit with probability pgp = kG and those us-
m

ers who decide to transmit will choose the i-th chan-
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nel with probability p = % Denote by Zgi) the num-

ber of such users. The random variable Zt(l) is dis-
tributed according to the Binomial distribution with
parameters % and m, then E[Zt(’)] = %m =G. If
m — oo, then the Binomial distribution becomes a
Poisson distribution with the same expectation.

It follows from the statement that the value of
the limit (5) can be calculated by substituting the
value A = G into (3). Thus, using (3), we can calcu-
late the value of %,. The optimal value of G that
maximizes the value of 1, is defined as

Gopy =argmaxT(}).
A

Figure 3 shows that the maximum limiting in-
tensity with a small number of channels is achieved
at the parameter G, > 1.

On Fig. 4 shows the results of calculating the
critical input intensity up to which the system is
stable according to formula (3) for the values of
the number of channels 1, 2, 3, 4, 5 and 6. It is also
shown that the optimal choice of the G parameter
makes it possible to increase the throughput with a
small number of channels. With an increase in the
number of channels, this gain decreases, and with
a large number of channels, the optimal value is
G=1.

To numerically calculate the average delay in the
system, it is necessary to find the stationary distri-
bution of the Markov chain with a countable number
of states and cumbersome expressions for calculating
the transition probabilities. Therefore, to illustrate
the effect of the parameter G on the delay, a Java pro-

18 : T - -
H‘—lchG=1 «3chG=1
16+ I | .
14l L1 ch G=Gy [3 ch G=Goy I
12} ! !! GChG=1*}!!
| il
Esa 10 + | ||
2 | If!
8t I I
6F | Il
Il |
4 L
Il [
2 L | 1
N N R T .l

0 0.5 1 1.5 2 25 3 35 4
Input arrival rate

B Fig. 5. Delay in system without losses at G = 1 and
G = opt from input arrival rate per channel

0.62

=
[e2]
|

0.58 | ~ e
056
0.54 b

0.52 + £

Normalized throughput (per channel)
=
o
N
\

0'48 1 1 1 1
1 2 3 4 5 6

Number of channels
—-— ALOHA-EP(exact value G=1)

— — ALOHA-EP(exact value G=G ;)

B Fig. 4. Throughput on the number of channels

gram was developed and implemented that simulates
the operation of the system, taking into account the
assumptions described earlier. The results obtained
by simulation modeling are presented in Fig. 5. The
number of experiments was chosen such that the val-
ue of the confidence interval coincides with the thick-
ness of the graph. As the throughput is approached,
the delay increases and then tends to infinity, in
which case the system is not stable.

Conclusion

The paper considers a model of a random multi-
ple access system based on ALOHA with explora-
tion phase from [12], where the calculation of the
throughput per channel for an infinite number of
channels was proposed. A method for analyzing the
characteristics of the algorithm is proposed, which,
in contrast to [12], makes it possible to calculate
the throughput per channel for a given number of
channels. It is shown that the maximum through-
put with a finite number of channels is achieved at
the input intensity A > 1.

A modification of the algorithm for lossless opera-
tion is proposed by using repeated transmissions and
changing the operation of the exploration phase to
stabilize the operation of the algorithm. It is shown
that the system provides stable operation when the
input arrival rate does not exceed the maximum
throughput. The dependence of delays in the system,
obtained using simulation modeling, is also given.

The model considered in the paper and its mod-
ification is based on 3 unrealistic assumptions: an
infinite number of preambles, the availability of
information on the number of active users, and no
time is spent on the exploration phase. These as-
sumptions can be consistently discarded in further
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studies. Can use the method of estimating the num-
ber of active users (see, for example, [18-20]). If the
number of preambles is limited, then the results of
the above analysis will be an upper bound on the
throughput. Also in the future, it is necessary to
take into account the duration of the exploration
phase and the response of the base station.
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Ananus u crabuausanusa MHOrokaHaabHoro aaropurMa ALOHA ¢ ucnons3oBanuem (pasbl HCCIETOBAHMSI HA OCHOBE
npeamMoy.JI
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BBenenue: B HacTosee BpeMsa aKTUBHO HCIIOIb3YIOTCA yCTPOMCTBA HHTEPHETA Bellel, (DyHKIMOHUPYIOIIKe B paMKaX CIieHapueB Mac-
CHUBHBIX MAIIWHHBIX KOMMYHHKAIWi. B3aumoseicTBrue yCTPOMCTB OCYIIECTBIISETCS AJITOPUTMAMU CILy4aWHOTO MHOKECTBEHHOTO AOCTYIIA,
MMEIIIMMY OTPAHWYEHHYIO IIPOILyCKHYI0 CIIOCOOHOCTD. [l yBeM4eHus IMPOILyCKHON CIIOCOOHOCTH MOJKHO HCIIOJIb30BATH OPTOrOHAIBHbBIE
npeambyier B kiaacce anroputMoB ALOHA. Ileas: nposectu anamus anropurMoB Ha 6aze ALOHA, ncnonssyomux asy ucciefnoBaHusd,
¥ BBIYUCIUTH XAPAKTEPUCTHKU /IS aJTOPUTMA C MOTepsIMU U 0e3 MOTepb IPU KOHEYHOM YHCie KaHaioB. Pe3yaprarsr: ommcaHa Mojeib
CHCTEMBI CILy4alHOTO JAOCTYIIA IJIs IePelau JAHHBIX 10 001eMy KaHAJLY CBS3HU C UCIOJIb30BAHUEM OPTOTOHAIBHBIX IIpeaMOy1 u (pasbl uccie-
moBauud. [lomydyena (opmysia i YUCIEHHOTO pacieTa IPOILyCKHOM CIIOCOOHOCTH HA KaHAJ aJTOPUTMA C IIOTEPAMHU IIPHU 6ECKOHEYHOM THCIIe
npeam0ysI U 3aJaHHOM KOHEYHOM 4mcie KaHaioB. lIpencraBieHsl pesynbraThl pacdyera /sl HECKONbKUX 3HAYEHWH YWC/IA HE3aBHUCHUMBIX
kauanos. [Ipe/ioxena u onrcana MOAU(PUKALHS aATOPUTMA, UCIOIL3YI0IIas (pasy ucciae0BaHus U MOBTOPHBIE epenayu. [lanuas cucrema
MOsKeT paboraTs 6e3 moTeps. [ 9TOM CuCTeMbI IPUBEIEH aHAIN3 ITPEIeTbHOM IPOILyCKHOHN CII0COOHOCTH, 10 KOTOPOU cucTemMa paboraer cra-
6unbHO. Takike MOKa3aHbI 3HAYEHUS CPEJHEN 3a/IePIKKH IS AJITOPUTMA, [TOJyIeHHbIE HIMUTAIIMOHHBIM MojieinpoBanueM. [lpu ymenbiiennn
YHuCjIa OOCTYIIHBIX npeaMﬁyJI JAaHHbIE Pe3yabTaThl MOHO HCIIOJIb30BaTh B Ka4eCTBe BerHefI TpaHUuIIbI HpOHyCKHOﬁ CHOCO6HOCTI/I CHCTEeMBbI.
IIpakTHyeckas 3HAYAMOCTB: IIOy4YE€HHbIE PE3YIbTAThI [I03BOIAIOT OLIEHUTD ITOTEHIINAIBHBIE BO3MOKHOCTH YBEIHIEHHUS IIPOILYCKHOM CIIO-
COOHOCTH CHCTEM CIIy4aiHOTO MHOKECTBEHHOrO focrymna B ceTsx 6G 3a cuer nmpuMeHeHus (pasbl UCCIeJOBAHS.

Kirouessie cioBa — muorokanansaas ALOHA, npegenbHas HHTEHCUBHOCTD BBIXOJHOTO IIOTOKA, CAyYaiHbIM MHOKECTBEHHBIN JOCTYII,
cTabUIbHOCTh, MACCOBAsA MEKMAIIMHHAS CBA3b, HHTEPHET BeIleH.
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