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Introduction: With the development of modern communication standards, various scenarios of the Internet of things, including
massive machine-type communication, are actively considered. The main requirements for such systems are a stable operation with
a potentially infinite number of devices and low energy costs. Therefore, it is an urgent task to study different ways to achieve these
requirements. Purpose: To explore and compare the effectiveness of different approaches to reducing energy costs in systems with a
potentially unlimited number of user devices. Results: We describe a basic system model based on an ALOHA-type algorithm for the
scenario of massive machine-type communication in a channel with additive white Gaussian noise. We focus on the two ways to reduce
energy consumption for the system under consideration. The first way is to use hybrid automatic repeat request methods. The second
way is to use a conflict resolution algorithm with a dynamic schedule. For the basic system and the proposed methods, we carry out
an analysis of the lower bounds for the signal power and costs energy-per-bit under the condition of the stable operation of the system
and specified requirements for spectral efficiency. It is shown that both methods make it possible to reduce energy costs compared to
the basic system. At the same time, the dynamic scheduling algorithm allows to most effectively reduce the signal power from 4.5 dB at
any spectral efficiency. For energy costs per bit at spectral efficiency values less than 0.42 bit/s/Hz, hybrid automatic repeat request is
most effective. However, for large values, the greatest gain comes from changing the conflict resolution algorithm. Practical relevance:
The results obtained allow us to evaluate the potential of reducing energy costs in stable systems with a large number of user devices
through the use of hybrid automatic repeat request and a conflict resolution algorithm with a dynamic schedule.
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Introduction

As part of the currently unfolding 5G communi-
cation standard, as well as in the development of the
next generation of 6G, Internet of Things (IoT) sce-
narios are actively considered [1, 2]. However, some
of the most important requirements cannot be ful-
ly met within the current versions of 5G networks.
The further development of the Internet of Things
systems by 2030 will entail new, more stringent re-
quirements for wireless communications in general
and for the IoT in particular.

Taking into account the requirements for sys-
tems (transfer rate, delay, etc.), the following types
of IoT are distinguished [3]: critical IoT, broadband
IoT, industrial IoT, massive IoT.

Mass IoT is supposed to operate a huge number of
simple devices that rarely transmit small amounts
of data, usually powered by batteries. This system
operates within a massive machine-type communi-
cation (mMTC) scenario. This scenario describes
data acquisition systems with a large number of low
power end devices (such as sensors) that periodical-
ly transmit a small amount of data. Examples of the
mass [oT are temperature, pressure, light sensors

and meters in smart home technology. The volume
of transmitted data is small, but the number of IoT
devices is very large [4]. The main requirements for
this scenario are [5-9]:

— alarge number of devices;

— stable work of the network at high values of
the intensity of the appearance of messages in the
system;

— low power consumption (in order to increase
the service life of the device from an autonomous
power source without additional maintenance);

— delivery of messages with a given reliability;

— limitation on average delay.

The paper will consider the scenario of massive
machine-type communications. In the near future,
IoT devices are expected to be on the order of a mil-
lion per square kilometer. In addition, each of these
devices will periodically transmit a small amount of
data [10]. In view of the large number of devices for
the scenario under consideration, it is impossible to
use methods based on the static sharing of access to a
common channel resource. Therefore, it is supposed
to use random multiple access algorithms [11, 12].

To support emerging system requirements, it is
necessary to improve existing approaches in net-
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work design. A separate task is to increase the re-
liability of systems by changing the structure and
redundancy [13, 14]. To solve the problem of improv-
ing the energy efficiency of stable systems, two ways
can be considered. The first way is to improve the
methods of modulation and demodulation and the
methods of error-correcting coding consistent with
them [15]. For example, the use of new code modu-
lation schemes or the use of methods for combining
error-correcting coding and retransmissions, such
as hybrid automatic repeat request (HARQ). The
second way is to change approaches to planning
and resource allocation, that is, modifying random
access methods, including changing conflict reso-
lution algorithms in the system. The use of these
methods can increase the maximum of the input
arrival rate to which the system operates stably, as
well as reduce energy costs, which is important for
devices with an autonomous power source.

In view of the foregoing, it is relevant to analyze
the effectiveness of using hybrid automatic repeat
request methods [16], as well as a blocked conflict
resolution algorithm with a dynamic schedule [17,
18] in order to reduce the energy costs of random
access systems with a potentially unlimited number
of user devices.

System model

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

Assumption 1. Messages of all user devices have
the same length. Each message is transmitted dur-
ing the same time, let’s take this time as a unit of
time (slot). All system working time is divided into
slots. The user devices know exactly the beginning
of each slot and can only transmit at the beginning
of the next slot. Slots are not pinned to user devices.
The number of messages appearing in the system in
each slot is distributed according to the Poisson law
with the parameter A [messages/slot].

Assumption 2. Consider a time-continuous com-
munication channel with additive white Gaussian

Kt
noise, defined as Y =) X, + Z where Y is the out-
=1
put signal from the channel; X; — user device sig-
nal with number i and power P; Z is additive white
Gaussian noise, with zero mean and unit variance
(Z~(0, 1)); K, is the number of user devices that
transmitted a signal in the slot with the number ¢,
this value is random. Such a model corresponds to
a Gaussian multiple access channel. One of three
events can happen in each slot:

“Success”. For a random multiple access system
without HARQ methods, only one user device trans-
mits in the slot. For a system with HRAQ methods,

only one user device transmits in the slot, as well as
when two or more users transmit and the collision is
successfully resolved (users who transmitted at the
same time affect the probability of successful mes-
sage decoding due to additional message processing
on the receiving side).

“Conflict”. Two or more user devices transmit
in one slot. And also when using HARQ methods —
the collision was not resolved.

“Empty”. No one passes in the window.

Remark 1. Since the noise variance in the consid-
ered system models is equal to 1, then the signal-to-
P [W]
1[W]
the numerical value of the signal power P in watts
coincides with the SNR in times. In what follows,
P will mean SNR in times.

Assumption 3. A user device that has a message
ready for transmission is said to be active. The num-
ber of users in the system is infinite (messages and
users in the system are identical). Each active de-
vice sends a message to the channel with probabil-

noise ratio (SNR) in times is equal to Thus,

ity p= ﬁ, where M is the number of active users

known to the base station and other devices. The
same message will be retransmitted until it is suc-
cessfully transmitted.

Assumption 4. On the transmitting side, a check-
sum is added to all transmitted messages, after
which the received data undergoes error-correcting
coding and is transmitted to the channel, where
noise is added to the signal. At the receiving side, er-
ror correction decoding is performed first, and then
the checksum is checked. If the checksum is correct,
a acknowledge is sent, if the checksum is incorrect,
a negative-acknowledgement is sent. When the us-
er receives an acknowledgement, the transmitter
assumes a “Success” event occurs on the channel,
when the user receives a negative-acknowledge-
ment — “Conflict”. It is assumed that the receipt
is received by the transmitter in the same slot in
which the message was transmitted and cannot con-
tain errors.

Assumption 5. Transmission is carried out using
an error-correcting code of sufficient length with a
code rate R = Wlog,(1 + P) — ¢, where ¢ — +0.

Remark 2. According to Shannon’s theorem (di-
rect coding theorem), there is such a code-modula-
tion scheme with speed R such that the decoding
error probability P, can be arbitrarily small — 0 if
the inequality R < C = W logy(1 + P) is satisfied.
If this inequality is not satisfied, then according to
Shannon’s theorem (inverse coding theorem), the
error probability — 1 [19].

Analysis the systems will consider signal
strength and energy cost per bit for the required
spectral efficiency T [bit/s/Hz].
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Analysis of the basic random multiple
access system

Under the basic system is meant the operation
of the ALOHA-based random access algorithm in a
noisy channel.

Let’s introduce the concept of signal-to-interfer-
ence-plus-noise ratio (SINR), which is defined as

B o; B
yi,t - Kt ’
Z aj,tEj + NO
1
J#i

@

where y;, is the SINR for the i-th user device in slot
number £; o, , is the signal energy loss in the channel
of the i-th user device in slot number ¢; E; is the signal
energy of the i-th user; K, is the set of user devices
transmitting in the slot ¢; N, is the noise energy.

Taking into account the definition of SINR, we
can formulate the following statement.

Statement 1. The SINR ratio in the considered
systems can be calculated as follows:

1
T, “1)+p Y

where P is the signal strength.

Proof: The model of the system without attenua-
tion and Rayleigh fading is considered, therefore for
all ¢ and ¢ in expression (1) o, , = 1. In accordance
with the system of assumptions, the signal power of
all user devices is the same (and the energy too), and
the number of users transmitting in the slot ¢, tak-
ing into account the target one, is equal to K,, then

I
it T (K, “1)E+ N,

Divide the numerator and denominator by the
signal energy, then

v = 1
ot AT
(K -1)+
E
Consider separately %:
NO [J] _ Pnoise T [W-s] _ Pnoise (W]
E [J] P.T[W-s] P [W]

Taking into account the Assumption 2 P 1

noise —
N
therefore ?0 = % =p1 By substituting this

b

value into the previous expression, we obtain
Statement 1, which was required to be proved.

Let us describe the operation of a basic system
with an ALOHA-type random access algorithm for
a channel with AWGN, as well as give clarifications
and examples.

Remark 3. Taking into account Assumption 5,
the direct coding theorem (see Remark 2), and in-
dependent attempts to transmit a message, the fol-
lowing events can be defined in the system under
consideration:

— successful decoding of the message occurs if
Wlog,(1 + v, ) > R;

— message decoding error occurs if Wlog,(1 +
+7v,)<R.

Taking into account the introduced system mod-
el, Statement 1 and Remark 3, let us specify the
events occurring in the channel (see Assumption 2)
for the basic system:

“Success”. Only one user ¢ transmitted in the

slot, and in this case v;; =— =P, and, conse-

quently, Wlogy(1 + v;,) > R, which corresponds to
successful decoding of the message (see Remark 3).

“Conflict”. More than one user K,>1 was
transmitting in the slot. In this case, it is also
easy to show that P >vy,, for K,> 1. Therefore,
Wlog,(1 + v, ) <R, which corresponds to a message
decoding error (see Remark 3).

“Empty”. Nobody transmitted messages and,
therefore, the power at the input of the receiver are
low and the base station understands that the chan-
nel is empty.

Let’s consider an example of the operation of the
base system from the side of the target user device
(marked in Fig. 1 by the symbol *) in the presence of
other user devices in the system (U; means the i-th
user device). The events in the figure are designated
as follows: “S” — success, “C” — conflict and “E” —
empty. Let the signal power value in this example
be P = 1.

Let’s describe the events in each slot.

— First slot. Nobody sent messages — “Empty”
event.

— Second slot. Passed the target (first attempt),
2nd and 4th users:

* 1 2 3 4
U,
U
G
U
Event| E C E C S C S
2 3 4 5 6 7 Sl(:ts

B Fig. 1. An example of the operation of the basic sys-
tem on slots
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euser * has the following SINR value

Vg = — < P, where 1/3 < 1 means the mes-

sage is not decoded,;

* user 2:Y99 = T < P, decoding error;
T 2+P

cuser4d: y49 = — <P, decoding error.
The messages of all three users were not decod-
ed, the base station reports the “Conflict” event.

— Third slot. Nobody sent messages — “Empty”
event.

— Fourth slot. Passed target (second attempt)
and 3rd users:

% <P — 1/2 < 1, decoding

* user *: y«y =
" 1+P

error;

° user 2: Yoy = < P, decoding error.

+p1
A “Conflict” event has occurred in the slot.

— Fifth slot. Transmitted by only 1st user:

1
e user 1: y;5 =——=P, successfully decoded
) pl

the message.

The message is successfully decoded, a “Success”
event occurs.

— Sixth slot. Transmitted target (third attempt),
2nd and 4th users:

suser *: yig =
coding error;

< P, while 1/3 < 1, de-
2+p!

* user 2: ygg = < P, decoding error;

2. p!

*userd: yyg = < P, decoding error.

P_l

Event “Conflict”.

— Seventh slot. Passed only by the target user *:

e user *: y«qg = Ll = P, successful decoding.

7T o

The message is successfully decoded, a “Success”
event occurs.

Let us consider how to calculate the spectral
efficiency T [bit/s/Hz] if the critical input arrival
rate A, of messages/slot is known, up to which
the system is stable for the systems under consi-
deration.

Definition 1. The critical input arrival rate A, is
related to the spectral efficiency T by the following
expression:

T:%- 2)

Remark 4. For systems with an ALOHA-type al-
gorithm, the average number of transmissions E[S]
is related to the critical input arrival rate A <A, by
the following expression E[S] = 1/A [20].

Taking into account what was written earlier, we
introduce the following Assumption.

Statement 2. The spectral efficiency for the base
system is calculated as

T:M, 3)

e

where ¢ — 0.
Proof: According to Definition 1 and Remark 4,
the spectral efficiency can be redefined as follows:

R
~ WE[S]

. 4)

The average number of message transmissions is
calculated as

E[S] = i sPr{S =s},

s=1

where Pr{S =s}=P,(s-1)-P,s) and P,(s) is
the probability that s transmissions in a row were
unsuccessful. In accordance with the definition of
the concept of successful message decoding from
Remark 3, we can write the following:

P,(s) = f[Pr{R > Wlogy (1+7s; )}
=1

where v.; is the SINR for the target user device *.
Taking into account the fact that the transmissions
are independent and the distribution y.; does not
change with time, this expression can be rewritten
as follows:

P,(s) = (Pr{R > Wlog, (1+'y*’1)})s.

In accordance with the introduced model of the
system B = W log,(1 + P) — ¢, where ¢ - +0 (see
Assumption 5):

B,() = (Pr{Wlogy (1+ P) 5.2 Wlogs (Le 721 )} |

where ¢ — 0.

Since the band when calculating the speed and
throughput are the same, then in the condition
Pr{Wlog,(1 + P) — & > Wlogy(1 + v )}, it can be omit-
ted. Provided that the logarithm is a monotonically
increasing function and ¢ — 0, then the logarithm
can be omitted in the condition and its arguments
can be compared. After some simplifications, write:

P,(s)=(Pr{P> y*,1}>s.

The calculation of SINR for users transmitting
at time ¢, taking into account the system of assump-
tions, was defined earlier (see Statement 1). When
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adding a target user 1to the channel, SINR for it is

defined as y« 3 = —;

+P
of users who transmitted together with the target

during the s-th transmission. It can be easily seen
1
that ———
K, +P!
tem is analyzed in saturation mode, then K is dis-
tributed according to the Poisson law with parame-
ter 1. Then:

=K where K is the number

< P, only for K] > 0. Since the sys-

Pr{P >« }=Pr{K; >0/ =1-¢.
Whence it follows that
P =(1-¢7) .
Let’s write Pr{S = s}:

Pr{S=s}= (l—e_1 )s_l —(1—e_1 )s = (1—6_1 )s_l e L.

It is easy to show that in this case:

E[S]= i s(l —e! )871 el=e
s=1

Substituting the values of the code rate R in ac-
cordance with Assumption 5 and E[S] calculated
earlier into expression (4), we obtain Statement 2,
which was required to be proved.

Remark 5. As is known, the critical input arriv-
al rate A, for the basic algorithm of the ALOHA-
type is equal to el, substituting this value into ex-
pression (2) we get a result similar to Statement 2,
which is explained by Remark 4.

Let’s show how to calculate the lower bounds for

. . E
signal power P and energy per bit N—b.
0
Statement 3. The lower bound for the signal pow-
er P in the base system for a given spectral efficien-
cy T is defined as

p>2¢T 1. (5)

Proof: This statement follows directly from ex-
pression (3) if we express P from it.

. E .
The value of energy per bit can =b be obtained
0
by recalculating from the signal power. For this, we
introduce the following definition.

Definition 2. The energy per bit is related to the
signal power P as follows:

Ey

s ps1V.
0 R

where E[S] is the average number of transmissions
before the successful delivery of one message; W is
the channel bandwidth,

For the base system, the lower bound for energy

cost per bit N—b is calculated according to the fol-
lowing statement.
Statement 4. The value of the lower bound on en-

ergy costs per bit N—b for a given spectral efficien-
cy T for the basic system can be found as

ﬂ 2€T _1

Ny T

. (6)

Proof: It follows from Remark 4 that, for the sys-
tem under consideration, the spectral efficiency can
be rewritten as T = .

WEIS]

With this in mind, it can be seen that the defini-
tion of energy per bit (see Definition 2) can be writ-
ten as follows:

By _P
N, T’

where

p-Forp
Ny

Substituting this value into expression (3) from
Statement 2, we get

logg (1+EI’TJ—5
Ny
T= .

. . E
Let us express from the given expression N—b,
0
we will obtain Statement 4, which was required to

be proved.

Analysis of the system using HARQ
with Chase combining

Let us describe the operation of a system with a
random access algorithm of the ALOHA-type when
using HARQ with Chase combining, as well as give
clarifications and examples.

Taking into account Assumption 5, the direct
coding theorem and the fact that the HARQ with
Chase combining can be considered as signal accu-
mulation at the receiver [16]. Then we can rewrite
the calculation of SINnR, taking into account Chase

combining, as ¥, ,, = > v; j» Where ¥; , is the SINR
j=1
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of the i-th user during the n-th attempt to send a
message, taking into account the accumulation of
energy; n is the number of attempts to send a mes-
sage to the i-th user.

Remark 6. Then, taking into account the depend-
ence that has arisen when trying to send a message,
you can redefine the following events:

— successful decoding of the message. Occurs if

n
W10g2(1+ ?z,n) = WlOgZ (1"1‘ Z yl,]] > R,
j=1

— message decoding error. Occurs if

n
Wlog(1+7;,) = Wlog[l + Z Yi,j} <R.
j=1

Taking into account the model introduced ear-
lier, and the accumulation of energy due to HARQ,
we will clarify the events occurring in the channel
(see Assumption 2) for a system with HARQ:

“Success”. Only one user i transmitted in the slot,

] ) ~ n-1 1 n-1
and in this case 7;, = ) v;; +—= D vij+P,
j=1 P =1
and therefore Wlog(1+7;,)>R, which corre-
sponds to successful decodfng of the message (see
Remark 6). And also when transmitting by several
users, if for one of the users (*) in the current col-

n
lision it was fulfilled Wlog[l + z ?*’jj > R, which
j=1
also leads to successful decoding.
“Conflict”. More than one user K, > 1 was trans-
mitting in the slot, and for all users in the collision

n

Wlog{l + Z ?*,j] < R, which corresponds to a mes-
j=1

sage decoding error for all users in the mixture (see

Remark 6).

“Empty”. Nobody transmitted messages, and,
therefore, the power at the input of the receiver is
low and the base station understands that the chan-
nel is empty.

Let’s consider an example of the operation of a
system with HARQ from the side of the target user
device (marked in Fig. 2 by the symbol *) in an ex-
ample similar to the previous one. As before, other
user devices are designated as U; — the i-th user
device. Taking into account the fact that attempts
to decode one message during retransmissions are
now dependent, we will consider each transmission
in more detail. Let the value of the signal strength,
as before, P = 1.

— First slot. Nobody sent messages is “Empty”
event.

Event| E C E C S S E

1 2 3 4 5 6 7 Slots

B Fig. 2. An example of the operation of the system
when using HARQ with Chase combining

— Second slot. Passed the target (first attempt),
2nd and 4th users:

suser™: yxy =7Vig =

T < P, 1/3 < 1, hence
. 2+P
decoding error;

- 1 .
cuser2: ygq =y99 = = < P, decoding error;
+

cuserd: Yg1 =V49 = — < P, decodingerror.

2+P
Event “Conflict”.

— Third slot. Nobody sent messages is “Empty”
event.
— Fourth slot. Passes target (second try) and

3rd users: 1 1
suser *: Yiog =Yrog+Yyryg = + =
) 2 2 4 2+pP1 14+p71
3+ P~
=—— < P, 4/6 < 1, hence decoding error;
2+3P "+ P

suser 3: Y31 =Y34 = <P, 12<1, de-

P—l

coding error.
Both messages are not decoded, “Conflict” event.
— Fifth slot. Transmitted by only 1st user:

- 1 .
suserl: 11 =715 = F = P, successful decoding.

User 1’s message is successfully decoded, a
“Success” event occurs.

— Sixth slot. The target (third attempt), 2nd and
4th users were sent again: 1 1

e user *: ?*’3 = Y*,Q + 'Y*A + Y*,G =

+ +
2+pP1 14p1

1 4+3p71
P, 7/6 > 1, hence the

2+P1 943p 1 p2
successful decoding of the message;

+

cuser 2: Y99 =Y99+V9g = 1 + 1 _
- 12,2 7122 2,6 — _ T
9 2+Pt 24p7!
= < P, 2/3 < 1, decoding error;
2+p7!
e user 4: ¥ Ya9 +7 1 + 1
- 142 =742 46 = _ e
9 2+P1 24+p71
= T <P, decoding error.
2+P
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The target user has accumulated enough pow-
er to successfully decode, that is, x5 > P, hence
Wlog(1+79;,) > R, which means that on the third
attempt, a successful decoding occurs for the mes-
sage of the target user. “Success” event for user de-
vice *.

— Seventh slot. Nobody sent messages is
“Empty” event.

During the demonstration of the example, it is
shown that the use of HARQ can complicate the de-
coding procedure, but at the same time, in a specific
example, it has reduced the number of transmis-
sions for the target user, which also reduces power
consumption and delay in the system.

Let us introduce a statement for calculating the
spectral efficiency of a system with HARQ.

Statement 5. The spectral efficiency T of the sys-
tem when using HARQ with Chase combining is
defined as

_log(1+P)-¢

(7
S(P)

The function S(P), which is included in expres-
sion (7), determines the average number of trans-
missions of the message before success and is calcu-
lated as follows:

0

S(P)=>"s(P,(s-1)-P,(s)),

s=1

S
where P,(s) = Pr{P > Zﬁ}, and K, K, ...
=18 +P

is a sequence of independent random variables
identically distributed according to the Poisson law
with parameter 1.

Proof: The proof is similar to the previous one,
with some differences. For this type of HARQ, P,(s)
is defined as [16]

P,(s)= Pr{R > Wlog(1+ i?*,i j}

=1

This condition can be simplified similarly to the
condition in the analysis of the basic system:

P,(s) = Pr{P > ii’*z}

i=1

Taking into account the addition of the target

user device to the system ¥«; = - where

o+
l

K is the number of users who transmitted with the
target user device when the i-th message was sent.
Since the system is analyzed in the saturation mode,

then K7, K, ... is a sequence of independent random
variables identically distributed according to the
Poisson law with parameter 1. Whence Assumption 5
follows and follows.

The paper does not consider the issue of numer-
ical calculation of the function S(P), since this is
a difficult task from the field of probability theo-
ry. Given that the number of transfers is a random
variable that has a finite mathematical expectation
and variance for any P > 0 (within the framework
of the system model under consideration), then in
the work, when obtaining numerical results, the
Monte Carlo method will be used to calculate this
function.

If possible, a way to calculate lower bounds for

E
signal power P and energy per bit N—b in a HARQ

0
system.

It follows directly from Statement 5.

Statement 6. The lower bound for the signal pow-
er P in the system with HARQ Chase combining for
a given spectral efficiency T is defined as a solution
to the equation

p_oSIT _

1. 8)

Proof: This statement directly follows from ex-
pression (7) if we express P from it.

E

The value of energy per bit N—b, as before,
can be obtained by recalculation from the signal
strength.

Statement 7. The value of the lower bound costs

E
of energy per bit N—b for a given spectral efficien-

0
cy T for a system with the first type of HARQ can be
found as a solution to the equation

S[%T}T
Bp 2 0 1 ©)
No T

Proof: The proof is similar to Statement 4, so
we will show briefly. It follows from Remark 4 and
Statement 5 that for the system under consideration
the spectral efficiency can be rewritten as

R
T= :
WS(P)
where
p-Lop
Ny

Substituting this value into expression (3) from
Statement 2, we get
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After a number of simplifications, we obtain
Statement 7, which was to be proved.

T:

Analysis of a system with a blocked
random access algorithm with a dynamic
schedule

Consider changing the random multiple access
algorithm in a noisy channel. As an algorithm, a
blocked conflict resolution algorithm with a dynam-
ic schedule will be used [17, 18]. The algorithm works
in sessions. The session starts with a “Conflict”
of some multiplicity (multiplicity 0 — “Empty”
event, multiplicity — “Success” event, multiplicity
>1 — “Conflict” event) and lasts in accordance
with the conflict resolution algorithm. Let’s change
Assumption 3.

Assumption 3*. There are an infinite number
of unique preambles, arranged in such a way that
when superimposed on the channel, the base station
can determine the list of preambles in the mixture,
but cannot recover the user data. When a message
occurs at the user device, it transmits it in the next

NMHOOPMALIMOHHbLIE KAHAJbI U CPE[DbI
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slot, if the system is not in scheduled mode, other-
wise it postpones transmission until this mode is
completed. On a collision event, when > 1 preamble
is detected, the base station generates a schedule
for the system to switch to the time division mode,
where the preamble list determines the slot order
for the user device to retransmit the message on the
given schedule.

An example of the operation of the algorithm is
shown in Fig. 3. Let’s describe the events in the sys-
tem by slots:

— First slot. At the beginning of operation, the
system is empty, that is, there are no user devices
with messages ready to be transmitted. The slot has
an “Empty” event. During the slot a message ap-
pears to the first user and he selects the third pre-
amble U,(Pry).

— Second slot. At the start of the second slot,
the first user has a message ready and successfully
sends it. A “Success” event has occurred in the slot.
During the slot, messages appear for 2, 3, 5 and 7
users who have selected 2, 1, 8 and 5 preambles re-
spectively — U,(Pry), Us(Pr)), U5(Prg), U,(Pr;).

— Third slot. 2, 3, 5 and 7 users decided to send
the message, a “Conflict” occurred. The base sta-
tion detected 2, 1, 8 and 5 preambles. According to
the list of preambles, a schedule is built for the next
fourth slot.

— Fourth slot. In accordance with the schedule
transmits U;(Pr,), the event “Success”.

|‘ Schedule J L Schedule ‘l
| 7 I i
-------
Output
utpu | A AL | A A
messages | Ui(Prs) | Us(Pry) | Us(Pro) U;(Prs) | Us(Prs) | Us(Prs) | Uy(Pry)
_______ I [ S
P | i T
Preambles | p P;; | p Pr; |
detected by base T3 1 Pr, Prs Prs Prs Pry
A | PI‘5 PI’7
station Pr | |
_______ J_____7_|_________ ___%___|___.___
N slot 1 | 2 3 4 5 6 7 8 | 9 10
©
Us(Pry) C
Bvent E | gery | B8 | gupry | taprg | 0Py | 0o | D8 | ey | tioen
Us(Prs) Us(Prs3)
Uy (Prs)
- | : | | | t'
Message | | | | | | | | | |
appearance Uy(Pry) | Uy(Pry) | | | Us(Pry) | Uy(Pry | | | | |
Us(Pry) | | | | |
Us(Prs) I I I |
| Uy(Prs) | | | I I | | | |

B Fig. 3. An example of the operation of a blocked conflict resolution algorithm with a dynamic schedule
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— Fifth slot. In accordance with the schedule
transmits Uy(Pr,), the event “Success”. During the
slot, a message appeared for the 6th user who select-
ed the 3rd preamble — Ug(Pry). Since the system is
in scheduled mode, it postpones sending the mes-
sage until the mode ends.

— Sixth slot. Transmits U,(Prj), “Success” event
as scheduled. During the slot, a message appeared
for the 4th user who chose the 7th preamble —
U,(Pr,;). Since the system is in scheduled mode, it
postpones sending the message until the mode ends.

— Seventh slot. Transmits U(Prg), “Success”
event as scheduled.

— Eighth slot. By the beginning of the eighth slot,
the system ends in schedule mode, users 6 and 4, who
postponed the transmission of messages, can now
transmit. A “Conflict” situation appears in the slot.
The base station detected preambles 3 and 7, respec-
tively, and generated a new schedule.

— Ninth and tenth slots. Users Ug(Pr;) and
U,(Pr;) successfully transmit messages in accord-
ance with the schedule.

For the considered algorithm, the papers [17,
18] provide an analysis of the critical input arrival
rate, and it is shown that A, = 1. Based on this and
Definition 1, we introduce the following statement.

Statement 8. The lower bound for the signal pow-
er P for a given spectral efficiency T for a blocking
algorithm with a dynamic schedule for an infinite
number of preambles is defined as

p=2T_1 (10
Proof: Assumption 5 implies that R = Wlog(1 +

+ P)-¢, where ¢— +0, taking into account
Definition 1, we can write

T < A, log(1+P),
where should
T
P>2M 1

As noted earlier, it follows from [17, 18] that for
the considered algorithm A . = 1, then

p>ol 1.

Which is what needed to be proven.
Now let’s write a statement for calculating the

E
lower bound costs for energy per bit N—b in the sys-

0
tem under consideration.

Statement 9. The lower bound on the energy per

E
bit N—b for a given spectral efficiency T for a block-
0

ing algorithm with an infinite number of preambles
is defined as

2(27 -1
5 2" )
Ny T
Proof: From expression (10) it follows that
P = 2T _ 1. In accordance with the definition of one,

. T .
we can write R = W—, since A, = 1, then R = WT.
Ccr
Taking into account Definition 2, we obtain

T_
B | pg2 -1
N, T

Let us describe the calculation of the average
number of retransmissions E[S] for a system with a
blocked conflict resolution algorithm. Consider the
average number of transmissions for a target user
device added to the system at a random time (this
approach does not violate the system performance).
If no one appeared during the previous schedule,
then the user will make only 1 transfer. Otherwise,
the user will get into conflict on the first trans-
fer and will transfer a second time according to
the schedule. In accordance with the system of
assumptions and the features of the operation of
the blocked algorithm, the user’s message will be
successfully delivered when scheduled. When con-
sidering the operation of the system in saturation
mode, the probability that no one appeared in the
system during the time schedule tends to zero.
Therefore, the subscriber will send the message
twice, i.e. E[S] = 2. Means

g£>mﬂ—n
N, T

Which is what needed to be proven.

Numerical results

Using the formulas obtained earlier for the lower
bounds of energy consumption, we will compare the
considered systems.

Figure 4, a shows the lower bounds for the sig-
nal power obtained by formula (5) for the basic
system, by formula (8) for a system with HARQ
(using the Monte Carlo method for the average
number of transmissions) and by formula (10) for
a system with a blocked conflict resolution algo-
rithm due to a dynamic schedule. It follows from
the figure that the use of HARQ makes it possible
to reduce the lower bound for the signal power P
at spectral efficiency values less than 1 bit/s/Hz;
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B Fig. 4. The lower bound of the signal power (a) and on the energy per bit (b) for the systems under consideration on the

required spectral efficiency

at higher values, the signal power begins to co-
incide with the base system. The maximum en-
ergy gain of HARQ relative to the base system is
about 2 dB in the region of spectral efficiency T =
= 0.5 bit/s/Hz. However, the blocked algorithm
makes it possible to further reduce the lower
bound for the signal power, gaining from 4.5 dB
relative to the base system, and from 3.4 dB rel-
ative to the system with HARQ. This gain grows
with the increase in the values of the spectral ef-
ficiency of the system.

Figure 4, b shows the lower bounds for energy
costs per bit obtained by formula (6) for the base
system, by formula (9) for a system with HARQ
(using the Monte Carlo method for the average
number of transmissions) and by formula (11) for
systems with a blocked conflict resolution algo-
rithm due to a dynamic schedule. It follows from
the figure that the use of HARQ makes it possible
to reduce the cost per bit compared to the basic
system, however, as the required spectral efficien-
cy increases, the gain decreases. The maximum
energy gain is about 2.5 dB at the value of the
spectral efficiency T = 0.28 bit/s/Hz. The mini-
mum gain of a system with a blocked algorithm in
relation to the basic one is 1.5 dB and grows with
an increase in the spectral efficiency. However,
when comparing the blocked algorithm with
HARQ, it can be seen that at spectral efficiency
values below a certain value (T = 0.42 bit/s/Hz),
the blocked algorithm has higher costs energy per
bit. This is due to the specifics of the algorithm’s
collision resolution method, which increases the
average number of message transmissions in
the system. But after the value of the spectral
efficiency T = 0.42 bit/s/Hz, the energy per bit
for the blocked algorithm turns out to be lower
than systems with HARQ, and the energy gain
increases.

Conclusion

The paper analyzed and compared the effective-
ness of various approaches to reduce energy costs
in massive machine-type communication systems
with a potentially unlimited number of users. For
this purpose, a basic system model was formulated
and described based on the ALOHA-type algorithm
for the massive machine-type scenario in a channel
with additive white Gaussian noise. Two ways to re-
duce energy costs for were also described.

The first way to use it is to apply hybrid auto-
matic repeat request methods based on Chase com-
bining. For this approach, within the framework of
the introduced model, an example of the operation
of the system was shown with a description of the
main features.

The second way is to change the random multiple
access algorithm to a conflict resolution algorithm
with a dynamic schedule. For this algorithm in the
base model, assumption 3 from the base model was
changed and an example of the system operation is
given.

For all considered systems, an analysis of the low-
er bounds for signal power and costs energy per bit
during stable working and specified requirements
for spectral efficiency is given. It is shown that both
methods make it possible to reduce energy costs
compared to the basic system. When calculating the
lower bounds in the system with hybrid automatic
repeat request, the Monte Carlo method was used
to determine the average number of message trans-
missions before successful decoding.

When analyzing the dependencies of the lower
bound for the signal power on the spectral efficiency
of the system, the following results were obtained.
The use of HARQ allows the signal power at spec-
tral efficiency values (less than 1 bit/s/Hz), at higher
values the signal power begins to match the base
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system. The maximum energy gain from using hy-
brid automatic repeat request relative to the base
system is about 2 dB with a spectral efficiency of
about 0.5 bit/s/Hz. The blocked algorithm reduces
the lower bound more efficiently than hybrid auto-
matic repeat request. Gain relative to the base sys-
tem from 4.5 dB, and relative to the system with
HARQ from 3.4 dB. This gain grows with the in-
crease in the values of the spectral efficiency of the
system.

When analyzing the dependence of costs ener-
gy per bit on the spectral efficiency of the system,
the following results were obtained. At values of
spectral efficiency less than 0.42 bit/s/Hz, the use
of hybrid automatic repeat request most effectively
reduces energy consumption (energy gain of the or-
der of 2.5 dB at a spectral efficiency of 0.28 bit/s/Hz).
However, for large values of the spectral efficiency,
the energy per bit for the blocked algorithm is lower
than for a system with HARQ.

The results obtained allow us to evaluate the po-
tential for reducing energy costs in stable systems
with a potentially unlimited number of user devices
through the use of hybrid automatic repeat request
and a algorithm conflict resolution with dynamic
schedule. However, when analyzing the base system
and the hybrid automatic repeat request, an unre-
alistic assumption was assumed — the system and
users know exactly the number of active users. This
assumption can be taken into account and corrected
by using methods for estimating the number of ac-
tive users (see, for example, [21, 22]).
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CpaBHeHHe CIIOCOGOB CHHIKEHH S 3aTPAT YHEPTHH B CTA0OMJIBHBIX CHCTEMAaX MAaCCOBOH MEKMAIIMHHOM CBA3H

A. A. Bypkos?, accucrenr, orcid.org/0000-0002-0920-585X, a.burkov@k36.org
aCankT-IleTepOyprekuii rocy1apCTBEHHBIH YHUBEPCUTET a9POKOCMHUYECKOTO TIprbopocTpoenwns, b. Mopckas yi., 67,
Camukr-Ilerepoypr, 190000, P®

BeeneHue: npu pasBUTHU COBPEMEHHBIX CTAHAAPTOB CBI3H AKTHBHO PACCMATPHUBAIOTCS PASIMYHBIE CLIEHAPUN HHTEPHETA BEIeH, B TOM
YHCIe MacCOBOHM MeXMAIIMHHON cBA3H. OCHOBHBIMH TPeGOBaHMUAMH K TAKUM CHCTEMaM fABIAIOTCA CTa0UIbHAA paboTa IPH IOTEHITHATIBHO
06ECKOHEYHOM YHCIIe YCTPOMCTB U HU3KHUE 3aTPAThI SHEPIUH, I09TOMY HUCCIIEI0BAHKE CIIOCOO0B HOCTIKEHU TaHHBIX TPeOOBAHUH aKTyaIbHO.
Iesxs: uccnenoBarh u CPaBHUTH dPPEKTHBHOCTH PASIMIHBIX IIOAX0/0B K CHUKEHHUIO 3aTPAT SHEPIUH B CUCTEMAX C IIOTEHIHAIbLHO Heorpa-
HUYEHHBIM YHCJIOM IIo/b30BaTenel. Pe3yabraThl: onmcana Moxelas 6a30BOM cucreMbl Ha ocHoBe anropurMa tumna AJIOXA mia crenapua
MAcCCOBOH MeKMAIIUHHOM CBA3H B KaHAe C aAJUTUBHBIM 6elbiM rayccoBbiM urymoM. OmucaHbI ABa Crocoba CHUIKEHUT SHEProsarpar A
paccMaTpUBaeMON CHCTEMBL: HCIIOIb30BAHME METO0B TMOPHUIHON pellarlned 060paTHON CBA3H U AJITOPUTMA PA3pPeIIeHUs KOH(IUKTOB ¢
IUHAMAYECKUM pacrnucanueM. [[71a 6a30BOM CHCTEMBI U IIPEJIOKEHHBIX CII0CO00B IIPOBEICH aHAIN3 HIKHUX IPAHUIL /11 MOIITHOCTH CUTHAJIA
¥ 3aTpaT SHepruy Ha OUT IpH cTabHILHON paboTe CHCTEMBI U 3aTaHHBIX TPEOOBAHUAX K ClIeKTpanbHoi adderTuBHocTH. [Tokasano, uro 0b6a
€roco6a MO3BOJISAI0T YMEHBIIUTh 3aTPAThI 9HEPIUH 10 CPABHEHUIO ¢ 6a30BOM cucremoil. [Ipu 9TOM anropuT™ ¢ JHHAMUYECKUM PACIIHCAHHEM
IaeT HauGOJIBINNH BBHIUTPHIII II0 CPABHEHUIO ¢ 6a30BOM CHCTEMOH /7Ia MoufHocTH curHana ot 4,5 1b mpu m060i ciekTpanbHOR ahderTHB-
vocru. [l saTpar sHepruu Ha OWT IIPH 3HAYEHHAX CIEKTPaIbHOU sddexrusHocty Menbiie 0,42 6ut/c/I'n naubonee sddperTUBHO mpH-
MeHeHHe IHOPUIHON 00paTHOU cBa3u. OMHAKO IIPU OOJIBIINX 3HAYEHUAX HAUOOJBIIMA BBIMTPHIII JA€T U3MEHEHNE aJTOPUTMa Pa3peleH s
koH(IUKTOB. IIpakTHYECKasa 3HAYNMOCTE: II0JIydYeHHbIE Pe3yIbTaThl II03BOJIAIOT OIIEHUTD IIOTEHI[HAIbHbIE BO3MOMKHOCTH YMEHbIIIEHHUT 3a-
TpaT SHEPTUH B CTAOUIBHBIX CHCTEMAX € GOIBIINM YHUCIOM I0Ib30BATEIBCKUX YCTPOHCTB 3a CUeT IPHMEHEeHUs THOPUIHOM 06paTHOH CBA3H U
QJITOPUTMA PA3PeIIeHUsT KOHMIUKTOB C JUHAMUIECKAM PACIHCAHUEM.

KoaioueBsie croBa — MaccoBad MesKMalInHHAA CBA3b, HHTEPHET Belllel, THOpuAHasA pelaolas o0paTHas CBA3b, aITOPUTMBI CILyJaiHO-
r'0 MHOKECTBEHHOTO JOCTYIIa, CIeKTpaabHasd 3(pheKTHBHOCTD, 9HEProaPeKTHBHOCTS.
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