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Introduction

Wireless technologies are now widely introduced 
into industry, leading to the emergence of a new way 
of using wireless networks, called the Industrial 
Internet of Things (IIoT). This way assumes that there 
are multiple devices which establish a wireless con-
nection to a remote server. The server uses a sequence 
of control messages transmitted over a downlink to 
remotely control and monitor a particular technologi-
cal process or the enterprise as a whole [1–3].

Within the IIoT concept framework, the Interna- 
tional Telecommunication Committee [4] and 3GPP 
consortium [5] are standardizing the network scenar-
io of Ultra-Reliable and Low Latency Communication 
(URLLC) designed to satisfy the key performance in-
dicators for the industry. However, the 3GPP consor-
tium has just started this standardization procedure.

It is worth noting that a number of studies are 
known, tasked with reviewing [6] or theoretical 
analysis [7] of URLLC scenario for 5G networks. 
In [6] and [7], the authors discuss possible usage 
of non-orthogonal multiple access technology to 
achieve key performance indicators of a wireless 
network required for the operation of an informa-
tion system. Unlike these works, this article aims 
to obtain efficiency estimates for the existing or-
thogonal communication systems when a delay-sen-
sitive traffic is transmitted via a downlink channel. 
This will give the engineers and network developers 

a tool for assessing the efficiency of using orthog-
onal networks when planning and deploying them.

The article is organized as follows. First, we give 
a description for a model of the system under study, 
along with a system of assumptions. We analyze the 
system as a queuing system and formulate an op-
timization problem whose solution will allow us to 
find the lower bound of an average message trans-
mission delay in an OFDM system. Then we propose 
an algorithm for calculating the lower bound of an 
average delay of downlink message transmission in 
an OFDM system. Finally, we present some numeri-
cal results and conclusions.

System model

In this article, we discuss a development of the 
model proposed in [8], applied to delay-sensitive 
traffic transmission. The networks contains a re-
mote server that coordinates the functioning of a 
finite number N of devices connected to the same 
base station. The functioning of each device i is co-
ordinated by forming a sequence of messages (each 
message has a unique serial number j) as long as 

, , ,  bits, and the time intervals between the 
arrival of messages are distributed according to an 
exponential law with the parameter i [9]. Via an 
absolutely reliable channel, the messages are trans-
mitted to the base station (BS) where they get into 

Articles
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queues (each queue corresponds to a unique device) 
to be transmitted via a wireless channel (see Fig. 1).

General statements
We discuss the operation of a downlink in OFDM 

mode: all the operation time is split into slots of an 
equal duration; within a slot, a limited frequency 
zone can be distributed between several devices. 
Because of flat fadings in the wireless channel, its 
state changes in time for each device: in each time 
moment t, the channel state can be represented as a 

vector ( ) ( ), , ,  where Ci(t) is the speed 

of transmitting data for the device i if it is given 
all the frequency zone for transmission at the time 
moment t.

The BS scheduler whose task is distributing the 
fractions of the wireless channel between the devic-
es makes a decisive contribution tо the system effi-
ciency. The scheduler task solution can be described 

with a vector ( ) ( ), , ,  where i(t) is the 

frequency zone fraction given to the device i at the 
time moment t. An obvious limitation is that the 
available frequency band for data transmission is 
finite:

 

: ( ) .
  

(1)

The main efficiency indicators for delay-sensi-
tive traffic are [5, 4]:

— average delay of message transmission for 
the device i, see the expression (2);

— delay dispersion for message transmission 
via the wireless channel. 

The delay dispersion can be large because the re-
sources for data transmission are given irregularly. 
This is considered to be a negative effect. Therefore, 
the delay dispersion is limited from above by a cer-
tain value.

The average delay of message transmission is de-
termined by the following expression:

 

( )

,lim ,
( )

   
(2)

where Hi( ) is the number of fully delivered messages 
for the device i during the time interval [0, ], and 
Ti,j is the time interval from the moment when 
a message j for the device i gets into a BS queue, 
to the moment when the last bit of the message is 
received by the device i. In its turn, the value Ti,j 
consists of the duration of waiting for a message in 
the BS queue (wi,j) and the duration of transmitting 
the message via the wireless channel (xi,j):

 , , , .  
 (3)

Note that as a result of the scheduler’s opera-
tion, during the transmission of a message j for the 
device i, the value of xi,j, is determined which di-
rectly affects the waiting time in the queue for the 
subsequent messages. This process is demonstrated 
in Fig. 2.

...

...

UE 1

UE i

UE N

1

i

N

...

...

Scheduler
Wireless

Channel
DevicesSources

C1(t)

Ci(t)

CN(t)

x1, x1
2

xi, xi
2

xN, xN
2

 Fig. 1. System model
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i, 1 i, 2 i, 3 i, 5 i, 6i, 4
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IdleTransmission

Waiting in the queue

i, j

i, j

 Fig. 2. Graphical representation of delivering messages for device i
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The generalized result of the scheduler’s opera-

tion for each user i are pairs of values  (average 

delay in message transmission) and  (coefficient 
of variation in message transmission).

Assumptions
In this article, we use the following assumptions: 
— ,: , ,  is an ergodic random process 

with finite mathematical expectation .
— ,: , ,  is a sequence of identically 

distributed random values independent from each 
other and from the input flow; their mathematical 

expectation is  and coefficient of variation is .
— The wireless channel state changes in such a 

way that the following equality holds:

 

, , , ,

, ,

, , ,( ) ( ) ( ) ,

 

  (4)

where ti,j is the time when a message j starts to be 
transmitted to the device i. 

— ,: , ,  is an ergodic random process 

with finite mathematical expectation .
The presented description of the system and the 

assumptions introduced above describe an infinite 
and uncountable set of hypothetical planning algo-
rithms  with possible analytical estimates.

Analysis of the system

In this section, we analyze the system under 
study as a queuing system, and formulate an opti-
mization problem whose solution will characterize 
the efficiency of OFDM systems in delay-sensitive 
message transmission.

The system model as a queuing system
With the assumptions made above, the system 

can be represented as a combination of N queues 
M/G/1, where each queue corresponds to a unique 
device. An average delay of message transmission 
for device i (see expressions (2) and (3)) can be found 
by the Pollaczek — Khinchin formula [10]:

 

.
( )  

  (5)

Thus we obtained an expression for an average 
delay of message transmission for device i ( ) as 
a function of an average duration of message trans-
mission via the wireless channel for the user i ( ).

An important parameter of the system is the av-
erage idle time for the M/G/1 queue per message, 

which is determined by the following expression 
[11]:

 

.
 
 (6)

Formulation of the optimization problem
One of the central results of [8] is the interrela-

tion between the characteristics of a wireless cen-
tralized communication network and the quality of 
user service when transmitting video data by the 
HTTP protocol. With reasoning similar to that in 
[8], we can find a real interrelation in terms of the 
system under study.

Lemma. For a set of scheduling algorithms  
satisfying the introduced assumptions, the follow-
ing inequality is true:

 

.
 

 (7)

The proof of this Lemma is similar to the proof 
given in [8]. Therefore, it is not given in this article.

Let us define the efficiency index of an OFDM 
system transmitting delay-sensitive traffic as an av-
erage value of message transmission delay over the 
entire set of devices with a given coefficient of var-

iation for each particular device: (( ) .)  

It is important to note that the value of the mes-
sage transmission delay is determined by a specific 
scheduling algorithm A installed on the BS.

Let us introduce the problem of estimating the ef-
ficiency of an OFDM system as a problem of finding 
the lower bound of an average message transmission 
delay over the set of scheduling algorithms :

 
inf ( ).

 

 (8)

The value of the lower bound of an average mes-
sage transmission delay can be obtained as a solu-
tion to a nonlinear optimization problem (9).

 

*

( )

, ,(

,

,)
 

 (9)

where , ,  are the optimized parameters, i 
and  are characteristics of the input data flow 



ИНФОРМАЦИОННО
УПРАВЛЯЮЩИЕ СИСТЕМЫ№ 5, 2018 91

КОДИРОВАНИЕ И ПЕРЕДАЧА ИНФОРМАЦИИ

for device i,  is a characteristic of the state of 

the wireless channel for the user i, and  is the 

coefficient of variation specified for the duration of 
message transmission via the wireless channel for 
the device i.

Lower bound of average message 
transmission delay in an OFDM system

The optimization problem (9) belongs to the 
class of convex nonlinear programming problems. 
However, due to the sophisticated structure of the 
objective function, it is difficult to obtain a closed 
expression for the lower bound value. Therefore, in 
this work, we will use numerical methods to solve 
the optimization problems. In convex optimization 
problems, they allow you to find the global extrem-
um point of an objective function with limitations 
[12, 13].

However, the use of a numerical procedure for 
finding an extremum can be computationally ex-
pensive. Therefore, below we analyze the cases 
when the lower bound value can be obtained without 
a numerical procedure. Here is a consecutive analy-
sis of the optimization problem (9). 

Consider the case when the inequality 

 holds. Then an apparent solu-

tion of the optimization problem (9) is , ,  
and Т* 0. 

Next, let us use the solution method based on the 
dual Lagrange function [12]. To this end, we intro-
duce an auxiliary function f*:

 

* ,
,( )

,
 

 (10)

where  is a set of admissible values of the 

parameter , ( ) , , .

Using the expression (10), we can represent the 
optimization problem as follows:

 

*

,

 

 (11)

where , , .
The Lagrange function for the optimization 

problem (11) takes the following form:

 

,
( )

.

 

 (12)

The dual Lagrange function for the expression 
(12) has the following form:

( ) inf
( )

.
 

On the base of expression (13), the problem of 
finding the lower bound can be represented as a 
solution of the optimization (8) problem (14) [12].

 

: .

 

 (14)

The solution of the optimization problem (14) is 
the following expression.

 

* ,
.

,
 

 (15)

The expression (15) determines the bound of the 
non-existence of scheduling algorithms which sat-
isfy the introduced assumptions.

Based on the reasoning presented in this sec-
tion, we introduce the main theorem.

Theorem. The lower bound value for an aver-
age message transmission delay in an ODFM sys-
tem over all possible scheduling algorithms which 
satisfy the assumptions can be calculated as fol- 
lows:

,

, ,

, , ,, ,

where  is a solution of the optimization prob- 
lem by a numerical method with the given accu- 
racy.

(13)



ИНФОРМАЦИОННО
УПРАВЛЯЮЩИЕ СИСТЕМЫ № 5, 201892

КОДИРОВАНИЕ И ПЕРЕДАЧА ИНФОРМАЦИИ

Numerical example

The obtained results are demonstrated on the 
base of LTE system parameters. We consider the 
functioning of one cell in which users are placed 
with an equal step on their way from the base sta-
tion. The maximum achievable user’s data trans-
mission rate is in the area from 0.5 MB/s to 5 MB/s, 
which corresponds to 5 MHz bandwidth [14].

Fig. 3 demonstrates how the lower bound value 
depends on the number of users in a cell when the 
size of the transmitted messages is 4 B and the ar-
rival rate is 250 per second for each user in the cell. 
At the qualitative level, the following statement 
is true: for given network parameters, there is no 
scheduling algorithm which provides an average 
message transmission delay of 5ms when there are 
450 users in a cell.

Fig. 4 demonstrates the values of the obtained 
lower boundaries with fixed input flow intensities 
for various message sizes. From the calculation for 
the network scenario described above it follows that 
with a fixed value of the average message trans-

mission delay, the maximum number of subscribers 
with a possible scheduling algorithm from the set 

 decreases linearly with the message size.

Conclusion

An algorithm is proposed for calculating the 
lower bound value for an average message trans-
mission delay in OFDM systems. The obtained re-
sult allows Internet communication system devel-
opers to plan OFDM systems deployed in industry. 
It can also serve as a reference for communication 
systems that provide URLLC.

The author is supported by scientific project  
No 8.8540.2017 «Development of data transmission 
algorithms in IoT systems with limitations on the 
devices complexity».
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Оценка эффективности алгоритмов планирования для передачи чувствительного к задержке трафика по 
нисходящему каналу в режиме OFDM

И. А. Пастушока, канд. техн. наук, старший преподаватель, orcid.org/0000-0002-3296-562X, i.pastushok@k36.org
аСанкт-Петербургский государственный университет аэрокосмического приборостроения, Б. Морская ул., 67, 

Санкт-Петербург, 190000, РФ

Введение: повсеместное внедрение систем управления, основанных на беспроводной связи, в промышленных объектах форми-
рует специфичный сценарий использования беспроводных систем, который получил название Индустриальный интернет вещей. 
В рамках данного сценария предполагается наличие большого, но конечного числа пользователей, для которых должна быть обе-
спечена передача коротких сообщений с низкой задержкой и ограничением на дисперсию задержки. Цель исследования: оценка 
эффективности алгоритмов планирования распределения частотно-временных ресурсов для систем связи с ортогональным ча-
стотным мультиплексированием каналов (OFDM) при передаче чувствительного к задержке трафика в нисходящем канале связи. 
Методы: система OFDM представлена в виде множества систем массового обслуживания M/G/1, произведена постановка оптими-
зационной задачи, решение которой определяет нижнюю границу средней задержки передачи сообщений чувствительного к за-
держке трафика по множеству исследуемых алгоритмов планирования. Результаты: предложен алгоритм вычисления значения 
нижней границы средней задержки передачи сообщений чувствительного к задержкам трафика в системе OFDM. Предложенный 
алгоритм принимает на вход параметры системы: средний размер сообщения, интенсивность входного потока и среднее значение 
максимально достижимой скорости передачи данных для каждого устройства, подключенного в базовой станции. На основе вве-
денных параметров системы производится постановка оптимизационной задачи и ее решение численным алгоритмом. Решение 
оптимизационной задачи определяет значение нижней границы средней задержки передачи сообщений по множеству исследу-
емых алгоритмов планирования в нисходящем канале связи систем OFDM. Практическая значимость: полученный результат 
может быть использован разработчиками систем при планировании и развертывании OFDM сетей, а также является опорным 
результатом для разрабатываемой технологии сверхнадежной связи с низкими задержками (URLLC).

Ключевые слова — индустриальный интернет вещей, OFDM, средняя задержка, теория массового обслуживания, математи-
ческая оптимизация, URLLC.

Цитирование: Pastushok I. A. Efficiency evaluation of scheduling algorithms for delay-sensitive traffic in OFDM downlink. 

Информационно-управляющие системы, 2018, № 5, с. 88–93. doi:10.31799/1684-8853-2018-5-88-93

Citation: Pastushok I. A. Efficiency evaluation of scheduling algorithms for delay-sensitive traffic in OFDM downlink. Informatsionno-
upravliaiushchie sistemy [Information and Control Systems], 2018, no. 5, pp. 88–93. doi:10.31799/1684-8853-2018-5-88-93

  


