IEEE NETWORKING LETTERS, VOL. 6, NO. 1, MARCH 2024

User Scheduling in Wireless Networks for Deterministic Service:
An Efficient Genetic Algorithm Method
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Abstract—To meet the stringent latency and reliability require-
ments of deterministic service in 5G and beyond networks,
we investigate the user selection scheme jointly considering
multiple transmission time intervals in a radio access network
system with multiple access technology. The objective is to
maximize the number of users that satisfy both data volume and
latency requirements. Due to the NP-hardness of the formulated
optimization task, we propose an efficient genetic algorithm to
find promising user subsets at low complexity. Numerical results
demonstrate that our proposal outperforms the compared greedy
algorithm and round-robin algorithm, which can provide a guide-
line for the design of systems with deterministic requirements in
practice.

Index Terms—Deterministic service, genetic algorithm, radio
access network.

I. INTRODUCTION

O MEET the demands of the highly diverse and

data-intensive domains, future networks need to effi-
ciently utilize wireless resources in the spatial, temporal,
and frequency domains. Several key radio access technolo-
gies, such as massive multiple-input multiple-output (MIMO)
technology, have been developed and play a pivotal role in
modern wireless communication systems to enhance spectral
efficiency. Since a multi-antenna base station (BS) will simul-
taneously serve multiple users with the same time-frequency
resources [ 1], user scheduling becomes crucial for interference
mitigation. In this process, the BS selects a subset of users for
concurrent transmission so as to optimize the overall system
performance.

Over the past few decades, various user scheduling schemes
have been proposed in terms of diverse metrics to achieve
promising solutions with manageable complexity. Maximizing
the throughput to enhance spectral efficiency is widely rec-
ognized as a crucial objective. In [2], the problem is relaxed
into a semi-definite programming task, where the authors
employ a randomized rounding-based greedy user selection
algorithm to approximate the maximum throughput solution.
In [3], multiuser wireless systems utilizing zero-forcing dirty-
paper coding adopt a greedy scheduling scheme to achieve the
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maximum sum rate. Fairness is also a commonly considered
criterion in scheduling, with round-robin and its variants
highly valued for prioritizing short-term fairness [4], [5], [6].
Greedy scheduling and opportunistic round-robin scheduling
is compared in [7], and the efficiency of opportunistic round-
robin in overcoming the limitations of greedy scheduling is
demonstrated. Furthermore, in [8], high-performance com-
munication sets are generated through an iterative weighted
sum-rate maximization procedure, followed by solving an
integer programming problem to ensure fairness. The scheme
proposed in [9] supports diverse users with equitable service
satisfaction and flexible access by maximizing the average user
utility while minimizing its distribution variance.

Recently, 5G and beyond networks are required to sup-
port a range of applications, including multimedia services
with high data rates, vehicular communications with ultra-
reliable and low-latency requirements, and industrial Internet
with massive machine connections, where user experience is
greatly emphasized [10]. Specifically, real-time applications,
such as augmented reality and telesurgery, require ultra-high
data volume at the gigabit level and ultra-low latency at
the millisecond level [11], [12]. Such emerging applications
place critical emphasis on deterministic service, the imperative
requirement of which is to transmit multiple data streams
within prescribed time limitations.

Traditional user selection schemes, which perform schedul-
ing at each individual transmission time interval (TTI) based
on the instantaneous channel state information (CSI) due to
the time-varying nature of wireless channels, cannot meet
the data volume and latency requirements in 5G and beyond
networks. Hence, there is a need to develop a user scheduling
scheme that takes into account multiple TTIs simultaneously
to ensure deterministic communications. In most practical
scenarios, the channel exhibits temporal correlation due to
the nearly stationary scattering environment [13]. Channel
prediction schemes have been proposed to obtain CSI of future
time slots [14], which enable us to make scheduling decisions
for multiple upcoming TTIs at a time.

Motivated by the aforementioned points, we focus on
the multi-TTI joint user selection to provide deterministic
service in a wireless network system that utilizes MIMO
technology, where a data stream transmitted completely within
a given latency is considered valid. The optimization task is
to maximize the number of users receiving valid service. To
address the challenge of the enormous search space caused
by jointly considering multiple TTIs, we employ evolutionary
computation principles and develop a genetic algorithm (GA)
based scheme to explore promising solutions, where user
selection decisions for multiple TTIs are encoded as a long
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binary code string. Numerical results demonstrate that our
proposed GA-based scheme can offer valid service to more
users compared to other typical schemes.

The remainder of this letter is organized as follows.
Section II introduces the system model and the problem formu-
lation. Section III presents the proposed GA-based scheme in
detail. Numerical results are provided in Section IV, followed
by concluding remarks in Section V.

II. SYSTEM MODEL AND PROBLEM FORMULATION

We consider a downlink transmission network with one BS
equipped with M antennas, serving K single-antenna users.
In this downlink transmission network, overlapping multiple
user signals on the same resource block is allowed. Let Q2 =
{1,..., K} represent the index set of all K users, from which a
subset J = {71, ..., } is selected for concurrent transmission
at a specific TTL

A spatially uncorrelated flat Rayleigh fading channel is
assumed between each user and the BS, i.e., the channel gain
vector follows a complex Gaussian distribution CA (0, I'). The
signal received by the selected user i at the ¢th TTI can be
written as

Yit =hitxzys+ni, 1€J, 9]

where 7 € CM>1 js the transmitted signal from the BS

antennas. h; ; € CIXM s the channel gain vector of user i at
the #th TTL. n; ; represents the additive white Gaussian noise,
which is normalized to have unit variance.

The precoding matrix for the selected users is defined as
Wy = [wji ..., wj¢] € CMXF Let 55, € C*!
denote the transmitted source information before precoding,
with its power normalized. In this letter, we adopt equal power
allocation, i.e., the allocated power for each selected user is
denoted as p = o where P is the maximum transmission
power. Thus the transmitted signal designed for the user set J
at the rth TTI is given by

Jr
Tii= Y \PWisit- 2
i=1
Then, the received signal of the selected user i can be
expressed as follows:

Vit = V/Phi w184+ Z Vohigw;gsi g+, (3)
J#1

where the first term indicates the desired signal of the
selected user i, while the second term is the interference
among users. Zero forcing precoding technique is adopted to
eliminate such interference for simplicity [15]. We collect the
channel gain vector of selected users into a matrix H j; =
[hT "’hgz,t} € CM>*% for notation convenience, and the

J1,t " 1 .
precoding matrix of the selected users can be written as

W=Vl (B HY,) )

where « is a scaling factor to normalize signal power such
that tr(W; , WH,)=1.
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Fig. 1. A downlink system with requirements of deterministic service.

Since the interference is nullified through zero forcing
precoding, the signal to interference plus noise ratio of the kth
user at the rth TTI can be expressed as follows:

plhy,twi,t|
SINRy, ={ Imal? M€ (5)
0 k& J.
The corresponding transmission rate 7, ; can be calculated by
Tt =B log2(1 + SINRkJ), (6)

where B represents the channel bandwidth, and we set B = 1.
As shown in Fig. 1, we consider a transmission scenario
requiring deterministic service, aiming to provide valid service
as many as possible. Let D; and 7, represent the data
volume and the latency constraint of user k € (2, respectively.
The scheduling time window is determined by the maximum
latency constraint, which is denoted by 7" = maxy, 7y,.

Let A\; represent a binary variable that signifies whether
user k receives valid service or not. Note that if the data
volume is not completely transmitted within the given latency,
the previous transmission is deemed invalid. Thus, A; can be

written as
_ 17 Rk > Dk7
Ak = {0, Ry, < Dy, ™

where R, = Z;": 1 Tk,tto denotes the throughput of the user
k within its latency constraint. #y represents a unit of time,
equivalent to one TTL

Our objective is to maximize the number of users receiving
valid service throughout the scheduling time window. Let ¢y, ;
denote a binary variable, which indicates that user k is selected
at rth TTI to transmit its data if ¢ ; = 1, and O otherwise.
Then, the optimization problem can be formulated as

K
S
k=1

s.t. Ci:

max
Ck,t
Ck’yte{o7]‘}7 Vk€{177K}7t€{177T}7
us ®)
Ca: ch,t§M7 VtE{l,...,T}.

k=1

III. GENETIC ALGORITHM FOR MULTISTAGE
USER SELECTION

The optimization task is a type of combinatorial
optimization problem with a solution space of (2, (%))
that is astronomically large. Due to the NP-hardness of the

task, we adopt a GA-based method to derive the near-optimal
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Algorithm 1 GA-Based User Selection Algorithm
Input: N, maxiteration, pcrossovers Pmutation
Output: The best chromosome C
1: Generate a population P =
domly;
2: iteration < 1, mazfitness < 0;

3: while iteration < mazxlteration and mazfitness < K
do

{C1,C,...,Cy} ran-

4. for 1 =1:N do

5: for t =1:T do

6: if X5 | x> M then

7 Repair chromosome C'; by random toggling;

8: end if

9: end for

10: Calculate fitness f; of each chromosome C'; by (9);

11:  end for

12:  mazfitness = max f;, [ = argmax fj;

i€{1727""N} ie{l,Q,...,N}

13:  for i =1:N do

14: Calculate the selection probability p; by (10);

15:  end for

16:  Create a new population P’ = ();

17 while |P’| < N do

18: Select two parents from P with probability p;,: €
{1,2,...,N};

19: Perform crossover with probability pcrossovers

20: Perform mutation with probability p,,utation:

21 Insert the two offspring to P’;

22:  end while

23:  Use C'y to replace a randomly selected chromosome in
P,

4. P+« P

25: iteration < iteration + 1;

26: end while

27: return C'g

user scheduling decisions with low complexity. Specifically,
we encode the user selection decisions for multiple TTIs as
a long binary string, resulting in a discrete neighborhood that
facilitates the exploration of GA.

GA is an optimization algorithm based on the princi-
ples of natural selection and evolution. Potential solutions
are encoded in a set called population, of data structures
known as chromosomes. The chromosomes undergo the pro-
cess of crossbreeding, mutation, and evolution over multiple
iterations, or generations, moving towards the near-optimal
solution. The details of our proposed GA-based algorithm are
presented in Algorithm 1, which can be summarized as the
following steps.

o Initialization. As shown in Fig. 2, a chromosome C €
{0,1}5%T is designed to characterize the situation of
user selection over T TTIs, where ¢y, ; is represented
by the (K(t+ — 1) + k)th bit of C. We create an initial
population consisting of N chromosomes to represent
feasible solutions, where every bit of the binary string
is initialized randomly. Considering constraint Co in (8)
which requires that the number of selected users should

1507 thTTI T
|C1,1| |CK,1| |C1,t| |CK,t| |C1,T| |CK,T|
Fig. 2. Chromosome representation of user selection decisions for K users
over T TTIs.

not exceed the antenna number, a repair process is
required to avoid the appearance of invalid chromosomes.
We check the count of 1 within each TTI of every
chromosome and randomly toggle 1 if the count is larger
than M.

e Evaluation. Every chromosome within the population
undergoes evaluation based on the value of fitness in each
generation. Since our objective is to maximize the number
of users receiving valid service, the fitness value of one

given chromosome C;, i € {1,..., N} is set as
K
fi=> Ak ©)
k=1

where )\ is calculated by (3). Generally speaking, the
higher the fitness value is, the better the quality of the
chromosome will be. The fitness is upper bounded by K,
indicating that all user requirements are fulfilled.

e Breeding. Selection, crossover and mutation are the GA
operators to breed the offspring. The selection operation
is to select two chromosomes as parents and let them
pass their characteristics to the next generation. Here, we
adopt fitness proportionate selection. The probability p;
of chromosome C;, i € {1,..., N} being selected can
be calculated by

fi

R
Then, the two selected chromosomes are combined to cre-
ate new offspring by the crossover operation. Specifically,
a crossover position is randomly selected within the
chromosome, and then the two selected parents swap all
bits after that position to generate new offspring with a
probability of pcressover- Mutation is introduced to avoid
trapping in a local optimal, where the bits in the bit string
of newly generated offspring can be flipped with a prob-
ability of pputation- Elite policy is also employed, where
the best chromosome in the last generation is reproduced
directly to the next generation, thereby guaranteeing at
least that the offspring will perform as well as their
parents. To be precise, N chromosomes are obtained after
the breeding operators, among which a chromosome is
randomly selected and replaced by the best chromosome
in the last generation.

Pi = (10)

IV. NUMERICAL RESULTS

We consider a downlink wireless system where the BS is
equipped with M = 8 antennas. Unless otherwise specified,
D, is randomly chosen from an interval from 25 to 55. 7, is
randomly chosen from an interval from 15 to 20. The range
of user quantities set in the experiment is from 10 to 50 [16].
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Fig. 3. Number of users receiving valid service per generation.
For our proposed GA-based method, pcrossover and Pmutation
are set as 0.6 and 1073, respectively. The population size N
and the maximum number of iterations are set as 1000 and
100, respectively.
First, we investigate the convergence of the GA and the
influence of the elite policy. Fig. 3 exhibits the number of
users receiving valid service during each iteration of GA
with and without elitism when K = 30. We can observe that
the fitness increases along with the generations and finally
reaches a steady state. Also, the performance of GA with
elitism is better than that of GA without elitism. Generally
speaking, we should balance the convergence speed and the
solution accuracy in practice, which can be adjusted by the
parameters in the algorithm. The computational complexity of
the proposed algorithm is O(M 3TNN 1) flops (please refer to
the Appendix). M and T are network parameters. N and the
iteration count N; can be adjusted. Larger population sizes
and iteration counts imply higher computational costs but may
yield better results. Hence, we can adjust the population size
and maximum iteration count to achieve a trade-off between
the computation cost and the result accuracy.
Then, we compare our proposal with algorithms based
on two typical and popular ideas, i.e., greedy-based and
round-robin-based algorithms. These algorithms are com-
monly employed in wireless networks and often serve as
baseline algorithms for comparison against other algorithms.
o Greedy: The subset of users is selected to maximize the
sum rate for the current TTL. In each TTI, the process
begins by adding the user with the highest rate to the
selected set. Subsequently, users are incrementally added
based on their contribution to the cumulative data rate
when combined with the previously selected users. This
process continues until either the data rate ceases to
increase or the number of users reaches the antenna count.

¢ RR: Before scheduling begins, multiple subsets of users,
referring to as scheduled user groups, are pre-selected
from the entire set of K users. Throughout the scheduling
process, these user groups are sequentially chosen in a
round-robin manner for each TTI.

Fig. 4 shows the number of users receiving valid service
as a function of the total number of users. When the number
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Fig. 4. Users that receive valid service as a function of total users.
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Fig. 5. Users that receive valid service as a function of latency constraints.

of users is relatively small, e.g., K < 15, the system capacity
is significantly greater than the user load, thus all algorithms
can meet the requirements of all users. We can observe that
the gain of our proposal is remarkable as the number of users
increases. Specifically, when K > 20, the GA method satisfies
the requirements of at least 9.1% more users as compared
to the Greedy method. For the RR, extra performance gain
from the increasing number of users cannot be obtained since
the round-robin strategy neglects the volume and latency
constraints, leading to a failure to validly serve even one user
when the number of users is relatively large.

Fig. 5 shows the number of users receiving valid service
under different latency constraints. The number of total users is
40. The horizontal axis represents average latency constraint,
denoted by 7. 73 is randomly chosen from an interval from
T—2to 7+42. Dj, is randomly chosen from an interval from 40
to 80. When faced with stringent latency constraints, e.g., T <
50, the GA method significantly outperforms the other two
algorithms, achieving at least 11.1% and 42.9% performance
improvement over the Greedy and the RR, respectively.
Additionally, with the relaxation of latency constraints, our
proposal satisfies the requirements of all users more quickly
and efficiently as compared with the Greedy and RR.
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V. CONCLUSION

In this letter, we investigated a user selection problem in
a downlink wireless system requiring deterministic service,
where the data must be completely transmitted under the
latency constraints of users. Aiming at maximizing the number
of users receiving valid service, we proposed an efficient GA-
based method to optimize the selected subset of users with
joint consideration of multiple TTIs. More specifically, user
selection within the time window is jointly coded and searched
by GA using a fitness function based on the number of users
receiving valid service. Numerical results demonstrate that
the proposed algorithm can successfully serve more users as
compared with the greedy and round-robin methods.

APPENDIX
COMPUTATIONAL COMPLEXITY ANALYSIS

For a complex-valued matrix A € C™*", we outline the
computational complexity of various matrix operations utilized
in our proposed scheduling algorithm.

o The multiplication of an m X n matrix by an n X p matrix
necessitates mnp complex additions and mnp complex
multiplications, totaling 8mnp flops.

o The Frobenius norm ||A|% takes real
multiplications and 2mn real additions, resulting in a
total flop count of 4mn.

e The flop count for SVD of real-valued m X n matrices
is 4m2n + 8mn? + 9n3, where m > n.

The user selection process in the GA is mainly centered on
bit manipulation operations within chromosomes, which are
generally negligible in computational complexity. The primary
complexity stems from the evaluation of the fitness function
represented by each chromosome, which is related to the
transmission rate of the chosen users as defined in (6). The
following analysis will omit some steps with a complexity of
O(1). The complexity of calculating the precoding matrix of
the selected users’ channel gain lies in (4). The computation
of the pseudo-inverse offers various methods. Assuming it is
computed using SVD decomposition, the flop count would
be 4M?x + 8Mk2 + 9x3. To get the «, we calculate
tr(Wy s Wft) The flop count is 4M k. The flop count of (5)
is 12M and it is 12M k for computing ~ users. As there are
T time slots, one fitness calculation requires O((4M2k +

2mn

SMK2+ 963 +4MrK+12Mk)T) ~ O(M>T) flops. The GA
calculates this metric NV x Ny times, where N7 is the maximum
number of iterations. Thus, the entire scheduling process is
O(M3TNNy) flops.
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