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Abstract. The network services present diversity as the 
continuous evolution of communication scenarios, which 
brings a great challenge to the efficient utilization of re-
sources. The ALOHA access mechanism is considered as 
an effective solution to deal with multi services for its fea-
ture of shared bandwidth. However, the collision problem 
of ALOHA degrades the quality of service (QoS) seriously. 
The multi packet reception (MPR) technology could miti-
gate collision and improve network performance. Consid-
ering ALOHA mechanism with MPR capability, we pro-
pose a novel random access scheme for aggregate traffic 
based on deep fusion of supermartingale and improved 
sparrow search algorithm (SSA) to provide delay QoS 
guarantee. Firstly, we construct a complicated queuing 
model with heterogeneous arrivals and ALOHA-type ser-
vice. Secondly, we derive the tighter delay-violation prob-
ability bound relying on supermartingale theory, and the 
optimization problem is constructed with the goal of mini-
mizing the service rate and the constraint of supermartin-
gale bound. Finally, we improve the SSA by combining 
Circle chaotic map, nonlinear inertia weight and Lévy 
flight strategy, then the scheme is designed by applying the 
improved SSA and supermartingale constraint. Simulation 
results show that the proposed algorithm has faster con-
vergence speed and the scheme is more bandwidth-saving. 

Keywords 
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1. Introduction 
In future wireless communication networks, it is fore-

seeable that the number of terminals will continue to in-
crease, and the types of services will increasingly be vari-
ous [1], [2]. The evolution brings more difficulties for the 
effectiveness of spectrum resources and poses more signif-
icant challenges for the guarantee of quality of service 
(QoS). The traffic in the networks usually has a random 
characteristic, so reserving bandwidth for individual termi-
nal is bound to wasting resources. It is more suitable to 

utilize the access mode of shared bandwidth for the ser-
vices with random traffic. The ALOHA mechanism is 
widely used in the random access of wireless communica-
tions for its simpleness and easy realization [3], [5]. For 
ALOHA access process, the packet collision is easy to 
occur since it does not listen to the channel, which reduces 
the utilization of network resources. By introducing multi 
packet reception (MPR) technology, the signals of multiple 
terminals can be decoded simultaneously, and the collision 
is alleviated effectively. However, it is not an easy work to 
model and analyze the random service with MPR capabil-
ity. At the same time, the network traffic may be different 
and sporadic, and the efficient guarantee of QoS is difficult 
to achieve. 

It is the key to realize efficient QoS guarantee that the 
bandwidth requirements and the service capability are 
estimated accurately. The effective bandwidth and effec-
tive capacity have introduced statistical QoS into the eval-
uation of bandwidth requirements and service capacity, 
which provides an available methodology for QoS analysis 
and guarantee. The effective bandwidth refers to the mini-
mum service rate that the system needs to provide under 
given statistical QoS requirements [6]. In [7], a corre-
sponding formula is proposed to calculate the effective 
bandwidth of the generalized Markovian flow. For the 
Long Term Evolution (LTE) downlink, the authors of [8] 
propose a scheme to allocate resource blocks based on the 
estimation of the effective bandwidth of traffic. The effec-
tive capacity refers to the maximum arrival rate that the 
system can support under the given statistical QoS re-
quirements [9]. The effective capacity of non-orthogonal 
multiple access (NOMA) is studied to guarantee the delay 
QoS in [10]. The authors of [11] employ the QoS exponent 
in the effective capacity theory to characterize delay QoS 
constraint for MPR-capable visible light communication 
(VLC) system. To guarantee the statistical QoS of hetero-
geneous traffic, the effective bandwidth and effective ca-
pacity theory is introduced into the slicing scheme in [12]. 
The effective bandwidth and effective capacity both come 
from the large deviation theory, which could result in 
a loose estimation for the delay performance bound, espe-
cially for the bursty traffic. The authors of [13], [15] innova-
tively put forward the concepts of arrival-martingale and 
service-martingale, and derive a tighter QoS performance 
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bound. The authors of [16], [17] utilize supermartingale 
method to the delay performance analysis of multimedia 
heterogeneous high-speed train networks and multi hop 
vehicular ad hoc networks, and the simulations prove the 
compactness of the performance bound. The authors of 
[18] first apply the service-martingale model to the delay 
analysis of short packet transmission and propose D-
ALOHA random access algorithm, which could not only 
achieve energy conservation but also meet the require-
ments of high reliability and low latency. Based on the 
delay bound of supermartingale analysis, the authors of 
[19] propose a task allocation scheme for heterogeneous 
networks under the constraint of the global delay-violation 
probability. These studies demonstrate the superiority and 
potential of supermartingale analysis to the efficient QoS 
guarantee. 

In recent years, the development of optimization 
methods further assists QoS guarantee. In [20], for VLC-
orthogonal frequency division multiplexing (OFDM) sys-
tem, the subcarrier allocation problem is transformed into 
an optimization problem to maximize the effective capaci-
ty, and a bandwidth allocation strategy based on statistical 
delay QoS guarantee is proposed. Relying on the theory of 
effective bandwidth and effective capacity, the authors of 
[21] construct the optimization problem of multi-user 
scheduling to realize the QoS guarantee of indoor VLC 
multi-user. The authors of [22] formulate the problem to 
maximizing the average throughput under a minimum 
energy efficiency constraint and obtain the optimal power 
control policy. In solving optimization problems, the 
swarm intelligence algorithm plays an important role. 
Through simulating the foraging and anti-predatory behav-
ior of the sparrow population, a new swarm intelligence 
optimization algorithm, namely sparrow search algorithm 
(SSA), is proposed in 2020 [23], and it has the advantage 
of simplicity and efficiency. However, there are also some 
deficiencies in SSA, such as uneven population distribu-
tion, slow convergence speed and easy to fall into local 
optimization. 

Considering the above aspects, we model a queuing 
system to characterize the communication scenario of the 
aggregate traffic under ALOHA-type mechanism. Through 
the construction and analysis of supermartingale, the tight-
er bound of delay-violation probability is obtained and the 
minimization problem of service rate is set up. We im-
prove SSA and fuse supermartingale to solve the problem 
more effectively. The main contributions can be summa-
rized as follows: 

• Considering the ALOHA service with MPR capabil-
ity and hybrid arrivals, we model a complicated queu-
ing system to carve the communication scenario. By 
utilizing supermartingale theory, a stricter delay-
violation probability bound is derived. 

• Relying on the supermartingale analysis, we construct 
the optimization problem with the constraint of su-
permartingale bound. To handle the optimization 
problem more efficiently, we improve SSA by com-

bining Circle chaotic map, nonlinear inertia weight 
and Lévy flight strategy, which helps to ameliorate 
the shortcomings of standard SSA and compute the 
optimal parameters faster. 

• Ingeniously combining improved SSA and super-
martingale analysis, the resource optimization algo-
rithm is proposed to solve the service parameters that 
guarantee delay QoS. Simulation results show the 
performance of supermartingale-based improved SSA 
is favorable and saves bandwidth effectively. 

The rest of the paper is organized as follows. The 
model of queuing system is established and analyzed in 
Sec. 2. In Sec. 3, we introduce the supermartingale theory 
to derive delay-violation probability bound and formulate 
the optimization problem. The improved SSA along with 
supermartingale rate estimation (SRE) is utilized to solve 
the problem. The simulation results and discussions are 
demonstrated in Sec. 4. Finally, the conclusion is drawn in 
Sec. 5. 

2. System Model  
In our work, we consider the communication scenario 

that consists of one access point (AP) and N terminals. The 
terminals send packets to AP by ALOHA-type mechanism 
with MPR ability. We consider the aggregation of N1 Pois-
son flows that are relatively stable and N2 Markov modula-
tion on/off (MMOO) flows that are bursty. The research 
scheme of this paper is not limited to the specific arrival 
process. The packets are served according to the regulation 
of first input first output (FIFO), and the queuing model of 
this system is shown in Fig. 1. 

We assume that each terminal sends packets to the AP 
with a certain probability p. The AP has MPR capability M, 
that is, it can decode M terminal signals at the same time. 
Referring to [11], the instantaneous service s(n) of the 
system at time slot n (n ≥ 0) can be expressed as: 

 s ,         1 ,
( )   

0,        0 or 
kR k M

s n
k k M

≤ ≤
= 

= >
 (1) 

where k denotes the number of terminals being transmitted 
in the time slot and Rs is the service rate. We use 

{ }Pr ( )  (1 )s n kR k M= ≤ ≤  to indicate the access probability 
of k terminals transmitting data packets to the AP, and the 
probability is: 

 { }sPr ( ) (1 ) .k k N k
Ns n kR C p p −= = −  (2) 

s(n)
N1 × a 𝒑  

(n)

arrival

queue

service

N2 × a𝒎(n) …

…

 
Fig. 1.  The model of queuing system. 
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Fig. 2.  The Markov chain of MMOO arrival. 

The accumulated service process is denoted as S(n). 

The single Poisson arrival process is described as: 

 { }p
ePr ( ) , 0,1,2
!

r
a n r r

r

λλ −

= = =   (3) 

where Pr{ap(n) = r}represents the probability that r packets 
will arrive in the time slot n. λ denotes the average arrival 
rate, and the accumulated Poisson arrival process is repre-
sented as Ap(n). 

The Markov chain of single MMOO arrival is shown 
in Fig. 2. The arrival rate is Ron at state on, and the arrival 
rate is zero at state off. pa describes the transition probabil-
ity from off state to on state, and qa denotes the transition 
probability from on state to off state. The instantaneous 
and accumulated MMOO arrival process are represented as 
am(n) and Am(n), respectively. 

The accumulated aggregate traffic A(n) is represented as: 

 1 p 2 m( ) ( ) ( ).A n N A n N A n= +  (4) 

Then, we analyze the buffer behavior in the queuing 
system. Let Q(n) represent the queue length. The evolution 
trend of the queue length can be expressed as: 

 {( 1) max 0,( ( ) ( ) ( )}.Q n Q n A n S n+ = + −  (5) 

According to Little's law [24], the delay d(n) can be 
expressed as: 

 
( )( ) Q nd n
µ

=  (6) 

where μ represents the average arrival rate of mixed 
services. 

To guarantee the statistical delay QoS requirements, 
the inequality should hold: 

 { }Pr ( )d n D ε≥ ≤  (7) 

where ε denotes delay-violation probability threshold, D 
denotes the target delay. Equation (7) means that when the 
target delay is given, the delay-violation probability should 
be less than the delay-violation probability threshold. 

3. Resource Optimization Algorithm  

3.1 The Optimization Problem under 
Supermartingale Bound Constraint 
In this section, we construct the supermartingale for 

arrival process and service process to analyze delay QoS 
performance. Based on the concepts of arrival-martingale 
[15], the supermartingale of single Poisson process can be 
constructed as: 

 ( )( ) p p( ( ) )
p p p( ) e .A n nKM n h a n θ −=  (8) 

In particular, the Poisson process is independent identically 
distributed (IID). So, we can take hp as constant 1. The 
value of Kp is determined by the following formula: 

 p p( )(e ) e .A n KE θ θ=  (9) 
Therefore, we have: 

 
( )

p

e 1
.K

θλ

θ

−
=  (10) 

Referring to [15], the supermartingale of the single 
MMOO process can be constructed as: 

 ( )( ) ( )m m( )
m m m( ) e .A n nKM n h a n θ −=  (11) 

The probability transition matrix and exponential column 
transformation matrix of the MMOO process are defined as 
V and Vθ, separately. Vθ is expressed as: 

 
on

on

a a

a a

1 e
.

(1 )e

R

R

p p
q q

θ
θ

θ

 −
=   − 

V  (12) 

We set sp(Vθ) as the spectral radius, and the parameter hm 
is determined by the right eigenvector of matrix Vθ. The 
value of Km is determined according to the following for-
mula: 

 m
log ( ) .spK

θ

θ
=

V
 (13) 

Based on the concepts of service-martingale [15], the 
supermartingale of a service process can be constructed as: 

 ( )( ) ( )s ( )
s s( ) e .nK S nM n h s n θ −=  (14) 

For the service process also obeys IID, hs can take as 1. Ks 
is taken as: 

 
( )( )

s

log e
.

s nE
K

θ

θ

−

= −  (15) 

To analyze the delay performance of the queuing sys-
tem with aggregate traffic, we further construct a super-
martingale about queue length, and then we analyze the 
evolution trend of queue length in the supermartingale 
domain. The supermartingale has the mathematical proper-
ty that the product of two independent supermartingales is 
still a supermartingale. In our model, the arrival processes 
and service process are independent. Through (8), (11) and 
(14), we could construct supermartingale ML(n) relative to 
queue length as: 

 

( )( ){ } ( )( ){ }
( )( ) ( )
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1 p 1 p 2 m 2 m s
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    e .
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=
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(16) 
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The values of Kp, Km, Ks and hp, hm, hs all depend on θ, so 
we set special value of θ to θ*: 

 { }*
1 p 2 m s: sup 0 : N K N K Kθ θ= > + = . (17) 

Then, the supermartingale ML(n) can be simplified as: 

 
( )( ){ } ( )( ){ }

( )( )

1 2

*
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L p p m m

( ( ) ( ) ( ))
s

( )

     e .
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=

×
 (18) 

The supermartingale threshold H is set as: 

  
( )( ){ } ( )( ){ }
( )( ) ( ) ( )

1 2

p p m m

s 1 p 2 m

: min .
:   ( ) 0

N N
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H
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 =  
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 (19) 

Capitalizing on the stopping time theory of super-
martingale, we obtain the delay-violation probability bound as: 

{ }

( )( ){ } ( )( ){ } ( )( )1 2

*p p m m s

Pr ( )

0 0 0
e .

N N

D

d n D

E h a E h a E h s

H
θ µ−

≥ ≤

          (20) 

According to (7) and (20), we acquire the further 
delay-violation probability constraint as: 

( )( ){ } ( )( ){ } ( )( )1 2

*p p m m s0 0 0
e .

N N

D
E h a E h a E h s

H
θ µ ε−

          ≤  (21) 

With the goal of minimizing service resource and the 
constraint of supermartingale bound, the optimization 
problem is formed as: 

( )( ){ } ( )( ){ } ( )( )1 2

*

s

p p m m s

s

min  ( ),
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       C2: 0 1,
       C3: ( ) 0.

p
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D

R p
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H
p

R p

θ µ ε−
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< ≤
>

 

  (22) 
Theorem 1: The service rate Rs(p) has the minimum value 
at the optimal access probability p*. 

Proof: For the proof of Theorem 1, see Appendix A. 

Although there is a minimum value for service rate, 
the solution is not easy to obtain. The nonlinear constraint 
C1 contains two maximum functions: the upper bound of θ 
and the maximum eigenvalue of Vθ, so the optimization 
problem is difficult to solve by general mathematical anal-
ysis. We take the swarm intelligence optimization algo-
rithm as an alternative method. 

3.2 The Improved Sparrow Search Algorithm 
for Optimization Scheme 
The idea of the standard SSA focuses on simulating 

the foraging and anti-predatory behavior of a sparrow pop-

ulation in nature. The individual species of sparrow popu-
lation can be divided into three parts: producer, scrounger 
and alerter. The producer provides the region and direction 
for the population to search for food, and the scrounger 
follows the producer to get food. The producer and 
scrounger are dynamic. The alerter simulates the behavior 
that sparrows will give an alarm and move to a safe posi-
tion when they are attacked by predators. Although spar-
row search algorithm has the advantages of simplicity and 
efficiency, it still has some shortcomings. In the iteration 
process, it may encounter the problems such as nonuniform 
distribution of sparrow population, falling into local opti-
mization and slow convergence speed. 

To enhance the efficiency of the standard SSA, we 
make the following improvements. Firstly, for increasing 
the diversity of the initial population, the Circle map is 
used to initialize the sparrow search location. Then, to 
adaptively adjust the convergence ability, an exponential 
form of nonlinear inertia weight is introduced into the 
producer position update. Finally, the Lévy flight strategy 
is used for strengthening the global search ability in updat-
ing the scrounger position. 

A. Circle Chaotic Map 

In the standard SSA, the sparrow population is initial-
ized by random generation, which will make the sparrow 
distribution nonuniform and the ergodicity low. The re-
markable characteristics of Circle mapping include regular-
ity, ergodicity and randomness [25]. We use Circle func-
tion mapping to generate the initial population and increase 
the diversity of population location. Circle chaotic map is 
defined as: 

 1
0.5mod 0.2 sin(2 ),1
2i i ix x xπ
π+

  = + −  
  

 (23) 

where xi and xi + 1 represent the values of the i-th and (i+1)-th 
sparrow in the sequence generated by the Circle chaotic 
map respectively. 

B. Nonlinear Inertia Weight 

To boost the convergence speed of the basic sparrow 
search algorithm, the nonlinear inertia weight is introduced 
in updating the location of the producer. In this way, the 
algorithm can adjust the convergence ability adaptively 
[26]. After improvement, the location of the producer is 
updated as: 

 , 21
,

, 2

,            
 

,     

t
i dt

i d t
i d

x A ST
x

x Q L A ST

ω
+

 ⋅ <= 
+ ⋅ ≥

 (24) 

where xt
i,d denotes the position of t-th iteration of the i-th 

sparrow in the d-th dimension. Q is a random number that 
obeys normal distribution. L denotes the matrix 1 d× , and 
the elements are all 1. A2 denotes the alarm value within 
the range of [0, 1]. ST denotes the security threshold within 
the range of [0.5, 1]. The nonlinear inertia weight ω  is 
calculated as: 
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 max

max
 = exp 1 T t

T t
ω

 +
− 

− 
 (25) 

where Tmax denotes the maximum number of iterations. 

C. Lévy Flight Strategy 

When the scroungers in the standard sparrow search 
algorithm move to the optimal position, the population may 
gather rapidly in a short time, which increases the probabil-
ity of falling into local optimization. The Lévy flight strat-
egy could strengthen the local escape ability [27]. To im-
prove the performance of the algorithm, the improved 
scroungers apply the Lévy flight strategy and the position 
is updated as: 

 

( )

w, ,
2

1
,

1 1
b, b,

exp ,           
2  

,         
2

t t
d i d

t
i d

t t
d d

x x GQ i
ix

Gx x Levy d i

+

+ +

  −
  ⋅ >

   = 


+ ⊗ ≤

 (26) 

where xb and xw denotes the global best and worst position 
of the sparrow respectively. G denotes the total number of 
sparrows. The flight mechanism of Lévy is: 

 ( ) ( )
1,

1/
2,

0.01 d

d

r
Levy d

r
ξ

σ⋅
= ⋅  (27) 

where r1,d and r2,d are random numbers within the range of 
[0, 1] with d dimensions, and the value of ξ can be taken as 
1.5. The calculation method of σ is:  
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1 / 2 2 ξ
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σ
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where ( ) ( )1 !c cΓ = − .  

The standard location of alerters is updated as: 
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δ
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where β is a random number satisfying the standard normal 
distribution. δ is a minimal constant, which prevents the 
denominator from appearing 0. K is random number within 
the range of [–1, 1]. fi denotes the fitness value of the i-th 
sparrow, fb and fw are the best and worst fitness values of 
the current sparrow population, separately. 

3.3 The Solution of Optimization Algorithm 
To obtain the optimal access probability p* and the 

optimal service rate Rs*, the solution that combines the 
improved SSA with supermartingale rate estimation (SRE-
ISSA) is devised. The whole framework of the algorithm is 
presented in Algorithm 1.  

 
Algorithm 1 The SRE-ISSA algorithm 

 1: According to (23), initialize location of the sparrows: xi = pi. 

2: While ( t < Tmax ) 
3: For each sparrow xi do  

 
4: Calculate the lower and higher bound of service rate Rlow, 

Rhigh. 
5: While ( Rlow < Rhigh ) 
6: Rmid = (Rlow + Rhigh) / 2;  

7: Substitute Rmid and xi to the formula of 
supermartingale rate estimation, and calculate delay d(n).  

8: If |d(n) – D|< γ 
9: Ri = Rmid; Break; 
10: Else 
11: update Rmid. 
12: End if 
13: End while 
14: End for 

15: According to Ri, rank sparrows X, and find the current best 
location xb and the current worst location xw. 

16: Calculate the nonlinear inertia weighting factor   ω by (25). 

17: Generate A2. 
18: For i = 1 : PD 
19: Use (24) to update the producer's location. 
20: End for 
21: For i = (PD + 1) : G 
22: Use (26) to update the scrounger's location. 
23: End for 
24: For i = 1: SD 
25: Use  (29) to update the alerter's location. 
26: End for 
27: Sparrows X get the current new location; 
28: If the new location is better than before, update it; 
29: t = t + 1 

30: End while 

31: Return xb (p*) and Rs* 

The search process starts with creating a sparrow 
population of G sparrows: X = {xi, i = 1,...,G} by Circle 
chaotic map. Over the course of iterations, the position of 
producer, scrounger and alerter are updated according to 
A2, ST and fitness values Ri to achieve foraging and anti-
predatory behavior. Through the binary search algorithm 
(BSA), the service rate Ri is gained by supermartingale 
bound constraint. Specifically, we calculate the lower and 
higher bound of theoretical service rate Rlow, Rhigh accord-
ing to the system parameters at first (Line 4). Then, we set 
mid value Rmid = (Rlow + Rhigh)/2 and calculate supermartin-
gale-based delay d(n) according to Rmid and xi (Lines 6–7, 
xi represents the access probability). If the delay value is 
close to the target delay value, the value of mid Rmid is 
selected as the required bandwidth Ri (Lines 8–9, γ is 
an acceptable error). Otherwise, continue to execute the 
binary search algorithm until the value of the required 
bandwidth Ro is obtained (Lines 5–13). Finally, the SRE-
ISSA is ended by satisfying the max iterations Tmax and 
returns xb (p*), Rs*.  
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In the following, we analyze the complexity of the 
proposed SRE-ISSA algorithm. ISSA is the core of the 
algorithm, whose evolution process is determined by the 
maximum iterations and sparrows population scale. The 
evolutionary complexity is O1(Tmax ×(G+SD)), where SD is 
the number of alerters in the sparrow population. For the 
fitness function SRE, BSA is the central part, and the 
search complexity is O2(log2ζ), where ζ is the number of 
minimum search intervals. Therefore, the complexity of the 
whole algorithm is O(O1×O2) = O(Tmax×(G+SD)×log2ζ). 

4. Simulation Results and Analysis 
In this section, we verify the validity of the proposed 

random access scheme and then evaluate the performance 
of the SRE-ISSA. The network system is simulated and the 
delay-violation probability for two sets of different aggre-
gate traffic are calculated. The experimental parameters of 
delay-violation probabilities are listed in Tab. 1. The pa-
rameters such as λ, pa, qa, Ron, and ε are set by referring to 
the order of magnitudes in [12, 15, 18]. The following 
simulations are adjusted relying on the parameters of 
Tab. 1. All simulations are implemented on MATLAB. 

Firstly, we investigate the availability of our proposed 
scheme. The total number of flows is set as N = N1 + N2 = 5. 
The value of target delay D takes from 10 to 50 time slots. 
The simulations span 106 time slots and are done 10 times. 
The experimental results are as box-plots form in Fig. 3 
where the symbol “+” indicates an outlier. It can be seen 
that the delay-violation probabilities are all below the set-
ting probability threshold ε, which illustrates that the pro-
posed random access scheme works well for different 
aggregate traffic. 

Next, to reflect the high efficiency of the improved 
SSA, we select two algorithms for comparison, i.e., stand-
ard SSA and particle swarm optimization (PSO), which are 
used to solve optimization problems in reference [28] and 
[29] separately. The simulation results are taken average 
value through multiple experiments. As is shown in Fig. 4, 
it demonstrates that the improved SSA iterates to the opti-
mal solution faster and enhances the search ability for the 
optimal solution significantly. 
 

Parameters Notations Values 

λ The arrival rate of Poisson flow 4(packets/slot) 

pa 
The transition of off-on state 
probability of MMOO flow 0.2 

qa 
The transition of on-off state 
probability of MMOO flow 0.3 

Ron The arrival rate of MMOO flow 10 (packets/slot) 
N1 The number of Poisson flows [2, 3] 
N2 The number of MMOO flows [2, 3] 
M MPR capability 2 

ε The threshold of delay-violation 
probability 10–3 

Tab. 1.  The table of experimental parameters configuration. 

 
(a) N1 = 2, N2 = 3                                  (b) N1 = 3, N2 = 2 

Fig. 3.  The delay-violation probability of different aggregate 
traffic under delay constraints. 

 
Fig. 4.  The comparison diagram of various algorithms. 

 
Fig. 5.  The comparison of delay-violation probability bound 

between the supermartingale method and the large 
deviation method. 

In [5] and [12], the scheme of QoS guarantee is ex-
plored based on the typical large deviation method. To 
illustrate the advantage of the supermartingale, we perform 
the performance bound comparison for delay-violation 
probability depending on the analysis of supermartingale 
and large deviation. In Fig. 5, the results reveal that the 
supermartingale-based bound is tighter than the large devi-
ation-based bound under the same delay QoS constraint. It 
means the supermartingale-based results would be smaller 
in the estimation of the required service rate, which could 
improve resource utilization. 
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Then, we analyze the performance of the scheme in 
terms of delay QoS parameters (D, ε). In Fig. 6, the delay-
violation probability thresholds ε are set as 10–3 and 10–4, 
respectively. The results show that the required service rate 
declines with the increasing of target delay D, and the 
downward trend gradually becomes smooth. When QoS 
constraint weakens to a certain degree, the required service 
rate gradually converges to the lower bound. Additionally, 
it is observed that the strict delay-violation probability 
threshold ε leads to an increase of the required service rate. 
To further demonstrate the superiority of the improved 
SSA combined with supermartingale analysis for our 
scheme, we use the method in the reference [5] and [12] to 
achieve our scheme for comparison. Obviously, the values 
obtained using the SRE-ISSA are smaller than those ob-
tained by the solution that combines the improved SSA 
with large deviation rate estimation (LDRE-ISSA). Thus, 
the SRE-ISSA could save bandwidth resources. 

In Fig. 7, we set the MPR capabilities M as 2 and 3 
respectively. The simulation results depict that the stronger 
the MPR capability, the smaller the required service rate. 
Since the more powerful MPR capability represents that 
the AP could decode more packets at the same time, the de- 

 
Fig. 6.  The influence of delay QoS parameters (D, ε) on 

service rate. 

 
Fig. 7.  The influence of MPR capability on service rate. 

 
Fig. 8.  The influence of different aggregate traffic on the 

service rate. 

mand for service rate would be reduced. For fixed MPR 
capabilities, the impact of increasing target delay on the 
service rate is less and less obvious. For the same target 
delay, we also observe that the service rate calculated by 
SRE-ISSA is smaller than that calculated by LDRE-ISSA, 
and the advantage of the proposed scheme is proven again. 

Finally, we evaluate the scheme performance under 
different aggregate traffic. It can be clearly seen from 
Fig. 8, the service rate demand gains as the increasing 
number of Poisson flows or MMOO flows. The reason is 
that the heavier traffic requires more service rate to guaran-
tee the QoS requirement. Furthermore, the growth in the 
number of MMOO flows is sharper on the impact of ser-
vice rate. It could be explained that the packets tend to 
accumulate when the aggregate traffic reveals bursty char-
acteristics, and more service resources should be allocated. 

5. Conclusion 
In this paper, upon considering the MPR-aided net-

work to mitigate the collision of ALOHA mechanism, we 
explored a random access scheme that combines super-
martingale and improved SSA for aggregate traffic to 
guarantee delay QoS more efficiently. We modeled a queu-
ing system for heterogeneous arrivals and random access 
service. Based on the supermartingale theory, we derived 
the tighter delay-violation probability bound. Moreover, 
we formulated the optimization problem with the goal of 
minimizing the service rate and the constraint of super-
martingale bound. To settle this optimization problem, we 
fused the improved SSA and supermartingale-based esti-
mation to obtain the optimal access probability and the 
minimum service rate. This analysis framework could also 
be extended to other communication scenarios, and we will 
continue to investigate the applications in the future work. 

Acknowledgments 
This work is supported by the Scientific Research 



632 H. SUN, Z. LIAO, W. SHEN, A RANDOM ACCESS SCHEME FOR AGGREGATE TRAFFIC BASED ON DEEP FUSION … 

Project of Education Department of Jilin Province under 
the Contract No. JJKH20220243KJ. 

References 
[1] VELICHKOVSKA, B., CHOLAKOSKA, A., ATANASOVSKI, 

V. Machine learning based classification of IoT traffic. 
Radioengineering, 2023, vol. 32, no. 2, p. 256–263. DOI: 
10.13164/re.2023.0256 

[2] JLASSI, W., HADDAD, R., BOUALLEGUE, R., et al. Increase of 
the lifetime of wireless sensor network using clustering algorithm 
and optimal path selection method. Radioengineering, 2022, 
vol. 31, no. 3, p. 301–311. DOI: 10.13164/re.2022.0301 

[3] MALAK, D., HUANG, H., ANDREWS, J. G. Throughput 
maximization for delay-sensitive random access communication. 
IEEE Transactions on Wireless Communications, 2019, vol. 18, 
no. 1, p. 709–723. DOI: 10.1109/TWC.2018.2885295 

[4] CHEN, Z., FENG, Y., TIAN, Z., et al. Energy efficiency 
optimization for irregular repetition slotted ALOHA-based 
massive access. IEEE Wireless Communications Letters, 2022, 
vol. 11, no. 5, p. 982–986. DOI: 10.1109/LWC.2022.3151931 

[5] ZHAO, L., CHI, X., YANG, S. Optimal ALOHA-like random 
access with heterogeneous QoS guarantees for multi-packet 
reception aided visible light communications. IEEE Transactions 
on Wireless Communications, 2016, vol. 15, no. 11, p. 7872–7884. 
DOI: 10.1109/TWC.2016.2608956 

[6] CHANG, C. S., THOMAS, J. A. Effective bandwidth in high-
speed digital networks. IEEE Journal on Selected Areas in 
Communications, 1995, vol. 13, no. 6, p. 1091–1100. DOI: 
10.1109/49.400664 

[7] BAVIO, J., MARRÓN, B. Properties of the estimators for the 
effective bandwidth in a generalized Markov fluid model. Open 
Journal of Statistics, 2018, vol. 8, no. 1, p. 69–84. DOI: 
10.4236/ojs.2018.81006 

[8] ABRAHÃO, D. C., VIEIRA, F. H. T. Resource allocation 
algorithm for LTE networks using fuzzy based adaptive priority 
and effective bandwidth estimation. Wireless Networks, 2018, 
vol. 24, p. 423–437. DOI: 10.1007/s11276-016-1344-6 

[9] WU, D., NEGI, R. Effective capacity: A wireless link model for 
support of quality of service. IEEE Transactions on Wireless 
Communications, 2003, vol. 2, no. 4, p. 630–643. DOI: 
10.1109/TWC.2003.814353  

[10] CHOI, J. Effective capacity of NOMA and a suboptimal power 
control policy with delay QoS. IEEE Transactions on 
Communications, 2017, vol. 65, no. 4, p. 1849–1858. DOI: 
10.1109/TCOMM.2017.2661763  

[11] ZHAO, L. L., CHI, X. F., SHI, W. A QoS-driven random access 
algorithm for MPR-capable VLC system. IEEE Communications 
Letters, 2016, vol. 20, no. 6, p. 1239–1242. DOI: 
10.1109/lcomm.2016.2553661 

[12] CHI, X., JING, Y., SUN, H., et al. A random compensation 
scheme for 5G slicing under statistical delay-QoS constraints. 
IEEE Access, 2020, vol. 8, p. 195197–195205. DOI: 
10.1109/ACCESS.2020.3033321 

[13] POLOCZEK, F., CIUCU, F. A martingale-envelope and 
applications. ACM SIGMETRICS Performance Evaluation Review, 
2013, vol. 41, no. 3, p. 43–45. DOI: 10.1145/2567529.2567543 

[14] POLOCZEK, F., CIUCU, F. Scheduling analysis with martingales. 
Performance Evaluation, 2014, vol. 79, p. 56–72. DOI: 
10.1016/j.peva.2014.07.004  

[15] POLOCZEK, F., CIUCU, F. Service-martingales: Theory and 
applications to the delay analysis of random access protocols. In 
2015 IEEE Conference on Computer Communications. Hong 

Kong (China), 2015, p. 945–953. DOI: 
10.1109/infocom.2015.7218466 

[16] HU, Y., LI, H., CHANG, Z., et al. Scheduling strategy for 
multimedia heterogeneous high-speed train networks. IEEE 
Transactions on Vehicular Technology, 2016, vol. 66, no. 4, 
p. 3265–3279. DOI: 10.1109/tvt.2016.2587080 

[17] HU, Y., LI, H., CHANG, Z., et al. End-to-end backlog and delay 
bound analysis for multi-hop vehicular ad hoc networks. IEEE 
Transactions on Wireless Communications, 2017, vol. 16, no. 10, 
p. 6808–6821. DOI: 10.1109/TWC.2017.2731847 

[18] ZHAO, L., CHI, X., ZHU, Y. Martingales-based energy-efficient 
D-ALOHA algorithms for MTC networks with delay-
insensitive/URLLC terminals co-existence. IEEE Internet of 
Things Journal, 2018, vol. 5, no. 2, p. 1285–1298. DOI: 
10.1109/JIOT.2018.2794614 

[19] LIU, T., SUN, L., CHEN, R., et al. Martingale theory-based 
optimal task allocation in heterogeneous vehicular networks. IEEE 
Access, 2019, vol. 7, p. 122354–122366. DOI: 
10.1109/access.2019.2914942 

[20] LIU, S., CHI, X., ZHAO, L. Bandwidth allocation under multi-
level service guarantees of downlink in the VLC-OFDM system. 
Journal of the Optical Society of Korea, 2016, vol. 20, no. 6, 
p. 704–715. DOI: 10.3807/JOSK.2016.20.6.704 

[21] DONG, X., CHI, X., SUN, H., et al. Scheduling with 
heterogeneous QoS provisioning for indoor visible-light 
communication. Current Optics and Photonics, 2018, vol. 2, no. 1, 
p. 39–46. DOI: 10.3807/COPP.2018.2.1.039 

[22] OZCAN, G., OZMEN, M., GURSOY, M. C. QoS-driven energy-
efficient power control with random arrivals and arbitrary input 
distributions. IEEE Transactions on Wireless Communications, 
2016, vol. 16, no. 1, p. 376–388. DOI: 
10.1109/TWC.2016.2623620  

[23] XUE, J., SHEN, B. A novel swarm intelligence optimization 
approach: Sparrow search algorithm. Systems Science & Control 
Engineering, 2020, vol. 8, no. 1, p. 22–34. DOI: 
10.1080/21642583.2019.1708830 

[24] LITTLE, J. D., GRAVES, S. C. Little's Law. In CHHAJED, D., 
LOWE, T. J. (eds.) Building Intuition: Insights from Basic 
Operations Management Models and Principles, 2008, p. 81–100. 
DOI: 10.1007/978-0-387-73699-0_5 

[25] ZHANG, D. M., XU, H., WANG, Y. R., et al. Whale optimization 
algorithm for embedded Circle mapping and one-dimensional 
oppositional learning based small hole imaging. Control and 
Decision, 2021, vol. 36, no. 5, p. 1173–1180. DOI: 
10.13195/j.kzyjc.2019.1362 

[26] ZHANG, C. X., ZHOU, K. Q., YE, S. Q., et al. An improved 
cuckoo search algorithm utilizing nonlinear inertia weight and 
differential evolution for function optimization problem. IEEE 
Access, 2021, vol. 9, p. 161352–161373. DOI: 
10.1109/ACCESS.2021.3130640 

[27] LU, X. L., HE, G. QPSO algorithm based on Lévy flight and its 
application in fuzzy portfolio. Applied Soft Computing Journal, 
2021, vol. 99, p. 1–9. DOI: 10.1016/j.asoc.2020.106894  

[28] KATHIROLI, P., KANMANI, S. An efficient cluster-based 
routing using sparrow search algorithm for heterogeneous nodes in 
wireless sensor networks. In 2021 International Conference on 
Communication Information and Computing Technology 
(ICCICT). Mumbai (India), 2021, p. 1–6. DOI: 
10.1109/ICCICT50803.2021.9510032 

[29] NASERI, A., JAFARI NAVIMIPOUR, N. A new agent-based 
method for QoS-aware cloud service composition using particle 
swarm optimization algorithm. Journal of Ambient Intelligence 
and Humanized Computing, 2019, vol. 10, p. 1851–1864. DOI: 
10.1007/s12652-018-0773-8 



RADIOENGINEERING, VOL. 32, NO. 4, DECEMBER 2023 633 

 

About the Authors ... 
Hongliang SUN received his B.S. and M.S. degrees from 
the Northeast Dianli University, Jilin, China, in 2010 and 
2014, respectively. He received his Ph.D. from the De-
partment of Communications Engineering, Jilin University, 
Changchun, China, in 2019. Currently, he is working in the 
College of Information and Control Engineering, Jilin 
Institute of Chemical Technology, Jilin, China. His re-
search interests include QoS analysis, resource allocation 
schemes, and applications of martingale theory. 

Zhenghua LIAO received his B.S. degree from the Col-
lege of Information Science and Engineering, Guilin Uni-
versity of Technology, Guilin, China, in 2021. He is cur-
rently pursuing his M.S. degree from the College of Infor-
mation and Control Engineering, Jilin Institute of Chemical 
Technology. His research interests include QoS analysis 
and network resource optimization. 

Weida SHEN received his B.S. degree from Nanjing Uni-
versity, Jinling College, Nanjing, China, in 2018. He re-
ceived his M.S. degree from the College of Information 
and Control Engineering, Jilin Institute of Chemical Tech-
nology, Jilin, China, in 2022. His research interests include 
the management and optimization of network resource. 

Appendix A: Proof of Theorem 1 
The parameters Rs and p are integrated in (15) and the 

formula can be simplified as: 
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Ks is used for solving θ*, and θ* is: 
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For the determined θ, we can obtain the following formula 
according to (A2): 
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where C(θ) is constant for the fixed θ. Take ϕ(p,Rs) as: 
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If there exist 2
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R p > 0 and d

sd ( )p R p = 0 in 

(0,1)p∈ , Rs(p) has the minimum value at the optimal p.  

Differentiating ϕ(p,Rs) with respect to Rs and p, we 
get d

sd ( )p R p  as: 
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Furthermore, we get 2

2
d

sd
( )

p
R p  as: 
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The denominator of (A5) and (A6), and s(e 1)kRθ −  are 
always positive. Let ( ) ( )f p Np k= −  and g(p) = 

s2 2 2 2[( 2 ) ( 2 )e ].kRk pk Np k N p Npk θ− + + + −  For k ∈ [1,…,M] 
(N > M), we have f(p) < 0 when p < 1/N, f(p) > 0 when 
p > M/N, and g(p) > 0 when 0 < p < 1. Since d

sd ( )p R p is 

continuous in p ∈ (0, 1), there exists a p* ∈ (1/N, M/N) to 
make d

sd ( )p R p = 0 based on the zero point theorem. Also, 

we have 2

2
d

sd
( )

p
R p > 0 for p ∈ (0, 1). Therefore, Rs(p) has 

a minimum value at p*.  

From the above analysis, we can conclude that the 
service rate Rs(p) has the minimum value at the optimal 
access probability p*. 
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