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Abstract—By creating multipath backscatter links and am-
plify signal strength, reconfigurable intelligent surfaces (RIS)
and decode-and-forward (DF) relaying are shown to degrade
the latency of the ultrareliable low-latency communications
(URLLCs) and enhanced mobile broadband (eMBB) multiplexing
system. This study investigates the delay and backlog violation
behavior of URLLCs and eMBB multiplexing systems supported
by different technologies, e.g. RIS and DF relay, for different
scheduling policies of static priority, nonpreemption, and earliest
deadline first. A tight analysis approach based on the Martingale
theory was proposed to evaluate the serviceability of URLLC
and eMBB multiplexing systems. On this basis, the Martingale
theory analyzes the delay and backlog bounds by transforming
the arrival and service processes into exponential forms of the
moment generating function. Furthermore, this study derives
the closed-form expression of delay and backlog bound for
the URLLCs and eMBB multiplexing in two-hop heterogeneous
communication networks. Numerical results demonstrate that
the proposed Martingale-based tightly analytical method outper-
forms the state-of-the-art classic stochastic network calculus for
evaluating delay and backlog violation in URLLC and eMBB
multiplexing systems.

Index Terms—Martingale, reconfigurable intelligent surfaces,
relay, URLLC, eMBB, stochastic network calculus

I. INTRODUCTION

The Third-Generation Partnership Project (3GPP) defines
that a main service for the fifth-generation cellular net-
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works (5G) new radio (NR) is to efficiently support multi-
plexing ultrareliable low-latency communications (URLLC)
and enhanced mobile broadband (eMBB) [1]–[4]. URLLC
traffic aims to achieve an extremely low latency (0.25-
0.3 msec/packet) while guaranteeing high reliability of the
99.999% packet success probability [5]. The eMBB trans-
mission aims to provide high-throughput (gigabit per second)
data rates with millisecond-level latency [6], [7]. To improve
spectrum efficiency, URLLC traffic is scheduled to puncture an
ongoing eMBB traffic [5], [8]–[10]. However, eMBB services
are likely to be interrupted several times during transmission
to guarantee high reliability and low latency for URLLC
traffic [6]. Therefore, URLLC and eMBB multiplexing suffer
from a violation behavior of delay and backlog.

A. Motivations

Reconfigurable intelligent surfaces (RIS) and decode-and-
forward (DF) relay were shown to efficiently improve the
system capacity by strengthening the received signal [11],
[12]. RIS creates multipath backscatter links by intelligently
controlling an array of passive reflecting elements [13], [14].
DF relays improve the propagation path by decoding, remod-
ulating, and retransmitting the implied radio frequency (RF)
signals [15], [16]. However, the latency and backlog vio-
lation behavior persists even when the URLLC and eMBB
coexistence system is supported by RIS or relay [17], [18].
Furthermore, the service capabilities of the RIS and DF
relays depend on their characteristics, including hardware
complexity, noise generation, spectral efficiency, and power
budget [19]. The number of passive reflection elements also
affects the performance of RIS-assisted URLLC and eMBB
coexistence systems [15]. Besides, latency and backlog vio-
lations in multi-hop heterogeneous communication networks
are difficult to be estimated due to the different serviceability
of each node. Therefore, it is critical to model and analyze
the end-to-end transmission latency and backlog to evaluate
the performance of the RIS and DF relay in the URLLC
and eMBB multiplexing system, as well as the multi-hop
heterogeneous communication networks.

Various solutions have been explored in the literature to
analyze latency and backlog violation behavior in wireless
systems [20]–[28]. Queuing theory has been widely used to
analyze the latency performance of wireless systems due to its
ability to profile the system serving customers [23]. However,
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complex queuing problems result to difficulty in achieving
a steady state in wireless systems, thus challenging queuing
theory. Furthermore, the second-order statistical analysis of the
probability density function and variance in queuing theory is
complicated and loses effectiveness in nonlinear hybrid service
systems. Stochastic network calculus (SNC) can transform a
complex nonlinear network system into a linear system by
taking advantage of the min-plus algebra [29]–[31]. However,
SNC renders loose bounds because the curves for the service
lower bound and the arrival upper bound are calculated using
the Boole’s inequality, which regards each time instance of
the stochastic process separately and brings a looseness in
the tail probability [32]. Furthermore, SNC was shown to
lost effectiveness in delay and backlog analysis for multi-hop
heterogeneous communication networks [33].

The Martingale theory effectively overcomes the looseness
problem in SNC by applying the optimal stopping theorem of
supermartingales, which is a variant of the Doob’s inequality
and sharper than the Boole’s inequality [31], [32], [34], [35].
The conditional expectation of the future state values in
a supermartingale process is bounded by the current state
value [32]. Martingale envelopes can provide tight bounds
of delay and backlog by exceeding a given value over a
time interval, while SNC transforms the moment generating
function (MGF) to the Chernoff bound [28]. Therefore, this
study leverages Martingale to accurately evaluate the delay
and backlog violation behavior of RIS and DF relays in the
URLLC and eMBB coexistence system as well as the service
capability of RIS with different numbers of reflective elements.

B. State-of-the-art methods

1) URLLC and eMBB multiplexing systems: Various re-
source management schemes were developed based on the
superposition/puncturing scheme to improve the spectral ef-
ficiency for URLLC and eMBB traffic coexistence [5], [8]. In
[5], a joint URLLC and eMBB traffic scheduler was developed
to guarantee URLLC priority and eMBB utility maximization
for different models, such as linear, convex, and threshold
models. In [8], the URLLC/eMBB scheduling problem was
formulated as a mixed integer nonlinear programming to
minimize the loss of eMBB data rate while guaranteeing the
quality of service (QoS) constraints of URLLC and eMBB
traffics. In [3], deep reinforcement learning (DRL) was ex-
plored to maximize the eMBB data rate while satisfying the
URLLC reliability constraint. In [36], a block coordinated
descent algorithm was proposed to minimize URLLC power
consumption under various QoS constraints in the downlink
radio access network of URLLC and eMBB traffics. In [37],
the resource allocation of URLLC and eMBB network slices
was formulated as a multitimescale problem, and a DRL-based
algorithm was proposed to efficiently solve the problem and
achieve high throughput.

2) RIS/relay-assisted multiplexing URLLC and eMBB:
RIS has been shown to significantly reduce URLLC latency
and improve channel gains in URLLC and eMBB multi-
plexing systems [12], [18], [38]. In [39], RIS was used to
maximize URLLC reliability and minimize eMBB rate loss

by jointly optimizing RIS phase shift, frequency, and base
station transmission power. RIS-aided radio access network
was shown to effectively increase the uplink URLLC reliability
and eMBB throughput simultaneously under both the hetero-
geneous orthogonal multiple access (OMA) and heterogeneous
nonorthogonal multiple access (NOMA) frameworks [11]. In
[18], a two-phase relay-assisted protocol was developed to
support URLLC uplink and minimize transmission power
consumption by jointly scheduling relay, transmission power,
frequency, and decoding error probability. In [12], a multiun-
manned aerial vehicle (UAV) relay network was developed
to improve system throughput and reduce power consumption
for the URLLC and eMBB multiplexing system by jointly
optimizing transmit power, user scheduling, and bandwidth.

3) Delay and backlog violation analysis: In [29], SNC
was adopted to assess the probability of delay violation of
mobile edge computing networks. An SNC model was applied
to estimate the upper bounds of the violation probability of
both the peak age of information (AoI) and the delay for
URLLC services supported by AoI and finite blocklength
coding [40]. An SNC-based propagation delay embedded
min-plus convolution approach was presented to analyze the
leftover services received by the per-flow traffic in satellite
data relay networks [20]. In [41], Martingale was used to
derive the delay bounds of cloud centers, edge nodes, and
vehicular fog nodes in heterogeneous vehicular networks. A
Martingale-based approximation theory was adopted to ana-
lyze the end-to-end delay in the multiqueuing edge computing
node system [35]. In [42], the Martingale theory was applied
to analyze the stochastic end-to-end delay bound with the
ALOHA-NOMA scheme in an edge computing scenario.

4) Limitations: The above studies [3], [5], [8], [11], [12],
[18], [36]–[39] achieved outstanding contributions in the
improvement of URLLC and eMBB multiplexing system
performance. However, these studies lack a comprehensive
analysis of delays and backlog violation behaviors. The latency
and backlog analysis in [20], [29], and [40] suffers from
the looseness boundaries derived from the SNC model. The
Martingale theory provided a tight delay probability bound
in [35], [41], and [42], while the analysis of the service ability
of multiplexing URLLC and eMBB was ignored. To the best
of our knowledge, this study is the first to compare the RIS
and DF relay from the perspective of tight latency and backlog
analysis in multiplexing URLLC and eMBB.

C. Contributions and organizations

This study aims to analyze the delay and backlog violation
behaviors of the URLLC and eMBB multiplexing system
supported by RIS or DF relays. As multiplexing methods for
URLLC and eMBB have already been investigated in [4],
the focus of this study is on the performance analysis of
URLLC and eMBB multiplexing systems, rather than propos-
ing any multiplexing approaches. Various scheduling schemes
for URLLC and eMBB multiplexing were investigated. These
schemes include static priority (SP), nonpreemption, and ear-
liest deadline first (EDF). A tight-bound analysis based on
the Martingale theory was then proposed to compare the

This article has been accepted for publication in IEEE Transactions on Wireless Communications. This is the author's version which has not been fully edited and 

content may change prior to final publication. Citation information: DOI 10.1109/TWC.2023.3313964

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/



3

performance of RIS and relay by depicting the arrival and
service processes. The proposed Martingale envelope model
derives an exponential transformation with the multiplica-
tion of arrival and service flows, whereas the SNC model
treats each time instance of the arrival and service processes
separately and cannot capture their main properties [32].
Therefore, the Martingale envelope is tighter than the classic
SNC envelope model. The numerical results demonstrated
that the proposed Martingale theory-based model outperforms
the classic SNC in the queuing system calculus. This study
also provides a comprehensive comparison between RIS and
DF relay with respect to delays and backlog violations in
the URLLC and eMBB multiplexing system, as well as the
two-hop heterogeneous communication network. The main
contributions of this study are summarized as follows.

• This study investigated the behaviors of delay and back-
log violation behaviors in the URLLC and eMBB multi-
plexing system that is supported by RIS and DF relays.
Furthermore, to explore the effectiveness of RIS and DF
relays, various multiplexing scheduling schemes, such as
SP, nonpreemption, and EDF, were studied. This study
derived the closed-form expressions of the delay and
backlog bounds of the URLLC and eMBB multiplexing
queuing system for single-hop and two-hop communi-
cation networks based on the Martingale theory. The
Martingale envelope provides a tight bound on delay and
backlog probability by taking the multiplication of arrival
and service processes into an exponential transformation.

• The simulation results show that the proposed Martingale
theory-based approach outperforms the state-of-the-art
SNC in tightly analyzing the latency and backlog vio-
lation probability for the URLLC and eMBB coexistence
system. Furthermore, this study empirically compared
the performance of the DF relay and RIS with respect
to improving the service capability of the URLLC and
eMBB multiplexing system.

The accurate analysis and estimation of delay and back-
log can benefit several practical applications. For example,
autonomous vehicles require URLLC and eMBB to ensure
safe driving and entertainment, respectively [43]. Virtual and
augmented reality applications also require high data rates
and low latency to provide a seamless user experience [44].
Additionally, industrial automation and control systems can
benefit from 5G’s ability to support eMBB communication
and URLLC [45]. The remainder of this paper is organized
as follows. Section II presents the system model. The Sec-
tion III presents the SNC-based queuing network model.
Section IV derives the Martingale envelope of arrival and
service processes. Section V illustrates the Martingale theory-
based analysis model proposed for different scheduling poli-
cies. Section VI evaluates the effectiveness of the proposed
Martingale theory-based analysis model, and discusses the
performance of DF relay and RIS in the URLLC and eMBB
multiplexing system. Finally, Section VII gives the concluding
remarks.

Notations: Table I summarizes a partial of the important
notations in this paper.

TABLE I
GLOSSARY OF NOTATIONS

Symbol Description
𝐼𝑣 The inter-beam interference
𝒘𝑏 The active precoding/beamforming vectors for

receiver 𝑣
𝒔𝑣 The signals for receiver 𝑣
𝑝𝑢
𝑏

The transmit power for URLLC receiver
𝑝𝑒
𝑏

The transmit power for eMBB receiver
𝒉𝑏,𝑣 The channel between the AP and the receiver 𝑣
𝐹𝐵 The bandwidth
𝑀 The number of antennas at AP
𝑁 The number of antennas at RIS
L The number of antennas at DF relay
𝑮 The channel from AP to RIS
𝚽 The diagnonal phase-shifting matrix of the RIS
𝒉𝑟 ,𝑣 The channel from the RIS to receiver 𝑣
𝒉𝑏,𝑑 The channel from the AP to DF relay
𝒉𝑑,𝑣 The channel from the DF relay to receiver 𝑣
𝐴𝑢 The arrival processes for the URLLC traffic
𝐴𝑒 The arrival processes for the eMBB traffic
𝑝𝑖 𝑗 The probability of Markov chain from

the state 𝑖 transit to state 𝑗

𝜁 The number of states in the Markov chain
𝐵𝑖 (𝑡) The backlog of the 𝑖 hop system

at time slot 𝑡
𝐴𝑖 (𝑡) The arrival process for the 𝑖th hop

at the 𝑡th time slot
𝑆𝑖 (𝑡) The service process for the 𝑖th hop

at the 𝑡th time slot
𝐷𝑖 (𝑡) The departure process for the 𝑖th hop

at the 𝑡th time slot
𝑠𝑖𝜂 The instant service rate
𝑇 𝜃𝑎𝑢 The exponentially transformed transition

probability matrix for 𝐴𝑢

𝑇 𝜃𝑎𝑒 The exponentially transformed transition
probability matrix for 𝐴𝑒

Γ The optional stopping time
𝐺𝐴𝑢 (𝜂) The supermartingale envelopes of URLLC

arrival process
𝐺𝐴𝑒 (𝜂) The supermartingale envelopes of eMBB

arrival process
𝐺𝑆 (𝜂) The supermartingale envelopes of

service processes

II. SYSTEM MODEL

In this study, a multiantenna access point (AP) and mul-
tiple URLLC and eMBB receivers of a single antenna are
considered. The arrival of the data packet for URLLC and
eMBB traffic follows the Poisson process, which is a type
of Markov process. In a Markov process, the future state of
the system depends only on its current state and not on any
previous state. For a Poisson process, arrival packets occur
randomly over time with a constant rate parameter. By the
memoryless property of the Poisson process, this conditional
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(a) System model for eMBB and URLLC multiplexing. (b) System model for RIS-assisted eMBB and URLLC multiplexing.

(c) System model for DF relay-assisted eMBB and URLLC multiplexing. (d) System model for two-hop heterogeneous networks.

Fig. 1. (a) The AP serves the URLLC and eMBB receivers via multiple input single output (MISO) communications. (b) An RIS is deployed to improve
the serviceability of the eMBB and URLLC multiplexing system by constructing multiple line-of-sight (LoS) links between the AP and users. (c) DF relay
supports the eMBB and URLLC multiplexing system. (d) The transmission between two nodes without the help of RIS and DF relay.

probability depends only on the current state of the system
and not on any previous states. Poisson process has been
widely used as a mathematical model for random events that
occur over time, such as the URLLC and eMBB traffic arrival
process. Furthermore, using the Poisson process model can
capture the randomness and unpredictability of traffic arrivals
and help analyze network performance [10], [17], [37], [46].
Figure 1(a) shows the URLLC and eMBB multiplexing system
model. The AP directly serves receivers through multiinput,
single-output (MISO) communications. RIS and relay are
explored to enhance the serviceability of the URLLC and
eMBB multiplexing system. Therefore, the delay and backlog
of the queue of packets that arrive at the AP can be reduced by
improving the system capacity. Figures 1(b) and 1(c) illustrates
the URLLC and eMBB multiplexing system supported by the
RIS and DF relay, respectively. The transmission between two
nodes can be established through MISO communications, RIS,
and DF relay. Figure 1(d) depicts the two-hop heterogeneous
communication network for a URLLC and eMBB multiplexing
system without the help of RIS and DF relay. Two APs are
connected in tandem and have different service capabilities.
Figure 2 illustrates the two-hop system model for the RIS-
assisted URLLC and eMBB multiplexing. In the first hop,
the first AP serves as the transmitter of the signal, while the
second AP serves as the receiver, obtaining the signal from
both the direct link from the first AP and the reflected link
from the first RIS. In the second hop, the second AP serves
as the transmitter of the signal, while the URLLC/eMBB user
serves as the receiver, receiving the signal from both the direct

link from the second AP and the reflected link from the second
RIS. This study assumes a different serviceability of the two
APs, which results in different channel bandwidths in the first
and second hops. To achieve a two-hop heterogeneous network
for DF relay-aided URLLC and eMBB multiplexing, the RIS
can be replaced with a multiantenna relay.

A. MISO transmission models

The AP is equipped with M = {1, 2, · · · , 𝑀} anten-
nas. The sets of URLLC and eMBB receivers with a sin-
gle antenna are denoted as U = {1, 2, · · · , 𝑢, · · · ,𝑈} and
E = {1, 2, · · · , 𝑒, · · · , 𝐸}, respectively. 𝑈 and 𝐸 represent the
number of URLLC and eMBB receivers, respectively. This
study assumes that the AP uses the same transmit power
level to serve each URLLC or eMBB receiver. Therefore,
the set of all receivers can be expressed as V = {U, E} =

{1, 2, · · · , 𝑣, · · · , 𝑉}. The number of receivers in this system
is 𝑉 = 𝑈 + 𝐸 . The estimation of the channel state information
(CSI) brings latency to the multiplexing system. However,
this study focuses on the analysis of delay and backlog for
URLLC and eMBB multiplexing. Following [35], [47], this
study assumes that the AP perfectly obtains the CSI of the
channel. The baseband signal transmitted from the AP to each
URLLC/eMBB receiver 𝑣 can be defined as

𝒙 = 𝒘𝑏𝒔𝑣 , (1)

where 𝒔𝑣 ∼ CN(0, 1) are signals for receiver 𝑣, which
are assumed to be independent and identically distributed
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Fig. 2. The considered two-hop system model for RIS-assisted URLLC and eMBB multiplexing.

circularly symmetric complex Gaussian random variables with
zero mean and unit variance [48]. 𝒘𝑏 ∈ C𝑀×1 denotes the
active transmit precoding/beamforming vectors for receiver
𝑣. 𝑝𝑏 = ∥𝒘𝑏∥2 is the transmission power of the AP for
each receiver 𝑣. To ensure QoS for different receivers, the
transmit power budget for URLLC and eMBB receivers is 𝑝𝑢

𝑏

and 𝑝𝑒
𝑏
, respectively. Therefore, the signal received at each

URLLC/eMBB user 𝑣 can be denoted as

𝑦𝑚 = 𝒘𝑏𝒉
𝐻
𝑏,𝑣 𝒔𝑣 + 𝑛, (2)

where 𝒉𝑏,𝑣 =

[
ℎ1
𝑏,𝑣
, ℎ2
𝑏,𝑣
, · · · , ℎ𝑀

𝑏,𝑣

]
∈ C𝑀×1 is the channel

vector between the AP and the receiver 𝑣 with flat Rayleigh
fading and path loss. Following [49], this study uses maximum
ratio transmission (MRT) precoding to optimize the overall
performance of the multiantenna system by reducing interfer-
ence, increasing signal quality, and improving reliability and
stability. MRT precoding is easy to implement by calculating
the complex weights for each antenna and combining the
signals of each antenna using the calculated weights, such
as w𝑏 = h∗

𝑏,𝑣
/∥h𝑏,𝑣 ∥. 𝑛 ∼ CN(0, 𝜎2) is the additive white

Gaussian noise (AWGN) at each receiver’s device. Therefore,
the system capacity of the MISO transmission model can be
obtained as

𝐶𝑀𝐼𝑆𝑂 = 𝐹𝐵 log2
©«1 +

𝑝𝑏
��𝒉𝐻𝑏,𝑣 ��2

𝜎2 + 𝐼𝑣
ª®¬ , (3)

where 𝐹𝐵 and 𝐼𝑣 is the bandwidth and inter-beam interference,
respectively. Following [50], this study considers the worst
case of inter-beam interference for standard sidelobe level of
uniform linear arrays (ULA), which is around 12.3 dB.

B. RIS-assisted transmission model
The RIS is equipped with N = {1, 2, · · · , 𝑁} passive

metasurface elements to reflect the impinging RF signal to
the receivers. The RIS can provide multipath virtual line-of-
sight (LoS) links to improve transmission throughput between
the AP and receivers. The desired signal received at each
URLLC/eMBB user can be denoted as

𝑦𝑟 = 𝒘𝑟𝑏

(
𝒉𝐻𝑏,𝑣 + 𝑮𝐻𝚽𝐻𝒉𝐻𝑟,𝑣

)
𝒔𝑣 + 𝑛, (4)

where 𝒉𝑟 ,𝑣 =
[
ℎ1
𝑟 ,𝑣 , ℎ

2
𝑟 ,𝑣 , · · · , ℎ𝑁𝑟,𝑣

]
∈ C𝑁×1 is the channel

vector from the RIS to receiver 𝑣 with flat Rayleigh fading
and path loss. 𝑮 ∈ C𝑀×𝑁 is the channel from the AP to the

RIS with flat Rayleigh fading and path loss. The precoding
vector 𝒘𝑟

𝑏
is optimized by MRT for the receiver 𝑣. 𝚽 is the

diagonal phase-shifting matrix of the RIS and is given by

𝚽 = diag(𝛼1𝑒
𝑗 𝜃1 , · · · , 𝛼𝑁 𝑒 𝑗 𝜃𝑁 ) ∈ C𝑁×𝑁 , (5)

where 𝜃𝑛 ∈ [0, 2𝜋] is the proper phase shift producing a
correct passive beamforming for each receiver 𝑣. Specifically,
phase shift in RIS is discrete because the RIS operates by
adjusting the phase of the reflected signal to control the
direction of the beam. The use of discrete phase shifters
simplifies the design and control of the RIS, making it easier to
implement and operate [51]. 𝑗 =

√
−1 is the imaginary unit,

and 𝑎𝑛 ∈ [0, 1] is the fixed-amplitude reflection coefficient
of the metasurface element 𝑛 in the RIS. In this study,
𝑎𝑛 = 1 is set for each element 𝑛 in the RIS to the maximum
signal reflection efficiency [52]. Therefore, the capacity of the
RIS-assisted URLLC and eMBB multiplexing system can be
expressed as

𝐶𝑅𝐼𝑆 = 𝐹𝐵 log2
©«1 +

𝑝𝑏
��𝒉𝐻𝑏,𝑣 + 𝑮𝐻𝚽𝐻𝒉𝐻𝑟,𝑣

��2
𝜎2 + 𝐼𝑣

ª®¬ . (6)

This study aims to investigate the maximum serviceability
of the RIS-assisted URLLC and eMBB multiplexing system.
Various state-of-the-art methods, such as generalized Benders
decomposition, were used to explore the phase shift design of
RIS-assisted wireless systems [52]. Therefore, in this study,
the design of phase shifts will not be elucidated.

C. DF relay-assisted transmission model

Following [15], this study considers a half-duplex and
repetition-encoded DF relay consisting of two equal-sized
transmission phases of decoding and forwarding. The DF relay
is equipped with L antennas.

1) Decoding phase: The signal transmitted directly from
the AP to each receiver 𝑣 can be expressed as

𝑦1
𝑣 = 𝒉𝐻𝑏,𝑣𝒘

′
𝑏𝒔𝑣 + 𝑛1

𝑣 , (7)

where 𝒘′
𝑏 ∈ C𝑀×1 denotes the active transmit precod-

ing/beamforming vectors in the AP and 𝑝1 = ∥𝒘′
𝑏∥2 and

𝑛1
𝑣 ∈ CN(0, 𝜎2) are the transmit power and the 𝑣-th receiver

AWGN, respectively. The signal received on the DF relay is
expressed as

𝑦1
𝑑 = 𝒉𝐻𝑏,𝑑𝒘

′
𝑏𝒔𝑣 + 𝑛1

𝑑 , (8)
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Fig. 3. The static priority model for high-priority URLLC and low-priority
eMBB multiplexing.

where 𝒉𝑏,𝑑 ∈ C𝑀×L is the channel from the AP to the DF
relay with flat Rayleigh fading and path loss. 𝑛1

𝑑
∈ CN(0, 𝜎2)

is the AWGN on the relay. The 𝒉𝑏,𝑑 is given by

𝒉𝑏,𝑑 =


ℎ11
𝑏,𝑑

ℎ12
𝑏,𝑑

· · · ℎ1L
𝑏,𝑑

ℎ21
𝑏,𝑑

ℎ22
𝑏,𝑑

· · · ℎ2L
𝑏,𝑑

...
...

. . .
...

ℎ𝑀1
𝑏,𝑑

ℎ𝑀2
𝑏,𝑑

· · · ℎ𝑀L
𝑏,𝑑


. (9)

The received signal 𝑦1
𝑑

is decoded in the current phase and then
encoded for transmission to the receiver in the next phase.

2) Forwarding phase: The received signal at each receiver
𝑣 of the DF relay is denoted as

𝑦2
𝑣 = 𝒉𝐻𝑑,𝑣𝒘𝑑 𝒔𝑣 + 𝑛

2
𝑣 , (10)

where 𝒘𝑑 ∈ C denotes the active precoding vector for the re-
ceiver 𝑣 and 𝑝2 = ∥𝒘𝑑 ∥2 and 𝑛2

𝑣 ∈ CN(0, 𝜎2) are the transmit
power of the DF relay and the noise at receiver 𝑣 in the for-
warding phase, respectively. 𝒉𝑑,𝑣 = {ℎ1

𝑑,𝑣
, ℎ2
𝑑,𝑣
, · · · , ℎL

𝑑,𝑣
} ∈

CL×1 represents the channel of the DF relay to the receiver
𝑣 with flat Rayleigh fading and path loss. The achievable rate
of the URLLC and eMBB multiplexing system supported by
the DF relay can be denoted as

𝐶𝐷𝐹 =
1
2
𝐹𝐵 log2

[
1 + min

(
𝑝1

��𝒉𝑏,𝑑 ��2
𝜎2 + 𝐼𝑣

,
𝑝1

��𝒉𝑏,𝑣 ��2 + 𝑝2
��𝒉𝑑,𝑣 ��2

𝜎2 + 𝐼𝑣

)]
.

(11)
Following [15], this study sets 𝑝1 + 𝑝2 = 2 × 𝑝𝑏.

D. URLLC and eMBB multiplexing scheduling model

This study investigates three scheduling policies, namely,
SP, nonpreemption, and EDF, for URLLC and eMBB multi-
plexing to discuss the serviceability of MISO, RIS, and DF
relay-assisted systems.

1) SP scheduling: As shown in Figure 3, the URLLC
packet preempts a part of the ongoing eMBB transmission and
spans multiple frequency bands. In the multiplexing system,
high-priority URLLC transmission may interrupt low-priority
eMBB transmission several times. URLLC traffic has the
highest priority and occupies the channel as long as it is
present, while eMBB traffic can only use the channel if there

Fig. 4. The discrete-time network model for coexisting URLLC and eMBB.

are no URLLC packets. Without generality loss, this study
assumes that the new arriving URLLC packet will be blocked
when other URLLC packets are transmitting via the current
spectrum resource.

2) Nonpreemptive scheduling: The arriving URLLC and
eMBB packets are scheduled according to their arrival order
in the nonpreemptive scheduling policy. No transmission in-
terruption occurs in this scheduling because all services have
the same priority.

3) Earliest deadline first scheduling: EDF schedules each
service by its arrival time, the required execution time, and the
deadline to ensure that all tasks are completed by the expected
deadline. The priority of each packet depends on the current
execution progress and its deadline.

III. QUEUING NETWORK MODEL FOR URLLC AND
EMBB MULTIPLEXING

Figure 4 illustrates the discrete-time network model for the
URLLC and eMBB multiplexing system. The discrete-time
network model consists of three parts, namely, the arrival,
service, and departure processes. The URLLC and eMBB
traffic arrival processes are defined as

𝐴𝑢 (𝑥, 𝑦) =
𝑦∑︁
𝜂=𝑥

𝑎𝑢𝜂 (12)

and

𝐴𝑒 (𝑥, 𝑦) =
𝑦∑︁
𝜂=𝑥

𝑎𝑒𝜂 , (13)

respectively. Here 𝑥 and 𝑦 are the time interval of the arrival
process, and 𝑎𝜂 and 𝑏𝜂 represent the instantaneous Markov
arrival process in the time interval 𝜂 for URLLC and eMBB,
respectively. 𝐴𝑢 (0, 𝜂) = 𝐴𝑢 (𝜂) and 𝐴𝑒 (0, 𝜂) = 𝐴𝑒 (𝜂) represent
the cumulative arrival curves of URLLC and eMBB from the
initial time interval to 𝜂, respectively. The transition matrix of
the arrival Markov chain can be represented as

𝑇𝑎 =


𝑝11 𝑝12 · · · 𝑝1𝜁
𝑝21 𝑝22 · · · 𝑝2𝜁
...

...
. . .

...

𝑝𝜁 1 𝑝𝜁 2 · · · 𝑝𝜁 𝜁


, (14)

where 𝑝𝑖 𝑗 is the probability of Markov chain from the state
𝑖 transit to state 𝑗 for all 𝑖, 𝑗 ∈ {1, 𝜁}, while 𝜁 is the number
of states in the Markov chain. The exponentially transformed
transition probability matrix of the Markov arrival process 𝐴𝑢

and 𝐴𝑒 can be obtained by

𝑇 𝜃𝑎𝑢 = 𝑇𝑎𝑒
𝜃𝑎𝑢𝜂 (15)
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Fig. 5. The 𝑉 nodes of a multi-hop system.

and
𝑇 𝜃𝑎𝑒 = 𝑇𝑎𝑒

𝜃𝑎𝑒𝜂 , (16)

respectively. The service process of 𝑖-th hop the multiplexing
system is defined as

𝑆𝑖 (𝑥, 𝑦) =
𝑦∑︁
𝜂=𝑥

𝑠𝑖𝜂 (17)

where 𝑠𝑖𝜂 is the instant service rate, which can be 𝐶𝑀𝐼𝑆𝑂,
𝐶𝑅𝐼𝑆 , and 𝐶𝐷𝐹 for the MISO, RIS, and DF relay-assisted
transmission model, respectively. For the 𝑖-th hop service
process 𝑆𝑖 , the Markov chain transition probability matrix
𝑇𝑠𝑖 and the exponentially transformed transition probability
matrix 𝑇 𝜃

𝑠𝑖
are similarly defined with that of (14), (15) and

(16). Furthermore, this study assumes that the arrival and
service processes follow the Markov arrival process and have
an independent, stationary, and reversible property.

A. Min-plus algebra convolution for queuing network model

A min-plus convolution algebra is used in this study to
describe the relationship between the arrival and service pro-
cesses. The convolution of 𝑓 (·) and 𝑔(·) in the theory of linear
time-invariant systems is written as

( 𝑓 ★ 𝑔) (𝑡) =
∫ ∞

−∞
𝑓 (𝜏)𝑔(𝑡 − 𝜏) 𝑑𝜏, (18)

where 0 < 𝜏 < 𝑡, ★ represents the convolution operation and
𝑓 (·) and 𝑔(·) are measurable functions on R𝑛. In the queuing
network model, the min-plus convolution ⊗ of 𝑓 (·) and 𝑔(·)
is defined as [53]

( 𝑓 ⊗ 𝑔) (𝑡) = inf
0≤𝜏≤𝑡

{ 𝑓 (𝜏) + 𝑔(𝑡 − 𝜏)} . (19)

Unlike (18), the min-plus convolution substitutes the oper-
ator infimum and sum for sum and product, respectively.
Therefore, the arrival, service, and departure processes can
be modeled as nonincreasing and nonnegative cumulative
functions. Besides, the arrival and service curves in the SNC
model are used to describe the system delay and the length
of the service queue. 𝐴(𝜂), 𝑆(𝜂), and 𝐷 (𝜂) are used to
represent the cumulative arrival, service, and departure curves
for brevity, respectively. The mathematical expressions of the
departure, backlog, and delay processes are derived as follows.

• Departure process: The leaving process of the URLLC
and eMBB multiplexing system is formed by arrival and
service processes as

𝐷 (𝜂) ≥ (𝐴 ⊗ 𝑆) (𝜂) = inf
0≤𝜏≤𝜂

{𝐴(𝜏) + 𝑆(𝜂 − 𝜏)}

= inf
0≤𝜏≤𝜂

{𝐴(𝜏) + 𝑆(𝜏, 𝜂)} . (20)

Referring to (20), the number of packets that leave during
slot 𝜂 is equal to or greater than the sum of arriving and
served packets during time slot 𝜏 and 𝜂 − 𝜏, respectively.

• Backlog process: The queue length waiting for service is
called the system backlog and can be written as

𝐵(𝜂) = 𝐴(𝜂) − 𝐷 (𝜂)
≤ sup

0≤𝜏≤𝜂
{𝐴(𝜏, 𝜂) − 𝑆(𝜏, 𝜂)} , (21)

where 𝐴(𝜏, 𝜂) is the shorthand for 𝐴(𝜂)−𝐴(𝜏). Referring
to (20), the upper bound of the backlog can be obtained
by replacing 𝐷 (𝜂) with the min-plus convolution form.

• Delay process: The delay process 𝑊 (𝜂) is the total time
it takes for a unit packet to stay in the system, which is
the horizontal distance between 𝐴(𝜂) and 𝐷 (𝜂) and can
be expressed as

𝑊 (𝜂) = inf {𝜏 ≥ 0 : 𝐴(𝜂 − 𝜏) ≤ 𝐷 (𝜂)} . (22)

B. Multi-hop heterogeneous network

Figure 5 shows the concept of the 𝑉 nodes of a multi-
hop system. 𝐴𝑖 (𝑡), 𝑆𝑖 (𝑡), and 𝐷𝑖 (𝑡) are used to represent the
cumulative arrival, service, and departure curves for the 𝑖th hop
at the 𝑡th time slot, respectively [31]. The first and second hop
of the service curve for the departure process are defined as

∃𝑡 ≥ 0, 0 ≤ 𝜏 ≤ 𝑡, 𝐷1 (𝑡) ≥ inf
0≤𝜏≤𝑡

{
𝐴1 (𝜏) + 𝑆1 (𝜏, 𝑡)

}
(23)

and

∃𝑙 ≥ 0, 0 ≤ 𝑡 ≤ 𝑙, 𝐷2 (𝑙) ≥ inf
0≤𝑡≤𝑙

{
𝐴2 (𝑡) + 𝑆2 (𝑡, 𝑙)

}
,

(24)
respectively. From Figure 5, the departure process in the first
hop is seamlessly connected to the arrival process in the second
hop 𝐷1 (𝑡) = 𝐴2 (𝑡). Referring to (23) and (24), the expression
for the two-hop heterogeneous network can be written as

𝐷2 (𝑙) ≥ inf
0≤𝑡≤𝑙

{
𝐴2 (𝑡) + 𝑆2 (𝑡, 𝑙)

}
≥ inf

0≤𝜏≤𝑡≤𝑙

{
𝐴1 (𝜏) + 𝑆1 (𝜏, 𝑡) + 𝑆2 (𝑡, 𝑙)

}
=

(
𝐴1 ⊗ 𝑆1 ⊗ 𝑆2

)
(𝑙). (25)

Therefore, the min-plus convolution form of the multi-hop
system with 𝑉 nodes holds for

𝑆(𝜂) = 𝑆1 ⊗ 𝑆2 ⊗ · · · ⊗ 𝑆𝑉 (𝜂) (26)

≤ inf
𝛽1+𝛽2+...+𝛽𝑉=𝜂

{
𝑆1 (𝛽1) + 𝑆2 (𝛽2) + · · · + 𝑆𝑉 (𝛽𝑉 )

}
.

(27)

Therefore, the backlog of a two-hop system can be obtained
by

𝐵2 (𝑙) = 𝐴1 (𝑙) − 𝐷2 (𝑙)
= 𝐴1 (𝑙) − inf

0≤𝜏≤𝑡≤𝑙

{
𝐴1 (𝜏) + 𝑆1 (𝜏, 𝑡) + 𝑆2 (𝑡, 𝑙)

}
≤ sup

0≤𝜏≤𝑡≤𝑙

{
𝐴1 (𝜏, 𝑙) − 𝑆1 (𝜏, 𝑡) − 𝑆2 (𝑡, 𝑙)

}
, (28)
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Fig. 6. The concept of the arrival and departure curves in the system.

IV. THE BASIC OF SNC AND MARTINGALE ENVELOPES

Figure 6 illustrates the concept of arrival and departure
curves in the system. The horizontal and vertical distances
between the cumulative arrival and departure curves are the
delay and the backlog, respectively. From the figure, the deter-
ministic network calculus (DNC)-based envelope provides the
worst-case curve of the system serviceability, and ensures that
all arrival and departure curves do not exceed the boundaries
of the DNC. The SNC extends the DNC to the probabilistic
domain and leverages the statistical multiplexing gain [54].
DNC is appropriate to describe URLLC traffic, as it has little
tolerance for longer delays. However, the DNC does not take
into account the efficiency of statistical multiplexing when
calculating the amount of resources requirements for a service
to run on a network node and result in an overestimation.
SNC takes into account the statistical nature of traffic, which
is often more realistic in practice [55]. As shown in Fig. 6,
the probabilistic bounds are tighter and more reasonable than
the DNC-based bounds for describing the arrival and service
processes.

A. Stochastic network calculus fundamental

The classical SNC model uses min-plus algebra convolution
to obtain the performance boundaries of the system backlog
and the delay. The bounded values of the SP can be calculated
using the Boole’s inequality as [56]

𝑃

(
sup
𝜂

𝑋𝜂 ≥ 𝜎
)
≤

∑︁
𝜂

𝑃
(
𝑋𝜂 ≥ 𝜎

)
, (29)

where 𝑋𝜂 represents a stochastic process. The supremum of a
stochastic process is estimated by the extended tail probability

𝑃

(
sup
𝜂

𝑋𝜂 ≥ 𝜎
)

of the single random variable. If the depen-

dency between each stochastic process is not considered, the
SNC model cannot capture the correlation properties of 𝑋𝜂
and bring a significant deviation in the tail.

B. Martingale fundamental

The Martingale envelope theory was demonstrated to reduce
the derivation in the tail and improve the practicality of the
standard SNC model by transforming the MGF into Martin-
gale [32], [34], [42]. The key definitions of the Martingale
envelope theory are given below.

Definition 1 (Martingale Process). Let 𝐹𝜂 represent a filtra-
tion in the given probability space, where 𝐹𝜂 ⊂ 𝐹𝜂+1, 𝜂 ∈ N.
The discrete-time random process X = {𝑋𝜂 , 𝜂 ≥ 0} is a
discrete-time Martingale when the following conditions are
satisfied.

(i) Integrability condition: ∀𝜂, 𝑋𝜂 is 𝐹𝜂-measurable,
(ii) Measurable condition: 𝐸

[��𝑋𝜂 ��] ≤ ∞,
(iii) Martingale property: 𝐸

[
𝑋𝜂+1 |𝐹𝜂

]
= 𝑋𝜂 , and 𝑋𝜂 = 𝑋0,

where 𝐸 [·] represents the expectation operator. The prop-
erty (iii) can be proved by the tower property of conditional
expectation.

Definition 2 (Supermartingale Process). The discrete-time
random process X = {𝑋𝜂 , 𝜂 ≥ 0} is a discrete-time super-
martingale process when the following conditions are satisfied.

𝐸
[��𝑋𝜂 ��] ≤ ∞,

𝐸
[
𝑋𝜂+1 |𝐹𝜂

]
≤ 𝑋𝜂 ,

𝑋𝜂 ≤ 𝑋0.

(30)

The upper bound for the tail probability of delay process or
backlog processes can be obtained using the supermartingale.

Definition 3 (Submartingale Process). The discrete-time ran-
dom process X = {𝑋𝜂 , 𝜂 ≥ 0} is a discrete-time submartin-
gale process when the following conditions are satisfied.

𝐸
[��𝑋𝜂 ��] ≤ ∞,

𝐸
[
𝑋𝜂+1 |𝐹𝜂

]
≥ 𝑋𝜂 ,

𝑋𝜂 ≥ 𝑋0.

(31)

C. Envelope of arrival and service processes
The arrival and service processes of a queue system can be

bounded by the supermartingale process 𝐺𝐴(𝜂) and 𝐺𝑆 (𝜂),
respectively, and are described as follows.

Definition 4 (Arrival Martingale Envelope). For a mono-
tonically increasing function ℎ𝐴(·) : R+ → R+ and every
exponential decay factor 𝜃 > 0, the arrival process 𝐴(𝜂)
admits a (ℎ𝐴, 𝜃, 𝐾𝐴)-martingale envelope if

𝐺𝐴(𝜂) := ℎ𝐴(𝑎𝜂)𝑒𝜃 (𝐴(𝜂)−𝜂𝐾𝐴) ,∀𝜂 ≥ 0 (32)

is a supermartingale process. ℎ𝐴(·) represents the correlation
in the stochastic arrival process, and 𝐾𝐴 ≥ 0 is the allocated
capacity for the traffic flow 𝐴(𝜂), respectively.

Definition 5 (Service Martingale Envelope). For a mono-
tonically increasing function ℎ𝑆 (·) : R+ → R+ and every
exponential decay factor 𝜃 > 0, the service process 𝑆(𝜂)
admits a (ℎ𝑆 , 𝜃, 𝐾𝑆)-martingale envelope if

𝐺𝑆 (𝜂) := ℎ𝑆 (𝑠𝜂)𝑒𝜃 (𝜂𝐾𝑆−𝑆 (𝜂) ) ,∀𝜂 ≥ 0 (33)

is a supermartingale process. ℎ𝑆 (·) represents the correlation
in the stochastic service process, and 𝐾𝑆 > 0 is the effective
system capacity for the service curve 𝑆(𝜂).

D. Optional stopping theorem
The Martingale analysis model transforms the arrival and

service processes into exponential forms of MGF. The com-
plementary cumulative distribution function is estimated using
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the Doob’s inequality to analyze the violation of the delay and
backlog processes.

𝑃

(
sup
𝜂

𝑋𝜂 ≥ 𝜎
)
≤ 𝐸 [𝑋𝑜]

𝜎
. (34)

For the stochastic process, X = {𝑋𝜂 , 𝜂 ≥ 0} is simi-
lar to the Markov inequality for a single random variable.
The Doob’s optional stopping theorem is employed to the
supermartingale to properly bound the stochastic process.
Applying (21), (32), and (33), the distribution of the backlog
of a supermartingale process is obtained as

𝐵(𝜂) = 𝐴(𝜂) − 𝐷 (𝜂)
≤ sup {𝐴(𝜂) − 𝜂𝐾𝐴 + 𝜂𝐾𝑆 − 𝑆(𝜂)} .

(35)

Therefore, the optional stopping theorem is derived in this
study as follows.

Theorem 1 (Optional Stopping Theorem). For any threshold
𝜎 ≥ 0, the stopping time Γ for a supermartingale process is

Γ := inf {𝜂 ≥ 0 : 𝐴(𝜂) − 𝜂𝐾𝐴 + 𝜂𝐾𝑆 − 𝑆(𝜂) ≥ 𝜎} . (36)

Since it is possible that Γ = ∞, a new bounded stopping time
Γ ∧ 𝜂 := min {Γ, 𝜂} ,∀𝜂 ≥ 0 is presented.

Proof. Let 𝑋𝑛 be a supermartingale with respect to a filtration
𝐹𝑛 in the given probability space, and let Γ be the stopping
time defined in equation (36). We want to show that Γ is
indeed a stopping time, that is, {Γ ≤ 𝑛} ∈ 𝐹𝑛 for all 𝑛. 𝑋𝑛 is
a supermartingale means 𝐸 (𝑋𝑛+1 |𝐹𝑛) ≤ 𝑋𝑛 for all 𝑛.
Let 𝑛 be any nonnegative integer and let 𝜂 be any nonnegative
real number. We define the event 𝐴(𝜂) := {𝐴(𝜂) − 𝜂𝐾𝐴 +
𝜂𝐾𝑆 − 𝑆(𝜂) ≥ 𝜎}, where 𝐾𝐴 and 𝐾𝑆 are constants, and 𝑆(𝜂)
is a function of 𝜂. Then, by the definition of Γ, we have Γ ≥ 𝜂
if and only if 𝐴(𝜂) holds. Therefore, we can write

{Γ ≤ 𝑛} =
𝑛⋃
𝑘=0

{𝐴(𝑘) ∩ {Γ = 𝑘}}. (37)

We want to show that each set in this union is in 𝐹𝑛. Let
𝑘 be any integer between 0 and 𝑛, and consider the event
𝐴(𝑘) ∩{Γ = 𝑘}. Since Γ = 𝑘 , we have 𝐴(𝑘−1) ∩{Γ = 𝑘} = ∅,
which means that 𝐴(𝑘−1) does not hold at time 𝑘 . Therefore,
we can write

𝐸 (𝑋𝑘+11𝐴(𝑘 ) |𝐹𝑘) = 𝑋𝑘1𝐴(𝑘 ) + 𝐸 (𝑋𝑘+11𝐴(𝑘 )𝑐 |𝐹𝑘). (38)

Since 𝑋𝑛 is a supermartingale, we have 𝐸 (𝑋𝑘+1 |𝐹𝑘) ≤ 𝑋𝑘 ,
which implies 𝐸 (𝑋𝑘+11𝐴(𝑘 )𝑐 |𝐹𝑘) ≤ 𝑋𝑘1𝐴(𝑘 )𝑐 . Combining this
with the previous equation, we get

𝐸 (𝑋𝑘+11𝐴(𝑘 ) |𝐹𝑘) ≤ 𝑋𝑘 . (39)

Therefore, 𝑋𝑛 is a supermartingale with respect to increased
filtration 𝐺𝑛, where 𝐺𝑛 := 𝐹𝑛∨𝜎(𝐴(𝑘) : 𝑘 ≤ 𝑛) is the smallest
sigma-algebra that contains both 𝐹𝑛 and all events 𝐴(𝑘) up
to time 𝑛. Since stopping times are defined with respect to
filtrations, we conclude that {Γ = 𝑘} is in 𝐺𝑘 ⊆ 𝐹𝑛, which
implies that {Γ ≤ 𝑛} is in 𝐹𝑛 for all 𝑛. Hence, Γ is indeed
a stopping time. Hence, we have shown that the stopping
time defined in Theorem 1 is well-defined and satisfies the
necessary properties.

V. MARTINGALE-BASED END-TO-END BACKLOG AND
DELAY ANALYSIS

The Martingale theory is applied to analyze the backlog
and delay bounds in different scheduling policies, such as
SP, nonpreemption, and EDF, for the URLLC and eMBB
multiplexing system. The supermartingale envelopes of the
URLLC arrival, the eMBB arrival, and the service processes
are defined as 𝐺𝐴𝑢 (𝜂), 𝐺𝐴𝑒 (𝜂), and 𝐺𝑆 (𝜂), respectively. 𝐾1

𝑆

and 𝐾2
𝑆

represents the service capability of the first and sec-
ond AP in the two-hop heterogeneous network, respectively.
Following [57], a proportion 𝜉 is introduced to constrain
𝐾1
𝑆

and 𝐾2
𝑆

for reflecting the different service capability of
each AP. Therefore, the 𝐾𝐴𝑢 , 𝐾𝐴2 , 𝐾1

𝑆
and 𝐾2

𝑆
must satisfy

𝐾𝐴𝑢 ≥ ln 𝑠𝑝 (𝑇 𝜃
𝑎𝑢

)
𝜃

, 𝐾𝐴𝑒 ≥ ln 𝑠𝑝 (𝑇 𝜃
𝑎𝑒

)
𝜃

, 0 ≤ 𝐾1
𝑆
≤

ln 𝑠𝑝 (𝑇 𝜃

𝑠1 )
−𝜃 𝜉 , and

0 ≤ 𝐾2
𝑆
≤

ln 𝑠𝑝 (𝑇 𝜃

𝑠2 )
−𝜃 (1−𝜉 ) . 𝑠𝑝(𝑇 𝜃 ) is the spectral radius of 𝑇 𝜃 and

reflects the maximum eigenvalue of the transition matrix.

A. Martingale-based backlog analysis

Based on the independent assumption of arrival and service
processes, a discrete-time supermartingale H(𝜂) with related
to 𝐴𝑢 (𝜂), 𝐴𝑒 (𝜂) and 𝑆(𝜂) can be formed as

H(𝜂) = ℎ𝐴𝑢 (𝑎𝑢𝜂)ℎ𝐴𝑒 (𝑎𝑒𝜂)ℎ𝑠 (𝑠𝜂)𝜓, (40)

where 𝜓 = 𝑒𝜃
∗ (𝐴𝑒 (𝜂)−𝜂𝐾𝐴𝑒+𝐴𝑢 (𝜂)−𝜂𝐾𝐴𝑢+𝜂𝐾𝑆−𝑆 (𝜂) ) . Therefore,

the backlog can be formulated as

𝑃

(
𝐵 (𝜂 ≥ 𝜎)

)
= 𝑃

(
𝐴(𝜂) − 𝑆(𝜂) ≥ 𝜎

)
= 𝑃

(
𝐴𝑢 (𝜂) + 𝐴𝑒 (𝜂) − 𝑆(𝜂) ≥ 𝜎

)
≤ 𝑃

(
𝐴𝑢 (𝜂) + 𝐴𝑒 (𝜂) − 𝑆(𝜂) − 𝜂(𝐾𝐴𝑢 + 𝐾𝐴𝑒 − 𝐾𝑆) ≥ 𝜎

)
.

(41)
Applying the optional stopping Theorem 1 to the supermartin-
gale H(𝜂), ∀𝜂 ∈ N, we have

𝐸 [ℎ𝐴𝑢 (𝑎𝑢0 )ℎ𝐴𝑒 (𝑎
𝑒
0)ℎ𝑆 (𝑠0)]

= 𝐸 [H (0)]
= 𝐸 [H (Γ ∧ 𝜂)] ≥ 𝐸 [H (Γ ∧ 𝜂)1{Γ<𝜂}]

= 𝐸

[
ℎ𝐴𝑢 (𝑎𝑢0 )ℎ𝐴𝑒 (𝑎

𝑒
0)ℎ𝑆 (𝑠0)

𝑒𝜃
∗ (𝐴𝑒 (Γ)−Γ𝐾𝐴𝑒+𝐴𝑢 (Γ)−Γ𝐾𝐴𝑢+Γ𝐾𝑆−𝑆 (Γ) )1(Γ<𝜂)

]
≥ 𝐻𝑒𝜃

∗𝜎𝑃(Γ < 𝜂).

(42)

To put it briefly, we can define 𝜌 as the product of the expected
values of ℎ𝐴𝑢 (𝑎𝑢0 ), ℎ𝐴𝑒 (𝑎

𝑒
0), and ℎ𝑆 (𝑠0), respectively, denoted

by 𝐸
[
ℎ𝐴𝑢 (𝑎𝑢0 )

]
, 𝐸

[
ℎ𝐴𝑒 (𝑎𝑒0)

]
, and 𝐸 [ℎ𝑆 (𝑠0)]. Therefore,

we have 𝜌 = 𝐸
[
ℎ𝐴𝑢 (𝑎𝑢0 )

]
𝐸

[
ℎ𝐴𝑒 (𝑎𝑒0)

]
𝐸 [ℎ𝑆 (𝑠0)]. Applying

Theorem 1 and (35) to (42), for 𝜂 → ∞, the distribution of
the backlog violation of a single-hop system can be obtained
as

𝑃

(
𝐵(𝜂) ≥ 𝜎

)
= 𝑃(Γ < ∞) ≤ 𝜌

𝐻𝑒𝜃
∗𝜎
, (43)

where 𝐻 and 𝜃∗ in (43) are given by

𝐻 = min{ℎ𝐴𝑢 (𝑥)ℎ𝐴𝑒 (𝑦)ℎ𝑆 (𝑧) : 𝑥 + 𝑦 − 𝑧 > 0} (44)
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and
𝜃∗ = sup{𝜃 > 0 : 𝐾𝐴𝑢 + 𝐾𝐴𝑒 ≤ 𝐾𝑆}, (45)

respectively. Furthermore, the distribution of the backlog vi-
olation of a multi-hop system with 𝑉 service nodes can be
obtained as

𝑃

(
𝐵2 (𝑙) ≥ 𝜎

)
≤
𝐸

[
ℎ𝐴𝑢 (𝑎𝑢0 )

]
𝐸

[
ℎ𝐴𝑒 (𝑎𝑒0)

] 𝑉∏
𝑖=1
𝐸 [ℎ𝑆𝑖 (𝑠0)]

𝐻′𝑒𝜃∗𝜎
,

(46)
where 𝐻′ and 𝜃∗ in (46) are given by

𝐻′ = min{ℎ𝐴𝑢 (𝑥)ℎ𝐴𝑒 (𝑦)
𝑉∏
𝑖=1

ℎ𝑆𝑖 (𝑧𝑖) : 𝑥 + 𝑦 > 𝑧1 > · · · > 𝑧𝑉 }

(47)
and

𝜃∗ = sup
{
𝜃 > 0 : 𝐾𝐴𝑢 + 𝐾𝐴𝑒 ≤ min{𝐾1

𝑆 , 𝐾
2
𝑆 , . . . , 𝐾

𝑉
𝑆 }

}
,

(48)
respectively. 𝐾𝐴𝑢 + 𝐾𝐴𝑒 should be less than or equal to any
value of 𝐾1

𝑆
and 𝐾2

𝑆
to guarantee the stability condition in a

multi-hop heterogeneous network [57]. 𝐻′ holds the smallest

value of ℎ𝐴𝑢 (𝑥)ℎ𝐴𝑒 (𝑦)
𝑉∏
𝑖=1
ℎ𝑆𝑖 (𝑧𝑖) because the instantaneous

arrival must larger than any value of the stochastic process
{𝑧𝑖}𝑉

𝑖=1 to drive the service process of the first hop. Further-
more, each instantaneous value 𝑧𝑖 must larger than any value
of the following stochastic process {𝑧𝑖}𝑉

𝑖+1 (i.e., 𝑧𝑖 > 𝑧𝑖+1) to
drive the next service process.

B. Martingale-based delay analysis for SP

In the SP scheduling policy, the eMBB packet is interrupted
by the arriving URLLC packet and will wait for the spectrum
resources until all URLLC traffics are fully served. Therefore,
the remaining service processes for URLLC and eMBB traffics
are defined as

𝑆𝑢 (𝑥, 𝑦) = [𝑆(𝑥, 𝑦) − 𝐴𝑒 (𝑥, 𝑦)]+ (49)

and
𝑆𝑒 (𝑥, 𝑦) = [𝑆(𝑥, 𝑦) − 𝐴𝑢 (𝑥, 𝑦)]+ , (50)

respectively. [𝑥]+ denotes the operation to obtain the positive
part of 𝑥. According to the definition of the delay process (22),
the URLLC and eMBB service delay for the SP scheduling
policy are written as

𝑃

(
𝑊𝑢 (𝜂) ≥ 𝜅

)
= 𝑃

(
𝐴𝑢 (𝜅, 𝜂) − 𝑆𝑢 (𝜂) ≥ 0

)
= 𝑃

(
𝐴𝑢 (𝜅, 𝜂) + 𝐴𝑒 (𝜂) − 𝑆(𝜂) ≥ 0

)
≤ 𝑃

(
sup

0≤𝜅≤𝜂

{
𝐴𝑢 (𝜅, 𝜂) + 𝐴𝑒 (𝜂) − 𝑆(𝜂)

− (𝜂 − 𝜅)𝐾𝐴𝑢 − 𝜂𝐾𝐴𝑒 + 𝜂𝐾𝑆
}
≥ 𝜅(𝐾𝑆 − 𝐾𝐴𝑒 )

)
(51)

and

𝑃

(
𝑊𝑒 (𝜂) ≥ 𝜅

)
= 𝑃

(
𝐴𝑒 (𝜅, 𝜂) − 𝑆𝑒 (𝜂) ≥ 0

)
≤ 𝑃

(
sup

0≤𝜅≤𝜂

{
𝐴𝑒 (𝜅, 𝜂) + 𝐴𝑢 (𝜂) − 𝑆(𝜂)

− (𝜂 − 𝜅)𝐾𝐴𝑒 − 𝜂𝐾𝐴𝑢 + 𝜂𝐾𝑆
}
≥ 𝜅(𝐾𝑆 − 𝐾𝐴𝑢 )

)
,

(52)

respectively. According to the exponential transforms of MGF
and the optional stopping Theorem 1, the delay distributions of
URLLC and eMBB for the SP scheduling policy are defined
as

𝑃 (𝑊𝑢 (𝜂) ≥ 𝜅) ≤ 𝜌

𝐻
𝑒−𝜃

∗ (𝜅𝐾𝑆−𝜅𝐾𝐴𝑒 ) , (53)

and
𝑃 (𝑊𝑒 (𝜂) ≥ 𝜅) ≤ 𝜌

𝐻
𝑒−𝜃

∗ (𝜅𝐾𝑆−𝜅𝐾𝐴𝑢 ) , (54)

respectively. Furthermore, the delay distributions of URLLC
and eMBB traffics for the two-hop system can be derived by

𝑃 (𝑊𝑢 (𝑙) ≥ 𝜅) ≤ 𝜛

𝐻′ 𝑒
−𝜃∗ (𝜅 𝜉𝐾1

𝑆
+𝜅 (1−𝜉 )𝐾2

𝑆
−𝜅𝐾𝐴𝑒 ) , (55)

and

𝑃 (𝑊𝑒 (𝑙) ≥ 𝜅) ≤ 𝜛

𝐻′ 𝑒
−𝜃∗ (𝜅 𝜉𝐾1

𝑆
+𝜅 (1−𝜉 )𝐾2

𝑆
−𝜅𝐾𝐴𝑢 ) , (56)

respectively, where 𝜛 is given by

𝜛 = 𝐸
[
ℎ𝐴𝑢 (𝑎𝑢0 )

]
𝐸

[
ℎ𝐴𝑒 (𝑎𝑒0)

]
𝐸 [ℎ𝑆1 (𝑠0)] 𝐸 [ℎ𝑆2 (𝑠0)] .

(57)

C. Martingale-based delay analysis for nonpreemption

The nonpreemptive scheduling follows the first-in-first-out
policy, which states that all packets in the queue system have
the same priority. Therefore, the service processes of URLLC
and eMBB in the nonpreemptive scheduling policy can be
expressed as

𝑆𝑢 (𝑥, 𝑦) = [𝑆(𝑥, 𝑦) − 𝐴𝑒 (𝑥, 𝑦 − 𝑧)]+ 𝐼{𝑦−𝑥>𝑧} (58)

and

𝑆𝑒 (𝑥, 𝑦) = [𝑆(𝑥, 𝑦) − 𝐴𝑢 (𝑥, 𝑦 − 𝑧)]+ 𝐼{𝑦−𝑥>𝑧} , (59)

respectively. 𝑧 indicates that a traffic flow stays in the queue
system from 𝑦 to 𝑦 + 𝑧. Without generalization loss, 𝑧 is set as
𝜅 for convenience. [𝑥]+ represents the operation to obtain the
positive part of 𝑥. 𝐼𝐸 is the indicator function of condition 𝐸 .
Therefore, the delay of the URLLC and eMBB processes can
be defined as

𝑃

(
𝑊𝑢 (𝜂) ≥ 𝜅

)
= 𝑃

(
𝐴𝑢 (𝜅, 𝜂) − 𝑆𝑢 (𝜂) ≥ 0

)
= 𝑃

(
𝐴𝑢 (𝜅, 𝜂) + 𝐴𝑒 (𝜅, 𝜂) − 𝑆(𝜂) ≥ 0

)
≤ 𝑃

(
sup

0≤𝜅≤𝜂

{
𝐴𝑢 (𝜅, 𝜂) + 𝐴𝑒 (𝜅, 𝜂) − 𝑆(𝜂)

− (𝜂 − 𝜅) (𝐾𝐴𝑢 + 𝐾𝐴𝑒 ) + 𝜂𝐾𝑆
}
≥ 𝜅𝐾𝑆

)
(60)
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and

𝑃

(
𝑊𝑒 (𝜂) ≥ 𝜅

)
= 𝑃

(
𝐴𝑒 (𝜅, 𝜂) − 𝑆𝑒 (𝜂) ≥ 0

)
≤ 𝑃

(
sup

0≤𝜅≤𝜂

{
𝐴𝑢 (𝜅, 𝜂) + 𝐴𝑒 (𝜅, 𝜂) − 𝑆(𝜂)

− (𝜂 − 𝜅) (𝐾𝐴𝑢 + 𝐾𝐴𝑒 ) + 𝜂𝐾𝑆
}
≥ 𝜅𝐾𝑆

)
,

(61)
respectively. The delay distribution for URLLC and eMBB
traffic in the single-hop system can be obtained by apply-
ing (42) and is given by

𝑃 (𝑊𝑢 (𝜂) ≥ 𝜅) ≤ 𝜌

𝐻
𝑒−𝜃

∗𝜅𝐾𝑆 , (62)

and
𝑃 (𝑊𝑒 (𝜂) ≥ 𝜅) ≤ 𝜌

𝐻
𝑒−𝜃

∗𝜅𝐾𝑆 , (63)

respectively. Furthermore, the delay distribution for URLLC
and eMBB traffic in the two-hop system can be obtained by

𝑃 (𝑊𝑢 (𝑙) ≥ 𝜅) ≤ 𝜛

𝐻′ 𝑒
−𝜃∗ (𝜅 𝜉𝐾1

𝑆
+𝜅 (1−𝜉 )𝐾2

𝑆
) , (64)

and
𝑃 (𝑊𝑒 (𝑙) ≥ 𝜅) ≤ 𝜛

𝐻′ 𝑒
−𝜃∗ (𝜅 𝜉𝐾1

𝑆
+𝜅 (1−𝜉 )𝐾2

𝑆
) , (65)

respectively.

D. Martingale-based delay analysis for EDF

The waiting time for the URLLC packet 𝑎𝑢𝜂 and the eMBB
packet 𝑎𝑒𝜂 in the queuing system are defined as 𝑑𝑢𝜂 and 𝑑𝑒𝜂 ,
respectively. The priority of a packet in the EDF scheduling
policy depends on its remaining deadline. To guarantee the
critical low-latency requirement of URLLC transmission, a
relative deadline threshold 𝜇 for each URLLC packet is
designed in this study. Specifically, a URLLC packet 𝑎𝑢𝜂 has
a higher priority than an eMBB packet 𝑎𝑒𝜂 when 𝑑𝑢𝜂 − 𝑑𝑒𝜂 > 𝜇.
The eMBB packet 𝑎𝑒𝜂 has a high priority when 𝑑𝑢𝜂 − 𝑑𝑒𝜂 < 𝜇.
Otherwise, URLLC and eMBB packets have the same priority.
Therefore, the bivariate random service processes of URLLC
and eMBB in the EDF scheduling are given by

𝑆𝑢 (𝑥, 𝑦) = [𝑆(𝑥, 𝑦) − 𝐴𝑒 (𝑥, 𝑦 − 𝑧 + min(𝑧, 𝛿)]+ 𝐼{𝑦−𝑥>𝑧}
(66)

and

𝑆𝑒 (𝑥, 𝑦) = [𝑆(𝑥, 𝑦) − 𝐴𝑢 (𝑥, 𝑦 − 𝑧 + min(𝑧, 𝛿)]+ 𝐼{𝑦−𝑥>𝑧} ,
(67)

respectively. 𝛿 = 𝑑𝑢𝜂−𝑑𝑒𝜂 is the difference between the URLLC
and eMBB packet waiting time. Because the URLLC and
eMBB packets have the same priority when 𝛿 − 𝜇 = 0, the
delay distribution can be obtained using (62) and (63) in the
nonpreemtive scheduling policy. [𝑥]+ is the operation to obtain
the positive part of 𝑥. 𝐼𝐸 represents the indicator function of
condition 𝐸 . By transforming the MGF into exponential form,
the delay of the eMBB service process is discussed for two
cases, i.e., 𝛿 − 𝜇 > 0 and 𝛿 − 𝜇 < 0, respectively.

For the case 𝛿 − 𝜇 > 0, the delay distribution of the single-
hop system can be obtained by

𝑃(𝑊𝑒 (𝜂) ≥ 𝜅) ≤ 𝜌

𝐻
𝑒−𝜃

∗ (𝜅𝐾𝑆−min(𝜅, 𝛿 )𝐾𝐴𝑢 ) . (68)

TABLE II
SIMULATION PARAMETERS

Environment Parameters Default Value
Bandwidth at the first hop 900 KHz

Bandwidth at the second hop 720 KHz
Carrier frequency 3 GHz

Packet size of URLLC 32 bytes
Packet size of eMBB 1600 bytes

The number of URLLC processes 12
The number of eMBB processes 6

Ratio of URLLC to eMBB arrival rate 10
The number of RIS reflection elements [25, 100]

AWGN -94 dBm
Noise figure 𝑁 𝑓 10 dB

Transmit power at AP 𝑝𝑏 10 dBm
AP antenna gain 5 dBi
RIS antenna gain 5 dBi

DF relay antenna gain 5 dBi
Receiver antenna gain 0 dBi

Distance between AP and RIS 50 ∼ 150 m
Distance between AP and each receiver 50 ∼ 150 m
Distance between RIS and each receiver 50 ∼ 150 m

Deadline threshold 𝜇 in EDF 25 ms
Transmit power for URLLC 20 dBm
Transmit power for eMBB 23 dBm

The delay distribution of the two-hop system can be derived
by

𝑃(𝑊𝑒 (𝑙) ≥ 𝜅) ≤ 𝜛

𝐻′ 𝑒
−𝜃∗ (𝜅 𝜉𝐾1

𝑆
+𝜅 (1−𝜉 )𝐾2

𝑆
−min(𝜅, 𝛿 )𝐾𝐴𝑢 ) .

(69)
For the case 𝛿 − 𝜇 < 0, the delay distribution can be obtained
by

𝑃(𝑊𝑢 (𝜂) ≥ 𝜅)

≤ 𝜌′

𝐻1
𝑒−𝜃

∗
1 𝜅𝐾𝑆 + 𝜌

𝐻2
𝑒−𝜃

∗
2 (𝜅𝐾𝑆−𝛿𝐾𝐴𝑒 ) ,

(70)

where 𝐻1, 𝜃∗1, 𝐻2, 𝜃∗2, and 𝜌′ are given by

𝐻1 = min {ℎ𝐴𝑢 (𝑥)ℎ𝑆 (𝑧) : 𝑥 − 𝑧 > 0} , (71)

𝜃∗1 ≤ sup{𝜃 > 0 : 𝐾𝐴𝑢 ≤ 𝐾𝑆}, (72)

𝐻2 = min {ℎ𝐴𝑢 (𝑥)ℎ𝐴𝑒 (𝑦)ℎ𝑆 (𝑧) : 𝑥 + 𝑦 − 𝑧 > 0} , (73)

𝜃∗2 ≤ sup{𝜃 > 0 : 𝐾𝐴𝑢 + 𝐾𝐴𝑒 ≤ 𝐾𝑆}, (74)

and
𝜌′ = 𝐸 [ℎ𝐴𝑢 (𝑎𝑢0 )]𝐸 [ℎ𝑆 (𝑠0)], (75)

respectively. The delay distribution of the two-hop system for
the case 𝛿 − 𝜇 < 0 can be obtained by

𝑃(𝑊𝑢 (𝑙) ≥ 𝜅) ≤ 𝜛′

𝐻′
1
𝑒−𝜃

∗
1 (𝜅 𝜉𝐾

1
𝑆
+𝜅 (1−𝜉 )𝐾2

𝑆
)

+ 𝜛

𝐻′
2
𝑒−𝜃

∗
2 (𝜅 𝜉𝐾

1
𝑆
+𝜅 (1−𝜉 )𝐾2

𝑆
−𝛿𝐾𝐴𝑒 ) ,

(76)

where 𝐻′
1, 𝜃∗1, 𝐻′

2, 𝜃∗2, and 𝜛′ are given by

𝐻′
1 = min{ℎ𝐴𝑢 (𝑥)ℎ𝑆1 (𝑧1)ℎ𝑆2 (𝑧2) : 𝑥 > 𝑧1 > 𝑧2}, (77)
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Fig. 7. The backlog and delay analysis of the MISO system for multiplexing URLLC and eMBB.

𝜃∗1 ≤ sup
{
𝜃 > 0 : 𝐾𝐴𝑢 ≤ min{𝐾1

𝑆 , 𝐾
2
𝑆}

}
, (78)

𝐻′
2 = min{ℎ𝐴𝑢 (𝑥)ℎ𝐴𝑒 (𝑦)ℎ𝑆1 (𝑧1)ℎ𝑆2 (𝑧2) : 𝑥 + 𝑦 > 𝑧1 > 𝑧2},

(79)
𝜃∗2 ≤ sup

{
𝜃 > 0 : 𝐾𝐴𝑢 + 𝐾𝐴𝑒 ≤ min{𝐾1

𝑆 , 𝐾
2
𝑆}

}
, (80)

and
𝜛′ = 𝐸 [ℎ𝐴𝑢 (𝑎𝑢0 )]𝐸 [ℎ𝑆1 (𝑠0)]𝐸 [ℎ𝑆2 (𝑠0)] (81)

respectively.

VI. NUMERICAL RESULTS

Table II presents the simulation setting of the partial pa-
rameters [15], [58]–[60]. Following [59], [60], the transmit
power budget for URLLC and eMBB receiver is 20 dBm and
23 dBm, respectively. Additionally, this study analyzed the
performance of the URLLC and eMBB multiplexing system
with respect to different transmit power budgets ranging from
20 dBm to 33 dBm. Following [15], the AWGN (in dBm) at
the receiver is given by

𝑁𝑟 = −174 + 10 ∗ 𝑙𝑜𝑔10 (𝐵) + 𝑁 𝑓 , (82)

where -174dBm/Hz is the noise density, 𝐵 is the bandwidth,
and 𝑁 𝑓 = 10 is the noise figure. According to 3GPP, a resource

block (RB) is defined as 12 consecutive subcarriers in the
frequency domain and each subcarrier spacing is 15 KHz [58].
Therefore, the channel bandwidth of each RB is 180 KHz [61].
Assuming 12 URLLC and 6 eMBB users, we set channel
bandwidths of 900 KHz and 720 KHz for the first and second
hops, respectively [62]. Without generality loss, the DF relay
was deployed in the same position as the RIS. In this study, the
serviceability of the RIS with respect to different metasurface
sizes is explored by setting the number of reflection elements
at 25 and 100. According to [15], [63], this study assumes that
both BS and RIS use ULA for their antenna distribution. The
reason for considering an ULA for the RIS is that it provides
a simple and efficient way to control the phase shift of the
reflected signal. By adjusting the phase shift of each antenna
element in the ULA, the reflected signal can be directed in
a specific direction and the signal strength can be optimized
at the receiver. Additionally, the use of an ULA for the RIS
simplifies the analysis and modeling of the system, allowing
this study to focus on estimating the delay and backlog of
this multiplexing system. Following [15], the channel gain G
related to the distance is defined as

G = 𝛾𝑡 + 𝛾𝑟 +
{
−37.5 − 22 log10 (D/1𝑚) if LoS,
−35.1 − 36.7 log10 (D/1𝑚) if NLoS. (83)
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(a) DF relay with 25 active antennas
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(c) DF relay with 100 active antennas
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Fig. 8. The comparison of backlog violation analysis between DF relay and RIS for multiplexing URLLC and eMBB.

Here 𝛾𝑡 and 𝛾𝑟 are the antenna gains of the transmitter and
the receiver, respectively. D is the Euclidean distance between
the transmitter and the receiver. The Poisson arrival rates for
URLLC and eMBB are 𝜆𝑢 = 10 and 𝜆𝑒 = 1, respectively. The
packet sizes of URLLC and eMBB are 32 bytes and 1600
bytes, respectively. The deadline threshold in the EDF schedul-
ing policy is set at 25 ms [64]. This means that a URLLC
packet in the queue has a higher priority than an eMBB packet
when its arrival time minus the eMBB arrival time is less
than 25 ms. The proposed Martingale-based SNC model was
used to evaluate the serviceability of MISO, RIS, and DF
relay-assisted URLLC and eMBB multiplexing systems. This
section discusses the backlog and delay violation probabilities
of the URLLC and eMBB multiplexing system in terms of
various scheduling policies, such as SP, nonpreemption, and
EDF. Furthermore, in each case a single-hop system and a
two-hop heterogeneous system were experimentally studied.

A. Performance evaluation between Martingale and SNC

Figures 7 show the backlog and delay violations of MISO-
assisted URLLC and eMBB multiplexing. The distance be-
tween the AP and the receivers is set to 150 meters. The

transmit power for the URLLC and eMBB receivers is 20
and 23 dBm, respectively [59], [60]. It is observed that
the SNC curves have significant gaps with the simulation
results, whereas the Martingale curves regress the simulation
results accurately and tightly. Due to their high priority and
low latency requirements, URLLC traffic can be immediately
served in SP and EDF scheduling policies. However, in a two-
hop network, delays and backlog violations are greater due to
the presence of a low serviceability node, which acts as a
bottleneck in the heterogeneous transmission system.

Figures 8 illustrate the backlog violation behavior of the
URLLC and eMBB multiplexing system in terms of various
communication system models. It is assumed that the DF relay
has the same power budget as the AP. The red and blue
box plots represent the simulation results for the single-hop
network and the heterogeneous two-hop network, respectively.
Solid and dot lines are the boundaries derived from the
proposed Martingale and SNC models, respectively. From
these figures, it can be observed that the Martingale curve is
tightly closed to the curve of the simulation result, whereas the
SNC curve is loose and has a gap from the simulation result.
Furthermore, the probability of backlog violation reached the
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Fig. 9. The delay violation analysis with the SP scheduling policy.

lowest value when the DF relay was equipped with 100
reflective elements, while the RIS with 25 reflective elements
suffered from the highest probability of backlog violation. It
should be noted that the DF relay outperformed RIS despite
having the same number of passive antennas. This is because
the DF relay is equipped with active antennas, which can
provide additional power to enhance signal strength, while the
passive reflective elements in the RIS only change the transmit
direction of the signals. However, the DF relay consumes
energy while the RIS can trade off energy consumption and
transmission performance. As shown in Figures 7(a) and 8,
the MISO system suffers the highest probability of a backlog
violation. Consequently, the backlog violation behavior of the
URLLC and eMBB multiplexing system can be reduced by
both the relay and the RIS.

Figures 9 depict and evaluate the delay violation behavior
with the SP scheduling policy. The box plot with the colors
cyan, red, blue, and black represents the simulation results for
the URLLC traffic of a single-hop system, the URLLC traffic
of a two-hop system, the eMBB traffic of a single-hop system,
and the eMBB traffic of a two-hop system, respectively. From
these figures, the simulation results and probability bounds’
curves with respect to URLLC traffics in all cases are close

to zero. The reason is that URLLC’s packet size is much
smaller than that of eMBB and has high priority. As a result,
each arriving URLLC packet is immediately served by the
multiplexing system. Furthermore, the delay violation behavior
of the eMBB traffic can be seen in all transmission models
and is particularly high in the RIS system with 25 reflective
elements. This is because eMBB packets have a low priority
and massive data that cannot be fully served by URLLC and
eMBB multiplexing systems.

Figures 10 shows the analysis of the delay violation behav-
ior for the nonpreemption scheduling, where URLLC packets
have the same priority as eMBB packets. Therefore, the delay
violation probability for URLLC traffic is the same as that
of eMBB traffic. The probability of delay is extremely high
for all transmissions due to the limitation of serviceability
when the RIS is only equipped with 25 reflective elements.
Furthermore, the RIS equipped with 100 reflective elements
significantly reduces the probability of delay violations in the
nonpreemptive scheduling policy. It can be observed that DF
relay can immediately serve all URLLC and eMBB packets
in this scheduling policy.

Figures 11 show the probability of delays in the EDF
scheduling policy. It can be seen that URLLC traffic can
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(a) DF relay with 25 active antennas (b) RIS equipped with 25 reflective elements

(c) DF relay with 100 active antennas (d) RIS equipped with 100 reflective elements

Fig. 10. The delay violation analysis with the non-preemption scheduling policy.

be fully served in both the DF relay and RIS systems.
Furthermore, eMBB delay violation behavior occurs in two-
hop systems. This is because the system capacity on the second
hop is assumed to be less than that of the first hop and cannot
immediately serve all arriving eMBB packets. The proposed
Martingale-based analysis model can provide extremely tight
bounds in terms of the eMBB delay probability curves, while
the SNC model suffers from loose bounds.

The numerical results show that the serviceability of the
RIS system increased with increasing number of reflective
elements. The DF relay equipped with 100 reflective ele-
ments achieved the best performance in reducing backlog
and delay violations compared to the RIS equipped with
100 reflective elements. Furthermore, the DF relay equipped
with 25 reflective elements outperformed the RIS equipped
with 100 reflective elements in terms of backlog and delay
reductions. Due to the transmit power required on the relay in
the forwarding phase, the DF relay must be energy-consuming.
Furthermore, the proposed Martingale-based analysis model
outperformed the SNC model in providing accurate bounds
for backlog and delay violations. The results show that the
classical SNC model is extremely loose, such as the SNC
curve in Figure 9(b), which overestimated the delay of the

eMBB packet by 99% at 1 ms. This is because the SNC model
derived the upper/lower bounds by transforming the MGF to
the Chernoff bound, regarding each stochastic process as a
separate point, whereas Martingale adopted Doob’s optional
sampling theorem and considered the correlation between each
stochastic process.

In summary, the low-latency requirement of the URLLC
traffic can be met by the SP scheduling policy in all three com-
munication system models, whereas the eMBB traffic suffers
a high probability of delay violations. The eMBB transmission
reached the lowest probability of delay violation in the non-
preemption scheduling policy, while it is difficult to satisfy the
low-latency requirement of URLLC traffic. Although URLLC
packets suffer from delay violations in the MISO system, the
EDF scheduling policy trades off the latency behavior between
URLLC and eMBB transmission. Furthermore, the DF relay
and the RIS can reduce delay violations by improving the
serviceability of URLLC and eMBB multiplexing systems.
Lastly, the two-hop heterogeneous network suffers from more
delay violations than the single-hop network. This is because
the serviceability of the second hop is less than that of the
first hop and cannot immediately serve all arrival packets.
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(a) DF Relay with 25 active antennas (b) RIS equipped with 25 reflective elements

(c) DF relay with 100 active antennas (d) RIS equipped with 100 reflective elements

Fig. 11. The delay violation analysis with the EDF scheduling policy.

B. Comparison of different scheduling policies, transmit
power, and receiver distributions

Figures 12 illustrate the delay violations for two-hop
URLLC and eMBB multiplexing with different scheduling
policies. The DF relay and RIS are equipped with 25 ac-
tive antennas and 25 passive reflective elements, respectively.
URLLC packets can be fully served by the relay and RIS
systems in the EDF and SP scheduling policies, while URLLC
suffers from delays in the nonpreemptive scheduling policy.
In the nonpreemptive scheduling policy, eMBB services ex-
perience the lowest delay, while in the SP scheduling policy,
eMBB traffic experiences the highest delay. This is because
eMBB traffic has the same priority as URLLC services in the
nonpreemptive scheduling policy, but has the lowest priority
in the SP scheduling policy.

Figures 13 depict the backlog violation in different receiver
distributions. It can be observed that the volume of backlog
increases as distance increases in RIS-assisted systems, while
there is only a slight increase in DF relay-assisted systems.
This is because the DF relay strengthens the signals by
using additional power, which can improve service coverage.
Furthermore, increasing the number of passive elements can

extend service coverage and reduce backlog violations. Fig-
ures 14 show the backlog violation with respect to different
transmit power budgets. It can be seen that the backlog
violation decreases as the transmit power and the number of
antennas increase. The performance of RIS is more sensitive
than that of the DF relay because the RIS passively reflects
the incoming signals, while the DF relay can actively increase
the signal strength.

VII. CONCLUSION

This study comprehensively investigated the serviceability
of URLLC and eMBB multiplexing systems supported by
MISO, RIS, and DF relay, as well as the single-hop homo-
geneous and the two-hop heterogeneous communication net-
works. The backlog and delay violation behaviors for URLLC
and eMBB multiplexing were accurately analyzed by applying
Martingale theory to the SNC model. Furthermore, this study
discussed the backlog and delay violations distribution in
terms of different scheduling policies, such as SP, nonpre-
emption, and EDF. The numerical results demonstrated that
the RIS and DF relay significantly improve the serviceability
of the URLLC and eMBB multiplexing system. The DF
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(a) DF Relay-aided eMBB traffic
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(c) RIS-aided eMBB traffic
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Fig. 12. The delay violation analysis with different scheduling policies in the two-hop system.

(a) DF Relay and RIS with 25 antennas (b) DF Relay and RIS with 100 antennas

Fig. 13. The backlog violation analysis with different distribution of receivers.

relay equipped with 100 reflective elements achieved the best
performance in reducing backlog and delay violations, whereas
the RIS equipped with 100 reflective elements can trade

off energy consumption and transmission QoS. Furthermore,
the EDF scheduling policy trades off the delay performance
between URLLC and eMBB traffics by introducing a proper
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(a) DF relay-aided system (b) RIS-aided system

Fig. 14. The backlog violation analysis with different power levels.

deadline threshold. Lastly, the proposed Martingale model
provided extremely tight bounds for the distribution of back-
log and delay violations, whereas the classical SNC model
suffers from loose bounds. As this study aims to analyze
the delay and backlog in URLLC and eMBB multiplexing
systems, perfect CSI is not always achievable in practical
implementations. Estimating CSI and accounting for channel
changes can introduce additional latency in wireless systems.
Therefore, the impact of imperfect CSI and its estimation on
system performance will be investigated in future work.
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Technologies for 5G Wireless Systems,âĂİ (Cambridge University Press
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