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Abstract—Reconfigurable intelligent surface (RIS) technology
has been widely used to enhance the performance of wireless
communication networks. Specifically, to overcome the blockage
issue, the RIS is equipped with passive elements that can steer
the wireless signals around the obstacle and construct a virtual
line-of-site (LLoS) link between the transmitter and receiver. This
paper presents a comprehensive analysis of packet delay in
RIS-assisted communications, an area that has received limited
attention in the literature. Our analysis carefully examines the
cascaded wireless channel via RIS to calculate the signal-to-noise
ratio (SNR) distribution within Nakagami-m fading channels.
Furthermore, we utilize the SNR distribution to develop a novel
expression for average packet delay. Our method was evaluated
thoroughly through numerical and simulation-based performance
testing. We explored the impact of various parameters on average
delay performance, including the number of reflecting elements,
average SNR, and distance between the user and RIS. Our
research indicates that a larger number of passive reflecting
elements in an RIS can significantly improve signal reception
at the user, leading to better average packet delays. The findings
of this paper can be used in multi-user scenarios, where the
packet delay is one of the metrics used to address the user-RIS
association problem based on the user’s delay requirements.

Index Terms—Reconfigurable Intelligent Surface (RIS),
Nakagami-m channels, 5G and NextG networks, Average packet
delay.

I. INTRODUCTION

Reconfigurable intelligent surface (RIS) technology has
received significant attention due to its ability to enhance the
performance of wireless communication networks. A RIS con-
sists of numerous low-cost passive reflecting elements that can
be configured to shape and redirect the wavefront of a radio
signal and create a controllable wireless channel [1]. From an
energy standpoint, RISs are very efficient; they can reshape
and forward the radio signals impinging on them without a
power supply, radio frequency (RF) chains, or complicated
signal processing techniques. Therefore, to enhance network
coverage, RISs can be densely distributed within the network’s
infrastructure at a lower cost and without complicated man-
agement, consequently, promising wide improvement in the
quality and reliability of wireless communication services.
This opens up numerous promising applications for future

wireless networks integrated with an RIS scheme. Since phys-
ical obstructions constitute a significant problem for signal
propagation and degrade the connectivity; RIS can be used
to expand and enhance the network coverage. Specifically, to
overcome blockage issue, the RIS is equipped with passive
elements that can steer the wireless signals around the ob-
stacle and construct a virtual line-of-site (LoS) link between
the transmitter and receiver. Therefore, due to its ability to
enhance network coverage and capacity by tuning the wireless
propagation in a smart and passive manner, RIS is receiving
a great deal of attention.

A method for measuring cellular network performance is
analyzing the average packet delay, which is the required
time for a data packet to be delivered from its source to
its intended destination. Such delay can significantly impact
the overall system performance, especially for real-time ap-
plications. Therefore, analyzing the average packet delay in
cellular networks identifies performance issues. Furthermore,
by analyzing packet delay, network operators can allocate
network resources, schedule users’ traffic more efficiently, and
ultimately provide customers with better quality of service
(QoS).

The performance of RIS-assisted wireless systems has been
investigated in several works [2]-[11]. The authors in [2]
studied the performance of the RIS-assisted networks by
analyzing the outage performance and error rate, as well as the
channel capacity of the network. In [3] and [4], the efficiency
and coverage of different RIS-assisted systems are investigated
in terms of network capacity, outage probability, and the
symbol error rate of the systems. The authors in [5] and [6],
presented the performance of wireless communication systems
integrated with RIS by deriving the outage probability, average
bit error rate (BER), and average capacity of the considered
systems. In [7], a mathematical framework is proposed to
evaluate the performance of a RIS-enabled network. They
presented a performance analysis and investigated the effect
of different parameters, including the outage probability and
average BER. In [8], the RIS enhances link security from
the access point to legal devices. They evaluated the secure
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performance of devices using average secrecy rate and secure
outage probability metrics. Although RIS-assisted networks
have been studied in various wireless schemes [9]-[11], most
existing works use standard metrics to evaluate the system’s
performance. These metrics include outage probability, ergodic
capacity, BER, and energy efficiency. Recently, authors of [12]
introduced a new metric called effective energy efficiency,
which relies on effective capacity and network power con-
sumption. They addressed delay-outage probability for QoS
guarantee, with this probability being influenced by the QoS
exponent parameter. A higher QoS exponent value implies
more stringent delay-QoS constraints. The authors developed
an optimization framework for effective energy efficiency
based on the chosen QoS exponent value, which represents
the delay requirements of users.

The advent of 5G and NextG networks has made it crucial to
ensure smooth communication with minimal delay. Although
RIS holds great promise in enhancing network performance,
we remark that the current research on RIS-assisted networks
mainly focuses on the aforementioned metrics. Hence, there
is still a gap in understanding the RIS impact on packet delay,
a critical parameter for real-time applications and overall
network efficiency. To the best of our knowledge, our work
is the first to consider packet delay analysis over RIS-assisted
links. Our contributions are outlined as follows:

e Our research provides a comprehensive analysis of the
signal-to-noise ratio (SNR) distribution over cascaded
Nakagami-m fading wireless channels between a source
and destination via RIS reflections.

o We used this analysis to develop a closed-form expres-
sion to calculate the average packet delay, which fills a
significant knowledge gap in the field.

A thorough evaluation of our method is conducted through
numerical and simulation-based performance evaluation, ex-
ploring the effects of various RIS-specific parameters, such as
the number of passive reflecting elements on packet delay.

The rest of this paper is organized as follows. In section
II, the system model is described. Section III provides a
detailed analysis of the average packet delay over RIS-assisted
links. The performance evaluation and simulation results are
provided in section IV, and finally, Section V concludes this
paper.

II. SYSTEM MODEL

Consider a downlink communication system that employs
RIS technology as illustrated in Fig.1. This system consists
of a transmitting base station (BS), user equipment (UE)
as a receiver, and a RIS deployed between them. Let h £
[hl,hg, ...,hN]T S (CNXI, and g e [gl,gg, ...,gN]T S (CNXl,
represent the baseband equivalent channels between the BS
and RIS, and from the RIS to the UE, respectively. We assume
that the direct link from the BS to UE cannot be formed
due to blockage, then the RIS can provide an intelligent
environment to improve the signal quality while satisfying the
user’s requirements. The BS and user are equipped with one
antenna, and the RIS comprises N passive reflecting elements.

Fig. 1. Reconfigurable Intelligent Surface-assisted wireless system.

It is assumed that the RIS has the capability to acquire the
channel state information (CSI) of the constructed channels.
This information helps to determine the optimal phase shifts
that maximize the SNR received by the UE. The paper assumes
a quasi-static flat-fading channel model, where all channels
stay nearly constant throughout each coherence interval for
the channel.

Let 02 [01,0s,....0n]T = [mel®, m0ed®2, . nnel®N]
represent the equivalent reflection coefficients of the RIS,
where 7, € [0,1] and ¢, € [0,27), Vn = [1,2,..., N], are
the reflection amplitude of element n at the RIS and the corre-
sponding phase shift, respectively. The reflection amplitude of
each element is configured to its highest value to maximize the
RIS signal reflection power, i.e.,n, = 1,n =1,2,..., N. Then,
the diagonal phase-shift matrix of the RIS can be represented
by ®, where ® = diag(d) = diag(el®:,el?z, ... eI?N),
The channel from the BS to the UE through the RIS can
be modeled as a cascaded channel H,., considering the RIS
reflection with controllable phase shifts, that can be defined
as H, = hT ®g. The channel gains from the BS to element n
in the RIS structure, and between element n and the UE can
be expressed, respectively, as follows

hn =1, Page™ o gy =10 e (1)

where r and [ represent the distances for the links between
the BS and RIS and between the RIS and UE, respectively
(assuming that 7, ~ r, and I, =~ [, Vn = [1,2,...,N]
due to the limited dimensions of the RIS and UE), § is the
path-loss exponent, ¢,, and 1, are the channel gains’ phases,
and «,, and 3, are their amplitudes that follow Nakagami-m
distribution with shape parameter m,; and scale parameter €;,
with ¢ € {1, 2} for the first and second hops, respectively. The
probability distribution of the amplitude of the channel gain
w, where w € {«, B}, is described by the Nakagami-m fading
distribution and can be expressed as follows [13]:

m me—l _me

ean(—g ) @

fuz) = 2ng‘(m
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where T'(.) is the gamma function.

In our analysis, we will focus on a far-field scenario,
where the distance from the BS/UE to the RIS is greater
than %, with )\ being the wavelength and D as the largest
dimension of the RIS [14]. Furthermore, we assume that
the RIS has complete information about the phases of the
channels in h,, and g,,¥n = [1,2,...,N]. Then, the phase
shifts ¢ = [#1, ..., o] are adjusted to eliminate the channel
phases and maximize the SNR at the UE as in [15], by setting
bn = pn + Y, for n =1,2,..., N. Thus, the amplitude of the
cascaded channel gain can be represented as

N
|Hc| = |h‘T|g| = Z |hann|
n=1
: )
_ r—6/2l—6/2 Z n B

n=1

Accordingly, the received SNR by the UE can be modeled as

PH> P 5 5 v .

(ke aal (> anBn) “)
n=1

where P is the BS’s downlink transmit power, and Ny

represents the variance of the additive white Gaussian noise
(AWGN) at the UE receiver.

III. DELAY ANALYSIS OVER RIS-ASSISTED LINK

The average packet delay includes the packet transmissions
and retransmissions, as well as the queuing delay on the
cascaded link. Additionally, the analysis employs an adaptive
M-QAM modulation model that adjusts the modulation order
in response to the channel state.

A. Channel Modeling

From (3), the channel of the signal when passing through
element n has an amplitude that is modeled by scaled
double Nakagami-m distribution and can be represented as
Zyn = an By and scaled with &(r, 1) = r—%/2]79/2 Therefore,
the amplitude of the overall cascaded channel gain can be
expressed as |H.| = &(r,1) EnN:1 Z., where the constituent
variables of Z,, i.e., o, and (3,, being independent but not
necessarily identically distributed.

When a large number of reflecting elements N are deployed
in the RIS, the central limit theorem (CLT) is applicable.
This means that the summation 25:1 Zy, follows a normal
distribution and is scaled by £(r, ). Consequently, the proba-
bility density function (PDF) of |H.| approaches the Gaussian
distribution with a mean of yx and variance of o2, as follows

[He| ~ N(p,0®)

w=&(r,)NE[Z,], o? = £(r,1)*Nvar(Z,,) ®)

The mean of Z,, and its variance can be calculated as follows
[13]

nz = B(z,) & T[S e,
0% =var(Z,) £ E[Z%| - E[Z,)? (6)
2 2
_ H T'(m; + 1)(QZ - (H I‘(WILf(;:LZ;ﬂ) (%)1/2>2

Consequently, the PDF of |H.|? can be expressed as a non-
central chi-square distribution with one degree of freedom,
which is defined as [16]

1 T T+ A TAe
T 202 202 >I_%( o
where I,(z) denotes the modified Bessel function of the
first class with order v, and \. = p? = (£(r,[)NE[Z,])2.
According to (4), the PDF of the SNR, -, can be represented
as

S (x) ) (D

1 _1 +)\(,7 AC
120 = o= (507 H eanl =125 Ly (205) ®

where 7 = P/Nj denotes the average SNR.
Using (8), the cumulative distribution function (CDF) of ~
can be given as follows

R0 =1-Gy (Y22,

where (Q,(a,b) is the Marcum Q-function and defined in [17].

) €))

B. Average Packet Delay

Determining the average transmission delay of a packet
involves dividing the SNR range into L regions based on the
specified distribution. A constellation with a size of M;, where
M, = 2¢ and (/= 123,...,L), is utilized in each region.
Moreover, the determination of the SNR boundaries for the
various regions, which can be denoted by 1,32, Vs, ..., 0
where %1 < 9 < U3 < ... < ¥, is carried out to ensure that
the BER remains below a certain threshold value (BER;p,).
Hence, the scheme adjusts the modulation order based on
the link’s SNR to meet the target (BERyy,). Specifically, the
regions’ boundaries can be calculated as follows [18]

9, — {[erfc_l(QBERm)]?7 {=1.

10
2Ko(2 - 1), 0=2.3,..L. (19)

where er fc=1() is the inverse complementary error function,
and Ky = —In(5BERy;,). The model assumes time-slotted
transmission, where each time slot has a duration of 7. Then,
the expression for the number of bits that can be sent within
a time slot duration is given by the following

by =7 B logy(1+ )

where B is the link’s bandwidth.
Therefore, if a packet of size () bits is needed to be
transmitted, the number of time slots required to deliver this

(1)
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packet is ¢, = [Q/b¢]. As a result, if the packet is being
transmitted while the SNR over the channel is in the region
[9¢,9¢+1] and the modulation order is My, the time required
to transmit the packet is determined as follows

ly=eT7=[=]T (12)

be
According to the SNR distribution in (8) and (9) for the RIS-
assisted link, the average transmission delay over that link can
be determined as
L—1
D; =t Pr(y <) + Z tePr(¥; < v < 9eq1)
=1
+ 1t Pr(y =2 9p)

The first term in (13) represents the mean time to transmit
the packet if the SNR falls below the minimum boundary
value (1J1), where a packet retransmission is needed and thus,
causing an extra delay. The average number of transmissions
needed to achieve successful delivery of a packet is represented
by the term s.. sz can be obtained as s, = P%’ where
P, denotes the probability of successful transmission which
can be determined using the distribution in (9). Similarly, the
probabilities of the remaining regions in (13) can be calculated
by utilizing the CDF of the SNR distribution mentioned in (9).

We obtain the queuing delay on the RIS-assisted link, which
refers to the time a packet spends waiting in a queue before
being transmitted, using an M/G/1 queuing model, as the
analysis employs adaptive modulation that makes the service
time dependent on the channel’s state. Then, the expectation
of the packet’s waiting time can be expressed as

E[Dw] = E[Q] Dy + E[Rq]

13)

(14)

where E[q] refers to the average number of packets waiting
in the queue, while R, is the amount of time remaining
for the packets being processed. Subsequently, it is possi-
ble to represent the average queue length E[g] in terms of
the average waiting time, by utilizing Little’s theorem, as
Elg] = X, E[D,], where the arrival rate in packets per
second is denoted by A,, then the average waiting time can
be represented by
_ E[R
1—=pp
where p, = A\, D;. Consequently, by utilizing the Pollaczek-
Khinchin formula, it is possible to express the average waiting
time of a packet as follows

1+C? »p
ElDu] = =51 —pp
P

E[Dy] 15)

D, (16)

Here, C? is the squared coefficient of variation and can be
determined as C? = o2 /D7, where o7 denotes the variance
of the packet’s service time and can be expressed as

oy = (et — Dy)? Pr(y < 1)

Finally, the total average packet delay, which consists of the
transmission and queuing delays, can be determined by th,"t =
D; + E[Dy).

IV. PERFORMANCE EVALUATION

In this section, we present the effect of different perfor-
mance metrics on the average packet delay, which encom-
passes both transmission and queuing delays over the RIS-
assisted link. The packet delay performance is influenced by
several factors, such as the average SNR across the link, the
number of passive reflecting elements in the RIS, and the
transmission distances. We also consider the impact of dif-
ferent Nakagami fading parameters. The downlink bandwidth
allocated to the BS is B = 100 MHz. Furthermore, unless
stated otherwise, the distances for the RIS-assisted link are
r = 60m, [ = 30m, and the path loss exponent is set as § =
2.2. We consider six distinct regions, L=6, within the SNR
range. Each region has a designated modulation order and is
determined by certain boundary values dependent on the target
BER. Moreover, we use a threshold BER of 10~° and a packet
size of 1500 bytes. To verify our analysis, we perform Monte
Carlo (MC) simulations involving 10° iterations.

Fig. 2 shows the effect of the link’s average SNR on the
average delay for successful packet transmission. We can
observe that the mean packet delay decreases with the increase
in the link’s quality and average SNR. Moreover, increasing
the number of elements N in the RIS significantly improves
the delay performance. As observed, some ranges of the SNR
have approximately the same average delay. The reason is
that the number of time slots required to transmit the packet
is equal in some contiguous SNR regions as a result of
taking the ceiling function in (12). As a result, increasing
the average SNR within these regions will only change the
probability of such SNR regions that have the same delay in
(13). In contrast, other regions have a very low probability,
rendering the average packet delay approximately constant.
Then, in the decreasing part, after the curve knee, changing
the average SNR will change the probability of regions that
have different transmission delays, i.e., increasing the average
SNR will increase the probability of the higher SNR region
with a lower transmission delay due to the higher modulation
order, thus, decreasing the average packet delay. Fig. 3 shows
how the fading conditions when N = 200 influence the delay
performance. As m; and mgy increase, with increasing the
average SNR, the delay decreases at lower SNR values due to
the decrease in fading severity. Note that, at high average SNR,
the probability of being in the higher SNR region with higher
modulation order is dominant. Fig. 4 illustrates the impact of
the distance separating the UE and RIS on the average delay.
It is apparent from the figure that as the distance of the UE-
RIS link increases, there is a corresponding increase in the
average packet delay. Furthermore, as previously explained,

p
L—1 some regions on the curve exhibit nearly constant delays due
4 Z(te —Dy)? Pr(¥, <v < 9¢11) (17) to the use of the ceiling function for time slot calculations.
=1 This results in the same transmission delay for contiguous
+ (tp, — Dy)? Pr(y = 9;) SNR regions, e.g., t5 = tg. Consequently, variations in
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Fig. 2. The relationship between the average packet delay and the average
SNR when § = 2.2, and m1 = mo = 2, » = 60m, and | = 30m in the
RIS-assisted link.

distance within these regions primarily affect the probabilities
of these contiguous SNR regions, resulting in the same average
delay with slight changes. This is because other regions with
very low probabilities have a minimal impact on the average
delay. At lower distances in Fig. 4, higher probabilities are
given to the SNR regions characterized by higher modulation
orders, resulting in a low average packet delay. Extending the
transmission distance increases the average packet delay due
to the increased probability of the SNR regions with lower
modulation orders and longer delays. Moreover, the delay
performance enhancement can be observed by increasing the
fading shape parameters m; and mo, which provides a longer
UE-RIS distance before the delay degradation. The average
packet delay experienced by the typical UE is depicted in Fig.
5 concerning the distance from the RIS, and the number of
RIS reflecting elements N. It is evident that as the distance
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Fig. 3. Average packet delay variation with the average SNR when 6 = 2.2,
N = 200, r = 60m, and | = 30m in the RIS-assisted link.
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Fig. 4. Average packet delay versus the UE-RIS distance when § = 2.2,
N = 250, and r = 50m in the RIS-assisted link.
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Fig. 5. Average packet delay versus the UE-RIS distance when § = 2.2,
m1 = mo = 2, and r = 50m.

between the RIS and UE increases and the number of RIS
elements decreases, the average packet delay of the typical UE
rises more quickly compared to scenarios with a larger number
of RIS elements. Fig. 6 shows how the delay performance
is affected by increasing the number of passive reflecting
elements, N. The average packet delay decreases significantly
with increasing N. Moreover, mitigating the severity of fading
(i.e., increasing the shape parameter m) helps to improve the
delay performance as the average delay will be better for the
same number of reflecting elements N. Fig. 7 also illustrates
that the received SNR at the UE can be substantially improved
by increasing the number of reflecting elements in the RIS
and, thus, reducing the average packet delay. Furthermore, an
increase in the average packet delay experienced by the UE
can be observed when the UE-RIS distance is expanded.
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Fig. 7. Average packet delay versus the number of passive reflecting elements
N when 6 = 2.2, m; = mg = 2, and » = 60m.

From the described figures, it is evident that the analytical
curves closely match those obtained from Monte Carlo sim-
ulations. This strong agreement validates the accuracy of the
derived expressions.

V. CONCLUSION

This paper examines the delay performance of the RIS-
assisted link under Nakagami-m channels. We analyze trans-
mission and queuing delays based on the SNR distribution and
channel conditions. We study the impact of various parameters
on the average delay performance, including the number of
reflecting elements, average SNR, and distance between the
user and RIS. Our findings show that increasing the number
of reflecting elements in the RIS can significantly improve
the received signal at the user and leads to better average
packet delay. Additionally, our results demonstrate how packet

with multi-RIS architecture and analyze the packet delay over
multi-hop links. Moreover, the outcomes of this paper can
be exploited in multi-user scenarios, where the packet delay
serves as a key metric in tackling the user-RIS association
problem based on the delay requirements of the user.
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