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Abstract—With the advancement of wireless communication
technologies, reconfigurable intelligent surfaces (RISs) have re-
cently paved the way to augmenting the performance of wireless
networks with the aid of multiple reflecting surfaces by efficiently
attuning the signal reflection through a large number of low-cost
passive elements. In this paper, we consider an RIS-aided full-
duplex (FD) communication network consisting of a FD access
point (AP) that communicates with an uplink and a downlink
user simultaneously with the aid of an RIS as well as through
the direct link between the AP and users. To evaluate the
system performance under infinite blocklength (IBL) and finite
blocklength (FBL) codes, we derive the analytical expressions
for the outage probability and throughput in case of IBL, and
for block-error rate (BLER) and goodput in the case of FBL,
for both uplink and downlink transmission. Furthermore, the
expressions for the maximum achievable rate under FBL and
IBL transmission are derived. Next, we also extend the analysis
of the single-user framework to a more practical scenario with
multiple users utilizing non-orthogonal multiple access (NOMA)
and derive analytical expressions for the outage probability and
BLER at each downlink user and at the AP. The accuracy
of the derived expressions is validated via simulation results,
and insights are provided regarding the impact of the number
of reflecting elements and imperfect channel state information
(CSI) on the performance of the considered system. Finally,
from the comparative analysis, it is shown that the RIS-aided
system outperforms the system without RIS in both IBL and
FBL scenarios, providing remarkable improvement in the outage
probability and BLER.

Index Terms—Reconfigurable intelligent surface (RIS), full-
duplex (FD), finite block length (FBL), outage probability, uplink,
downlink, throughput, block-error rate (BLER), goodput.
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THE last few years have seen a dramatic growth in the
number of wireless devices as well as an increase in

the demand for ubiquitous wireless network connectivity and
higher data rate. It has become essential to take effective
measures to meet the demands of connected devices which
are exponentially increasing with time. Consequently, research
scholars around the world have made great efforts to investi-
gate novel and ultra-modern wireless communication technolo-
gies [1], [2]. Reconfigurable intelligent surface (RIS) assisted
communication has emerged off as an efficient alternative to
conventional relaying. It uses a discrete set of meta-material
reflecting surfaces to assist the communication between wire-
less devices such as cellular users (CUs), access points (APs),
etc. The primary reason for its growing popularity among
researchers is its capability to enhance the signal quality
with very low power consumption and thereby provide better
achievable diversity, higher data rate and a more reliable
system [3], [4]. Moreover, an RIS can easily be coupled
to or decoupled from existent objects in the environment
such as ceilings and building walls, and can be perfectly
incorporated into cellular or WiFi systems without altering
their current functional installations and operating standards
[5], [6]. Thus, it is an emerging technology which can have
a very high impact on the performance of communication
systems. The numerous advantages of RIS have motivated
great interest in analysing RIS reflection beamforming designs
in diverse RIS-aided wireless systems [7]–[9]. On a similar
note, another technological advancement called full-duplex
(FD) communication has the potential to improve the spectral
efficiency of the system by transmitting and receiving the
signal simultaneously using the same resources [10], [11].
Therefore, the integration of the RIS into FD communication
systems has been well motivated by researchers [12]–[14] in
order to achieve low power reliable RIS-assisted transmission
with an efficient use of the available resources. The authors in
[14] have presented a clear demonstration of the difference in
the achievable rate of FD and half-duplex (HD) systems.

While most existing research works have considered a single
RIS [8], the use of multiple RISs in wireless communication
has also been well motivated by researchers in [15]–[18]. For
instance, the authors in [15] used multiple-RISs in a device-to-
device (D2D) FD communication system and derived a closed-
form expression for the outage probability. In [17] the authors
analyzed the performance of a multiple-RIS-aided downlink
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cellular system where the average signal-to-interference-plus-
noise ratio (SINR) was maximized by optimizing passive
beamforming at each RIS. Likewise, in [19] the performance
of an intelligent reflecting surface (IRS) aided single input
single output (SISO) communication system assuming a direct
link between transmitter and receiver was analysed. In order
to achieve higher spectral efficiency, the authors in [20]
considered an RIS-assisted multi-user uplink communication
system in which a virtual constellation diagram is devised by
the RIS to transmit the data of an extra user. The authors
in [18] analyzed the performance of a multi-RIS-aided system
for the case of infinite blocklength (IBL) without deriving
the closed-form expression of the performance metrics. Note
that the above existing works considered IBL transmission;
however, the analysis of IBL codes cannot directly apply to the
case of finite blocklength (FBL) codes. Moreover, performance
indicators such as outage capacity and Shannon capacity do
not provide an accurate estimation of the maximum achievable
rate when the blocklength is small, making the IBL analysis
insufficient for analyzing the performance during FBL trans-
mission; hence, the need arises for a more accurate analysis
approach for FBL transmission.

The advancement of 5G and beyond 5G (B5G) com-
munication necessitates more rapid services like pervasive
connectivity, remote surgery, industrial automation, extended
reality (XR) and tacticle communications with stringent spec-
ifications resulting in the emergence of new key performance
indicators such as end-to-end latency, reliability, cycle time,
typical payload size and coverage. For example, wearables
or exoskeletons for healthcare applications has a low latency
requirement of (< 20 ms) and block error rate (BLER) 10−5-
10−6 [21], for industrial automation motion control the cycle
time and typical payload sizes are (< 2 ms, 20 bytes),
(< 0.5 ms, 50 bytes) and (< 1 ms, 40 bytes) for printing
machine, machine tool and packaging machine respectively
[22]. Short packet transmission has emerged as a prospective
transmission technology to fulfill these severe requirements
for real-time transmission and its use has been well explained
in [23]–[25]. However, there will be a severe decline in the
channel gain because of the receiver errors, which makes it
challenging for communication reliability as well as end-to-
end Quality of Service (delay) requirements. A comprehensive
analysis for reliability performance considering FBL and IBL
transmissions of a nonlinear energy harvesting unmanned
aerial vehicle assisted FD Internet of Things (IoT) network
has been investigated in [25]. In [26], the performance of
relaying under the FBL regime as well as under the Shannon
capacity regime was examined, and it was shown that relaying
outperforms direct transmission under the FBL regime even
if their performances are similar under the Shannon capacity
regime. One of the important obstacles to the application of
short-packet communications is to provide highly reliability.
In [27], the authors investigated how reliability and security
can be guaranteed in the presence of an eavesdropper in
short packet communication. Moreover, in [28], the authors
studied two user-antenna selection methods considering two
clusters of users having different priority levels for short packet
communication in non-orthogonal multiple access (NOMA)-

assisted multiuser downlink multiple input multiple output
(MIMO) systems, and analyzed the minimum blocklength for
Nakagami−m fading channels. It is noteworthy that there is
a lack of relevant analytical framework in the literature and
the advantages of using an RIS in FD communications are yet
to be explored. Therefore, the main focus of this work is to
study the impact of the RIS on an FD cellular communication
system in the FBL transmission regime.

A. Motivation and Contributions

Motivated by the performance-enhancing potential of the
RIS-aided FD wireless communication system, it is of high
interest to analyze the performance of the considered system
model. In contrast to conventional relay-based technologies,
the RIS can passively reflect the incident signal, thus enhanc-
ing the system’s throughput, diversity and energy efficiency.
Moreover, to the best of the authors’ knowledge, none of the
recent related works has studied the performance analysis of
RIS-aided FD communication with IBL and FBL transmission,
which is the main focus of this work. Hence, in this work, we
study an RIS-aided FD communication network wherein a FD-
AP acts as a base station and communicates with an uplink
and a downlink user simultaneously with the aid of two RISs,
one for each link. The main contributions of this paper are as
follows:
• We first derive the characteristics of the SINR during

each transmission and evaluate its probability distribution
function (PDF) using the central limit theorem (CLT)
and moment matching (MM) approximation methods,
showing that both methods provide the same perfor-
mance. Specifically, we derive these characteristics con-
sidering that both AP-RIS-user and BS-user links follow
a Nakagami-m distribution in the presence of imperfect
SI cancellation.

• Next, we investigate the performance of the considered
system under two different transmission schemes: 1)
IBL transmission, and 2) FBL transmission. We analyze
the performance of each link in terms of BLER and
goodput for FBL transmission, and outage probability and
throughput for IBL transmission. Moreover, we derive
closed-form expressions for these performance metrics
using the characteristics of the respective SINRs. Fur-
thermore, we derive expressions for the achievable rate
at each device in both FBL and IBL scenarios.

• Then, using the aforementioned single-user framework,
we extend the analysis to a more practical case with
multiple users utilizing NOMA in each link, and we
derive analytical expressions for the outage probability
and BLER at each downlink user and at the AP.

• We validate the accuracy of the derived analytical expres-
sions using Monte-Carlo simulation. We find that the use
of the RIS in such networks provides an additional degree
of freedom to achieve the desired QoS by increasing the
number of reflecting elements at each RIS. Furthermore,
we also compare the achievable rate performance of
the IBL and FBL transmissions. In addition to this, we
highlight the trade-off between the downlink transmit
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Fig. 1: An illustration of RIS-aided FD communication system.

power and achievable rates (uplink and downlink) during
FBL transmission.

• We also highlight the impact of CSI estimation error
on the performance of the considered network, and we
demonstrate the importance of a judicious choice of the
number of RIS elements in the presence of this error to
achieve a desired QoS. Moreover, we discuss the impact
of the number of users on the average outage probability
in the multi-user case.

Organization: The flow of this paper is organized as fol-
lows. Section II provides a detailed explanation of the consid-
ered system model. In section III and IV, SINR characteristics
in terms of PDF and CDF, closed-form expressions for BLER,
goodput for FBL transmission and outage probability are
derived. In Section V, the achievable rate for FBL and IBL
transmission are derived. Section VI discussed the extension
to the multi-user case. Simulation results are discussed in
Section VII and finally, the conclusions are drawn in Section
VIII.

Notations: Matrices, vectors and scalars are denoted by
boldface upper case, boldface lower case and lower case
letters, respectively. Also, CN (0, σ2) denotes the complex
Gaussian distribution with zero mean and variance σ2. fZ(z)
and FZ(z) denote the PDF and cumulative distribution func-
tion (CDF), respectively, of the random variable Z. K(·)(·)
represents the modified Bessel function of the second kind.
(·)H represents the Hermitian transpose of a matrix or vector.

II. SYSTEM MODEL

This work considers a FD communication system, as il-
lustrated in Fig. 1, which is comprised of an AP, which is
working as a base station, two RISs, an uplink CU (UCU)

and a downlink CU (DCU). Each of the CUs is equipped with
a single antenna and operates in HD mode. The AP operates in
FD mode using a single transmit and a single receive antenna
to communicate simultaneously with the DCU and UCU,
respectively. Further, due to severe fading/pathloss in the direct
path between the respective device pairs, two RISs are used
(one for each link) to assist this wireless information transfer1.
In particular, the UCU transmits its information uplink to the
AP with the aid of the RIS (Ru) having K reflecting elements
(K ∈ {1, 2, . . . ,K}) and at the same time the AP transmits its
information downlink to the DCU using the RIS (Rd) having
N reflecting elements (N ∈ {1, 2, . . . , N}).

A. Channel Model

In the uplink, hub represents the channel gain of the direct
path between UCU and AP. Also, the channel between UCU
and the kth element of Ru is denoted by huk. Thus, the
vector of channel gains between the UCU and Ru is denoted
by hu = [hu1, hu2, . . . , huK ]H. Similarly, the channel gains
between Ru and AP is denoted by hb = [h1b, h2b, . . . , hKb]

H

where hkb depicts the gain between the kth element of Ru

and AP with k ∈ K. Further, Θ = diag[ejθ1 , . . . , ejθK ]
represents the phase shift matrix at Ru with θk ∈ [0, 2π)
denoting the phase shift of the kth element. Correspond-
ingly, in the downlink, the channel between AP and Rd is
expressed as gb = [gb1, gb2, . . . , gbn]

H with gbn representing
the channel gain between AP and the nth element of Rd.
Additionally, the channel between Rd and DCU is denoted by
gd = [g1d, g2d, . . . , gNd]

H with gnd representing the channel

1Based on the product-distance path loss model [29], we can infer that the
average received signal power through the “AP-RIS-Ru-DCU” link and the
“UCU–RIS-Rd-AP” link is negligible.
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gain between the nth element of Rd and DCU with n ∈ N .
Furthermore, gbd is the channel coefficient for the direct path
between AP and DCU. Φ = diag[ejϕ1 , . . . , ejϕN ] depicts the
phase shift matrix at Rd with ϕn ∈ [0, 2π) denoting the phase
shift of the nth element. Due to the non-line of sight (nLoS)
nature of the direct link between AP and CUs, we assume hub
and gbd follow CN (0, σ2) and therefore their magnitudes are
Rayleigh distributed [19], [30], [31] with a PDF of

fY (y) = ye−y2/2, (1)

where Y ∈ {hub, gbd}. However, due to LoS nature of the
links between the RIS and the devices, we assume huk, hkb,
gbn and gnd follow Nakagami-m fading [32]–[35]. Via the m
parameter, the Nakagami-m model can cover both severe and
weak fading, and includes Rayleigh fading as a special case. It
can also closely approximate the Hoyt and Rice distributions,
and is therefore widely used in analyzing the performance of
RIS-assisted wireless networks. Its PDF is given by [36]

fXi
(x) =

2mmi
i

Γ(mi)Ω
mi
i

x2mi−1 exp

(
−mi

Ωi
x2
)
, (2)

where X ∈ {h, g}, i ∈ {uk, kb, bn, nd}, and mi and Ωi denote
the shape and spread parameters of the respective channel.
Also, without loss of generality, all channels are assumed to
be independent and identically distributed. Further, we assume
perfect CSI acquisition and feedback information among the
respective devices with no hardware impairments2.

B. Information Transfer

The UCU transmits the unit-energy information symbol su
to the AP using transmit power Pu and the corresponding
signal received at the AP is given by

yu = (hH
b Θhu + hub)

√
Pusu︸ ︷︷ ︸

desired signal

+ gbb
√
Pbsd︸ ︷︷ ︸

SI

+ nb︸︷︷︸
AWGN

, (3)

where nb ∼ CN (0, σ2) denotes the additive white Gaus-
sian noise (AWGN). gbb ∼ CN (0, ψsi) denotes the self-
interference (SI) channel and sd is the unit-energy symbol
transmitted from AP to DCU (the transmit power used is Pb).
The SINR to decode su from yu can be expressed as

γu = |hH
b Θhu + hub|2

Pu

(σ2 + PSI)

=

∣∣∣∣ ∑
k∈K

hukhkbe
jθk + hub

∣∣∣∣2 Pu

(σ2 + PSI)
, (4)

2Note that CSI estimation in RIS-aided networks can be performed us-
ing some standard algorithms such as parallel factor decomposition [37].
Therefore, similar to [13], [15], [38], we assume perfect CSI in this paper
for analytical tractability. Although very important, the analysis of a RIS-
assisted network with channel and hardware related impairments (such as
training overhead, imperfect estimation, control signaling, etc.) is an extremely
complex and challenging task, and lies beyond the scope of this paper.
However, for useful insights, we highlight the impact of CSI estimation error
on the performance of the considered network in Fig. 18 and Fig. 19 of
Section VII.

where PSI = ρ|ψsi|2Pu is the power of the residual SI3 with
ρ ∈ [0, 1] denoting the residual SI cancellation factor. Further,
as mentioned earlier, AP is operating in FD mode, therefore,
along with receiving the signal from UCU, AP also transmits
the unit energy symbol sd to DCU. The signal received at
DCU can be expressed as

yd = gH
d Φgb

√
Pbsd + gbd

√
Pbsd︸ ︷︷ ︸

desired signal

+ nd︸︷︷︸
AWGN

, (5)

where nd ∼ CN (0,σ2) is the AWGN. The signal-to-noise ratio
(SNR) required at DCU for decoding sd from yd is given by

γd = |gH
d Φgb + gbd |2Pb/σ

2

=

∣∣∣∣ ∑
n∈N

gbngnde
jϕn + gbd

∣∣∣∣2Pb/σ
2. (6)

III. SINR CHARACTERISTICS

As discussed earlier, the AP receives the uplink information
from UCU with an SINR of γu, given in (4). We derive the
PDF of γu in the following Lemma:

Lemma 1. The approximate PDF of the SINR γu is given
by (7), which is given on the top of the next page, where

µhr
= K

(
Ω1Ω2

m1m2

) 1
2 Γ(m1+0.5)Γ(m2+0.5)

Γ(m1)Γ(m2)
, σ2

hr
= KΩ1Ω2 −

µ2
hr

K , a =
√
γα− µhr , q =

1+σ2
hr

2σ2
hr

, v = a/σ2
hr

and α =

(PSI + σ2)/Pu. m1 and Ω1 are the shape and spread pa-
rameter of huk,∀k ∈ K, while m2 and Ω2 are the shape and
spread parameter of hkb,∀k ∈ K. Note that the accuracy of
(7) increases with increasing K.

Proof. To evaluate the PDF of γu, we first simplify (4) as

γu =

∣∣∣∣ ∑
k∈K

|huk||hkb| exp(−j (θuk + θkb − θk)) + hub

∣∣∣∣2Pu

(σ2 + PSI)
,

(8)
where θuk and θkb denote the angle of huk and hkb, respec-
tively. Now, as shown in [41], [42], the SINR is maximized
at θuk + θkb = θk. Therefore, we also evaluate the PDF
considering θuk + θkb = θk∀k ∈ K. Next, we define
hk ≜ |huk||hkb|, and considering the independence of |huk|
and |hkb|, we evaluate the PDF of hk as

fhk
(z) =

∫ ∞

0

(1/y)f|huk|(y)f|hkb| (z/y) dy. (9)

Using (2), we can write

fhk
(z) =

∞∫
0

2mm1
1 y2m1−1

Γ(m1)Ω
m1
1

exp

(
−m1

Ω1
y2
)

2mm2
2 (z/y)2m2−1

Γ(m2)Ω
m2
2

× exp

(
−m2

Ω2

z

y

2
)

1

y
dy, (10)

where {muk = m1,mkb = m2,Ωuk = Ω1,Ωkb = Ω2}∀k ∈
K, {mbn = m3,mnd = m4,Ωbn = Ω3,Ωnd = Ω4}∀n ∈ N .

3A significant amount of SI can be eliminated using standard methods such
as analog and digital SI cancellation techniques [39], [40]. Therefore, residual
SI power is very low compared to that of the received signal, and is often
modelled as a constant in performance analysis.
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fγu(γ) ≃
exp

(
−a2

2σ2
hr

− v2

4q2

)
2q
√
2πσ2

hr
γα

[
Γ

(
1,
v2

4q

)
− Γ

(
1, q

(
√
γα− v

2q

)2
)

+
v

2
√
q

(
Γ

(
1

2
,
v2

4q

)
− Γ

(
1

2
, q

(
√
γα− v

2q

)2
))]

.

(7)

Using an approach similar to that of [15], we solve (10) to
obtain

fhk
(z) = S1z

m1+m2−1Km1−m2

(
2z

√
m1m2

Ω1Ω2

)
, (11)

where S1 = 4m1
m1m2

m2

Γ(m1)Γ(m2)Ω
m1
1 Ω

m2
2

(
m2Ω1

m1Ω2

)m2−m1
2

. Using (11)
and the central limit theorem (CLT), for large K the PDF of
hr ≜

∑K
k=1 hk can be closely approximated as a Gaussian

distribution with mean µhr and variance σ2
hr

, which can be
expressed as

fhr (y) =
1

σhr

√
2π

exp

(
−(y − µhr )

2

2σ2
hr

)
. (12)

Next, defining Zu = |hr + hub|, and using (1) and (12), we
obtain the PDF of Zu as

fZu
(z) =

∫ z

0

y√
2πσ2

hr

exp

(
−(z − y − µhr

)2

2σ2
hr

− y2

2

)
dy.

(13)

After some mathematical simplification, we have

fZu
(z) =

exp
(

−a2

2σ2
hr

)
√

2πσ2
hr

z∫
0

y exp
(
−qy2 + vy

)
dy. (14)

Solving (14) using [43, 3.326.4], we obtain the PDF of Zu as
(15) on top of the next page.

Fig. 2 compares the derived PDF in (15) of the variable
Zu with its PDF obtained using simulation. It can be seen
that the analytical and simulated PDFs are very similar,
which validates the accuracy of Lemma 1 as well as the
approximations used to obtain (15). Further, it can also be
observed that the accuracy is greater at higher values of K as
compared to lower values of K. The reason for this behaviour
is the CLT approximation considered in (12), which becomes
more accurate as the number of elements K increases. Using
the PDF of Zu, we can express the PDF of Z2

u as (16), which
is given on top of the next page. Further, from (8), the PDF
of the SINR γu in terms of the PDF of Z2

u is expressed as

fγu
(γ) = fZ2

u
(γα) . (17)

Using (16) and (17), we obtain (7). ■

Further, we would like to highlight that due to the non-
LoS nature of the direct link, Rayleigh channels are widely
adopted for analyzing the system performance in RIS-assisted
networks. However, in order to enhance the generality of our
analysis, we also derive the PDF of the SINR γu considering
the direct path as a Nakagami-m channel in the following
lemma.

Lemma 2. The PDF of the SINR γu when hub follows a
Nakagami-m distribution can be approximated as

fγu
(γ) ≃ 2mm5

5 e
−a2

2σ2
hr

Γ(m5)Ωm5

√
2γαπσ2

hr

×

(√
γα2m5

2m5
−
q
√
γα2m5+2

2m5 + 2
−
v
√
γα2m5+1

2m5 + 1

)
, (18)

where m5 and Ω5 are the shape and spread parameter of hub,
respectively.

Proof. We first consider that, instead of a Rayleigh distri-
bution, hub follows a Nakagami-m distribution with shape
and spread parameters m5 and Ω5, respectively. Thus, re-
evaluating the PDF of Zu = |hr + hub| in (13), we obtain

fZu(z) =
2mm5

5 e
−a2

2σ2
hr

Γ(m5)Ωm5

√
2πσ2

hr

×
z∫

0

y2m5−1 exp
(
−qy2 + vy

)
dy. (19)

Using e−ax ≈ (1− ax) [43], we obtain

fZu
(z) =

2mm5
5 e

−a2

2σ2
hr

Γ(m5)Ωm5

√
2πσ2

hr

×
z∫

0

(
qy2m5−1 − y2m5+1 + vy2m5

)
dy

=
2mm5

5 e
−a2

2σ2
hr

Γ(m5)Ωm5

√
2πσ2

hr

×
(
z2m5

2m5
− qz2m5+2

2m5 + 2
− vz2m5+1

2m5 + 1

)
. (20)

Substituting (20) into (17), we obtain (18). ■

Note that although the CLT has a higher accuracy, it requires
a large number of elements to provide an accurate expression.
Thus, the moment matching (MM) method can alternatively be
adopted to approximate the PDF of Z2

u in (16). It is noteworthy
that a non-negative random variable (RV) Y with first and
second moments given by µ

Y
and µ(2)

Y
, respectively, can be

approximated as a Gamma RV (G) i.e. Y ∼ G(κ, ν) where

κ =
µ2

Y

µ
(2)
Y −µ2

Y

represents the shape and ν =
µ(2)

Y
−µ2

Y

µ
Y

represents

the scale parameters [44]. Thus, the PDF and CDF of Y can
be expressed as [45]

fY (y) = (κ/ν)κyκ−1e−(κ/ν)y/Γ(κ),



6

fZu(z) =
exp

(
−a2

2σ2
hr

− v2

4q2

)
q
√
8πσ2

hr

[
Γ

(
1,
v2

4q

)
− Γ

(
1, q

(
z − v

2q

)2
)

+ (v/2
√
q)Γ

(
1

2
, q

(
− v

2q

)2

− (v/2
√
q)Γ

(
1

2
, q

(
z − v

2q

)2
))]

. (15)

f(Z2
u)
(z) =

exp
(

−a2

2σ2
hr

− v2

4q2

)
q
√
8zπσ2

hr

[
Γ

(
1,
v2

4q

)
− Γ

(
1, q

(√
z − v

2q

)2
)

+ (v/2
√
q)Γ

(
1

2
, q

(
− v

2q

)2
)

− (v/2
√
q)Γ

(
1

2
, q

(√
z − v

2q

)2
)]

. (16)
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Fig. 2: PDF of Zu using CLT

FY (y) = γ(κ, ν)/Γ(κ), (21)

where γ represents the lower incomplete Gamma function
[46]. For analytical simplicity, we assume Ωi = 1∀i ∈
{1, 2, . . . , 6}. Therefore, in contrast to the CLT used in (12),
similar to [44], hr can be approximated as Gamma RV given
by

hr ∼ G
(
K

µ2
u

1− µ2
u

,
1− µ2

u

µu

)
, (22)

where µu =
Γ(m1+

1
2 )Γ(m2+

1
2 )

Γ(m1)Γ(m2)(m1m2)
1/2 . The mean and variance of

hr are given by µ
(1)
hr

= Kµu, µ
(2)
hr

− µ2
hr

= K
(
1− µ2

u

)
.

Since, Z2
u = |hr+hub|2 , the first and second moments of Z2

u

can be expressed as µZu
= µ

(2)
hub

+ µ
(2)
hr

+ 2µhub
µhr

, µ
(2)
Zu

=

µ
(4)
hub

+ µ
(4)
hr

+ 6µ
(2)
hub

µ
(2)
hr

+ 4µ
(3)
hub

µhr
+ 4µhub

µ
(3)
hr
, where

µ
(p)
hub

=
Γ(m5+

p
2 )

Γ(m5)(m5)
p/2 , µ(p)

hr
=

Γ(Kκ
hr

+p)(νhr
)
p

Γ(Kκ
hr
)

, κ
hr

=

µ2
u

µ
(2)
u −µ2

u

, ν
hr

=
µ(2)
u −µ2

u

µu
. Using µ

Zu
, µ(2)

Zu
and the MM method,

Z2
u can be approximated as

Z2
u ∼ G

(
κ

Zu
, ν

Zu

)
, (23)
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Fig. 3: PDF of Zu using MM method

where κ
Zu

=
µ2
Zu

µ
(2)
Zu

−µ2
Zu

, ν
Zu

=
µ
(2)
Zu

−µ2
Zu

µZu
. The PDF and CDF

of Z2
u can be obtained by substituting κ = κ

Zu
and ν = ν

Zu

in (21). For explicit clarity, we verify the accuracy of the MM
method by plotting the PDF of Zu, obtained using (23), in
Fig. 3. As can be seen, the approximation holds very well even
in the case of a small number of RIS elements. Moreover,
we also highlight the difference between the approximation
accuracy of the MM and CLT methods by comparing Fig. 2
and Fig. 3. It can be seen that the approximation is in very
close agreement in the case of the MM method even when
K = 4, in contrast to the CLT based method which requires
K > 30 elements to have similar accuracy. Thus, from (21),
the PDF of γu using the MM method can be evaluated as

fMM
γu

(y) = (κ
Zu
/ν

Zu
)κZu (αy)κZu

−1e−(κ
Zu

/ν
Zu

)αy/Γ(κ
Zu

).
(24)

Note that the aforementioned equations are derived when,
due to its NLoS nature, the SI channel follows Rayleigh fad-
ing. However, for the LoS case, it follows a Rician distribution
and the corresponding PDF of SINR is given in the following
lemma.
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Lemma 3. The PDF of γu when gbb follows a Rician distri-
bution is approximately given by (25), which is given on top
of the next page, where I(·) is the modified Bessel function
of the first kind with order r and ν denotes the number of

degrees of freedom, µhr = K
(

Ω1Ω2

m1m2

) 1
2 Γ(m1+0.5)Γ(m2+0.5)

Γ(m1)Γ(m2)
,

σ2
hr

= KΩ1Ω2 − µ2
hr

K , a(x) =
√
γα(x)− µhr

, q =
(1 + σ2

hr
)/(2σ2

hr
), λ = µhr

/σ2
hr

, v(x) = a(x)/σ2
hr

, and
α(x) = (Pbx+ σ2)/Pu.

Proof. To evaluate the PDF of γu, we first simplify the uplink
SINR as

γu =

∣∣∣∣ ∑
k∈K

|huk||hkb| exp(−j(θuk + θkb − θk)) + hub

∣∣∣∣2Pu

Pb|gbb|2 + σ2
,

(26)
where gbb is the SI channel which follows a Rician distribution
and the PDF of its absolute square (|gbb|2) follows a non-
central Chi-square distribution [45]. Thus, (25) can be obtained
by substituting PSI = Pb|gbb|2 and averaging (16) over
the PDF of |gbb|2. Note that, due to the extremely complex
nature of (25), finding its closed-form expression seems to be
intractable. ■

Lemma 4. The PDF of the SNR γd is approximately given
by (27), which is given on top of the next page, where

µgr = N
(

Ω3Ω4

m3m4

) 1
2 Γ(m3+0.5)Γ(m4+0.5)

Γ(m3)Γ(m4)
, σ2

gr = NΩ3Ω4 −
µ2
gr

N , p = γβ − µgr , t =
1+σ2

gr

2σ2
gr

, w = p/σ2
gr , β = σ2/Pb, m3

and Ω3 are the shape and spread parameter of gbn for all
n ∈ N , m4 and Ω4 are the shape and spread parameter of
gnd for all n ∈ N .

Proof. To evaluate the PDF of γd, we first simplify (6) as

γd = (Pb/σ
2)|gbd

+
∑

n∈N |gbn||gnd| exp(−j (ϕbn + ϕnd − ϕn))|2, (28)

where ϕbn and ϕnd denote the angle of gbn and gnd, re-
spectively. Similar to (8), we evaluate the PDF of γd con-
sidering (ϕbn + ϕnd = ϕn)∀n ∈ N . Next, we assume

Zd =

∣∣∣∣ ∑
n∈N

|gbn||gnd|+ gbd

∣∣∣∣. Note that the PDF of Z2
d ,

fZ2
d
(z), can be evaluated using steps similar to those used

to obtain (16). Furthermore, from (28), the PDF of the SINR
γd can be expressed in terms of the PDF of the channel gain
Z2
d via

fγd
(γ) = fZ2

d
(γβ) . (29)

Using (16) and (29), we obtain (27). ■

Similarly, considering gbd as Nakagami distributed, the PDF
of the SNR γd is given by

fγd
(γ) ≃

2mm6
6 exp( −p2

2σ2
gr

)

Γ(m6)Ωm6

√
2γβπσ2

gr

×

(√
γβ

2m5

2m5
− t

√
γβ

2m6+2

2m6 + 2
− w

√
γβ

2m6+1

2m6 + 1

)
, (30)

where m6 and Ω6 are the shape and spread parameter of gbd.
Further, using an approach similar to (24), the PDF4 of γd

using the MM method can be evaluated as

fMM
γd

(y) =
(κ

Zd
/ν

Zd
)
κ
Zd (βy)

κ
Zd

−1

Γ(κ
Zd
)

e
−(κ

Zd
/ν

Zd
)βy
, (31)

where κ
Zd

=
µ2
Zd

µ
(2)
Zd

−µ2
Zd

, ν
Zd

=
µ
(2)
Zd

−µ2
Zd

µZd
, µZd

= µ
(2)
gbd +

µ
(2)
gr +2µgbdµgr , µ(2)

Zd
= µ

(4)
gbd +µ

(4)
gr +6µ

(2)
gbdµ

(2)
gr +4µ

(3)
gbdµgr +

4µgbdµ
(3)
gr , µ(p)

gbd =
Γ(m6+

p
2 )

Γ(m6)(m6)
p/2 , µ(p)

gr =
Γ(Nκgr

+p)(νgr )
p

Γ(Nκgr )
,

κ
gr

=
µ2
d

µ
(2)
d −µ2

d

, ν
gr

=
µ
(2)
d −µ2

d

µd
, µ(1)

gr = Nµd, µ(2)
gr − µ2

gr =

N
(
1− µ2

d

)
, µd =

Γ(m3+
1
2 )Γ(m4+

1
2 )

Γ(m3)Γ(m4)(m3m4)
1/2 , Ω3 = Ω4 = Ω6 = 1.

IV. PERFORMANCE ANALYSIS

In this section, we derive closed-form expressions for the
BLER and goodput for the case of FBL transmission, and
for outage probability and throughput for the case of IBL
transmission.

A. Finite Block Length Analysis

1) Uplink BLER
Let φbu be the overall BLER of the uplink of the considered

RIS-assisted network, assuming that the UCU transmits asp
information bits in ϖs channel uses (i.e., the blocklength of
the channel code is ϖs). Thus the code rate (in bits per channel
use) is given by rbu = asp/ϖs. When ϖs is reasonably large
(> 100), the BLER can be tightly approximated as [47], [48]

φbu ≈ E

{
Q

(
C(γu)− rbu√
V (γu)/ϖs

)}
, (32)

where C(γu) = log2(1 + γu) is the Shannon capacity and
V (γu) =

(
1− (1 + γu)

−2
)
(log2 e)

2 is the channel disper-
sion which measures the stochastic variability of the channel
relative to a deterministic channel with the same capacity [13],
[49].

Theorem 1. The achievable uplink BLER at the AP can
be approximated by (33), which is given on top of the

next page, where µhr = K
(

Ω1Ω2

m1m2

) 1
2 Γ(m1+0.5)Γ(m2+0.5)

Γ(m1)Γ(m2)
,

σ2
hr

= KΩ1Ω2 −
µ2
hr

K , a = (ξbu + ζbu)α− µhr
, q =

1+σ2
hr

2σ2
hr

,

v = a
σ2
hr

, α =
(PSI + σ2)

Pu
, ϑbu = 1

2π
√

2
2rbu

−1
, θ = 2rbu −

1, ζbu = θ − 1
2ϑbu

√
ϖs

, ξbu = θ + 1
2ϑbu

√
ϖs

, Bu is the
complexity-accuracy trade-off parameter of the approximation,
and ϕn = cos ((2n− 1)π/(2Bu)).

4Note that the analytical expressions for other important metrics such as
outage probability, BLER, rate, etc., can be obtained simply by substituting
the above-derived PDFs in the respective places and performing some math-
ematical simplifications.
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fγu(γ) ≃
∫ ∞

0

x
v−2
4 exp

(
−a(x)2

2σ2
hr

− v(x)2

4q2 − x+λ
2

)
4qλ

v−2
4

√
2πσ2

hr
γα(x)

[
Γ

(
1,
v(x)2

4q

)
− Γ

(
1, q

(√
γα(x)− v(x)

2q

)2
)

+
v(x)

2
√
q

(
Γ

(
1

2
,
v(x)2

4q

)
− Γ

(
1

2
, q

(√
γα(x)− v(x)

2q

)2
))]

I ν
2−1(

√
λx)dx. (25)

fγd
(γ) ≃

exp
(

−p2

2σ2
gr

− w2

4t2

)
2t
√
2πσ2

grγβ

[
Γ

(
1,
w2

4t

)
− Γ

(
1, t
(√

γβ − w

2t

)2)
+

w

2
√
t

(
Γ

(
1

2
,
w2

4t

)
− Γ

(
1

2
, t
(√

γβ − w

2t

)2))]
.

(27)

φbu ≃ϑbu
√
ϖs(ξbu − ζbu)

Bu∑
n=1

 (ξbu + ζbu)π
√
1− ϕ2n exp

(
−a2

2σ2
hr

− v2

4q2

)
4qBu

√
πσ2

hr
(ξbu + ζbu)α

[−Γ

(
1,
q

2

(√
(ξbu + ζbu) (1 + ϕn)α− v

q

)2
)

+ Γ

(
1,
v2

4q

)
+

v

2
√
q

(
Γ

(
1

2
,
v2

4q

)
− Γ

(
1

2
,
q

2

(√
(ξbu + ζbu) (1 + ϕn)α− v

q

)2
))]

. (33)

Proof. It is extremely difficult to compute φbu from (32) in a
closed-form expression due to the involvement of the Q func-
tion. Therefore, we utilise the piecewise-linear approximation

of Q
(

C(γu)−rbu√
V (γu)/ϖs

)
≜ Ξ (γu) which is expressed as [49]

Ξ(γu) =


1, γu ≤ ζbu ,

0.5− ϑbu
√
ϖs(γu − θ), ζbu < γu < ξbu ,

0, γu ≥ ξbu .

(34)

The final BLER is determined by taking the mean of Ξ (γu)
with respect to the PDF of γu, evaluated as

φbu ≈
∫ ∞

0

Ξ(x)fγu
(x)dx, (35)

where fγu
(x) is given in (7). Applying integration by parts to

(35), φbu can be simplified as

φbu ≈
∫ ∞

0

Ξ(x)Fγu
(x)

= [Ξ(x)Fγu
(x)]∞0 −

∫ ∞

0

Fγu
(x)dΞ(x), (36)

where Fγu(x) is the CDF of the SINR γu. Differentiating Ξ(x)
in (34) with respect to x and substituting the result into (36),
the BLER becomes

φbu = ϑbu
√
ϖs

∫ ξbu

ζbu

Fγu(x)dx. (37)

Solving (37) using the Riemann integral approximation∫ b

a
g(y)dy = (b− a)g((a+ b)/2), we have

φbu ≈ ϑbu
√
ϖs(ξbu − ζbu)Fγu

((ξbu + ζbu)/2) . (38)

In order to solve (38), we need to determine the CDF Fγu
.

Using the PDF fγu , the CDF can be evaluated as

Fγu
(γ) =

∫ γ

0

fγu
(x)dx. (39)

Substituting fγu
from (7) into (39) and applying the Gaussian-

Chebyshev quadrature (GCQ) method [46, 25.4.30], we have
(40), which is given on top of the next page, where RBu

denotes the error term. Note that RBu
becomes negligible for

higher values of Bu [25], [46], hence it will not be included
in further equations. Substituting (40) into (38), the expression
for uplink BLER is obtained in (33). ■

Similarly, using (21) and (24), the achievable uplink BLER
using the MM method at the AP can be approximated by

φMM
bu ≈

ϑbu
√
ϖs (ξbu − ζbu)

Γ(κ
Zu

)

× γ

(
κ

Zu
,
(ξbu + ζbu)(PSI + σ2)

2PuνZu

)
. (41)

2) Goodput Analysis
The uplink goodput is defined as the number of information

bits reliably delivered from the UCU to AP via the RIS in a
specific time period. Thus, the network goodput for the UCU
is evaluated as [50]

Gu = (ϖs/ϖtot,s) ru(1− φup)

= (1− (ϖtrain,s/ϖtot,s)) ru(1− φup), (42)

where ru denotes the target rate for the uplink, ϖtrain,s denotes
the number of channel uses for uplink channel estimation, and
ϖtot,s denotes the number of channel uses to communicate
the short packet (i.e., ϖtot,s = ϖtrain,s +ϖs). Note that for
the case of a short code blocklength ϖs and a high training
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Fγu
(γ) =

Bu∑
n=1

γπ
√

1− ϕ2n exp
(

−a2

2σ2
hr

− v2

4q2

)
2qBu

√
πσ2

hr
2γα

[Γ(1, v2
4q

)
− Γ

(
1,
q

2

(√
2γ (1 + ϕn)α− v

q

)2
)

+
v

2
√
q

(
Γ

(
1

2
,
v2

4q

)
− Γ

(
1

2
,
q

2

(√
2γ (1 + ϕn)α− v

q

)2
))]

+RBu . (40)

overhead ϖtrain,s (corresponding to a large number of RIS
elements), the goodput can be low due to a low value of the
fraction ϖtrain,s/ϖtot,s, and therefore such use cases are to
be avoided in practice. Some results illustrating the tradeoffs
involved in achieving high goodput are provided in Section
VII.

3) Downlink BLER
Let φbd denote the downlink BLER of the considered RIS-

assisted wireless network, assuming that the DCU transmits
cdp information bits in ϖd channel uses (i.e., the blocklength
of the channel code is ϖd). Thus the code rate (in bits per
channel use) is given by rbd = cdp/ϖd. Similar to the uplink
case, we can write the BLER for downlink transmission as

φbd ≈ E

{
Q

(
C(γd)− rbd√
V (γd)/ϖd

)}
, (43)

where C(γd) = log2(1 + γd) is the Shannon capacity and
V (γd) =

(
1− (1 + γd)

−2
)
(log2 e)

2 is the channel dispersion.

Theorem 2. The achievable downlink BLER at the DCU can
be approximated by (44), which is given on top of the next

page, where µgr = N
(

Ω3Ω4

m3m4

) 1
2 Γ(m3+0.5)Γ(m4+0.5)

Γ(m3)Γ(m4)
, σ2

gr =

NΩ3Ω4 −
µ2
gr

N , p = γβ − µgr , t =
1+σ2

gr

2σ2
gr

, w = p
σ2
gr

, β = σ2

Pb
,

ϑbd = 1

2π

√
2
2rbd

−1
, θbd = 2rbd − 1, ζbd = θbd − 1

2ϑb
d

√
ϖd

and

ξbd = θbd +
1

2ϑbd

√
ϖd

, Bd is the complexity-accuracy trade-off
parameter, and ϕn = cos ((2n− 1)π/(2Bd)).

Proof. Similar to (34), we can approximate Q
(

C(γd)−rbd√
V (γd)/ϖd

)
as

ℵ(γd) =


1, γd ≤ ζbd ,

0.5− ϑbd
√
ϖd(γd − θbd), ζbd < γd < ξbd ,

0, γd ≥ ξbd .

(45)

The BLER for downlink transmission is determined by taking
the mean of ℵ (γd) with respect to the PDF of γd as

φbd ≈
∫ ∞

0

ℵ(y)fγd
(y)dy, (46)

where fγd
is given in (27). Applying integration by parts to

(46), φbd can be written as

φbd ≈ ϑbd
√
ϖd

∫ ξbd

ζbd

Fγd
(y)dy

= ϑbd
√
ϖd(ξbd − ζbd)Fγd

(
ξbd + ζbd

2

)
, (47)

where Fγd
is the CDF of the SNR γd. Note that Fγd

can be
obtained using an approach similar to (40) and is given by
(48), which is given on top of the next page, Substituting (48)
into (47), the final expression for φbd is obtained as (44). ■

Similarly, using (21) and (31), the achievable downlink
BLER using the MM method at the DCU is given by

φMM
bd

≈
ϑbd

√
ϖd (ξbd − ζbd)

Γ(κ
Zd
)

γ

(
κ

Zd
,

(
(ξbd + ζbd)σ

2

2PbνZd

))
.

(49)

4) Goodput Analysis
The goodput is defined as the number of information bits

reliably delivered from the AP to DCU via the RIS in a specific
time period. The goodput for the DCU is evaluated as

Gd = (ϖd/ϖtot,d) rd(1− φdp)

= (1− (ϖtrain,d/ϖtot,d)) rd(1− φdp), (50)

where rd denotes the target rate for the downlink, ϖtrain,d

denotes the number of channel uses for uplink channel es-
timation, and ϖtot,d denotes the number of channel uses to
communicate the short packet (i.e., ϖtot,d = ϖtrain,d +ϖd).

B. Infinite Block-Length Analysis

1) Uplink Outage Probability
For the case of conventional (infinite blocklength) commu-

nication, the uplink outage probability is given by

POu = Pr(γu < γuth), (51)

where γuth = 2ru − 1 and the target uplink rate is ru.

Theorem 3. The uplink outage probability at the AP can
be approximated by (52), which is given on top of the next

page, where µhr
= K

(
Ω1Ω2

m1m2

) 1
2 Γ(m1+0.5)Γ(m2+0.5)

Γ(m1)Γ(m2)
,

σ2
hr

= KΩ1Ω2 − µ2
hr

K , a =
√
γuthα− µhr ,

q = (1 + σ2
hr
)/(2σ2

hr
), v = a/σ2

hr
and α = (PSI + σ2)/Pu,

Bu is the complexity-accuracy trade-off parameter and
ϕn = cos ((2n− 1)π/(2Bu)).

Proof. The right hand side of (51) can be expressed in terms
of the CDF of γu as

Pr(γu < γuth) = Fγu
(γuth). (53)

Substituting (40) into (53), we obtain (52). ■

Similarly, using (21) and (24), the uplink outage probability
at the AP using the MM method can be approximated as
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φbd ≃ϑbd
√
ϖd(ξbd − ζbd)

Bd∑
n=1

 (ξbd + ζbd)π
√
1− ϕ2n exp

(
−p2

2σ2
gr

− w2

4t2

)
4tBd

√
πσ2

gr (ξbd + ζbd)β

[−Γ

(
1,
w

2

(√
(ξbd + ζbd) (1 + ϕn)β − w

t

)2)

+ Γ

(
1,
w2

4t

)
+

w

2
√
t

(
Γ

(
1

2
,
w2

4t

)
− Γ

(
1

2
,
t

2

(√
(ξbd + ζbd) (1 + ϕn)β − w

t

)2))]
. (44)

Fγd
(γ) =

Bd∑
n=1

γπ√1− ϕ2n exp
(

−p2

2σ2
gr

− w2

4t2

)
2tBd

√
πσ2

gr2γβ

[Γ(1, w2

4t

)
− Γ

(
1,
t

2

(√
2γ(1 + ϕn)β − w

t

)2)

+
w

2
√
t

(
Γ

(
1

2
,
w2

4t

)
− Γ

(
1

2
,
t

2

(√
2γ(1 + ϕn)β − w

t

)2))]
. (48)

POu=

Bu∑
bu=1

γuthπ
√
1− ϕ2bu exp

(
−a2

2σ2
hr

− v2

4q2

)
4qBu

√
2πσ2

hr
γuthα

[Γ(1, v2
4q

)
− Γ

(
1,
q

2

(√
2γuth(1 + ϕbu)α− v

q

)2
)

+
v

2
√
q

(
Γ

(
1

2
,
v2

4q

)
− Γ

(
1

2
,
q

2

(√
2γuth(1 + ϕbu)α− v

q

)2
))]

. (52)

PMM
Ou ≈ 1

Γ(κ
Zu

)
γ

(
κ

Zu
,
γuth(PSI + σ2)

PuνZu

)
. (54)

The throughput of the uplink communication at a target uplink
rate ru is defined by

Tu = (1− POu)ru. (55)

2) Downlink Outage Probability
For the case of conventional (infinite blocklength) commu-

nication, the downlink outage probability is given by

POd = Pr(γd < γdth), (56)

where γdth = 2rd − 1 and the target downlink rate is rd.

Theorem 4. The downlink outage probability at the DCU can
be approximated by (57), which is given on top of the next

page, where µgr = N
(

Ω3Ω4

m3m4

) 1
2 Γ(m3+0.5)Γ(m4+0.5)

Γ(m3)Γ(m4)
, σ2

gr =

NΩ3Ω4 −
µ2
gr

N , p =
√
γdthβ − µgr , t =

1+σ2
gr

2σ2
gr

, w = p
σ2
gr

, and

β = σ2

Pb
, Bd is the complexity-accuracy trade-off parameter

and ϕbd = cos
(

(2bd−1)π
2Bd

)
.

Proof. The right hand side of (56) can be expressed in terms
of the CDF of γd as

Pr(γd < γdth) = Fγd
(γdth). (58)

Substituting (48) into (58), we obtain (57). ■

Similarly, using (21) and (31), the downlink outage proba-
bility at the DCU using the MM method can be approximated
as

PMM
Od ≈ 1

Γ(κ
Zd
)
γ

(
κ

Zd
,
γdthσ

2

PbνZd

)
. (59)

The throughput of the downlink communication at a target
downlink rate rd is defined by

Td = (1− POd)rd. (60)

3) Case where AP acts as an FD relay
Note that, in this work, the AP is acting as a base station

which is receiving data symbols from the uplink user and
simultaneously transferring other data symbols to the downlink
user. It is noteworthy that the analysis presented in this work
can also be used for an FD relay network. In particular, using
(4) and (6), the end-to-end SINR with the AP acting as an FD
relay can be expressed as

γe2e = min{γu, γd}. (61)

Further, the outage probability of the relay network can be
evaluated as

PO = Pr(γe2e ≤ γdth) = Pr(min{γu, γd} ≤ γdth).

Using POu and POd from (52) and (57), respectively, we
obtain

PO = POu + POd − POuPOd.



11

POd=

Bd∑
bd=1

γdthπ
√
1− ϕ2bd exp

(
−p2

2σ2
gr

− w2

4t2

)
4tBd

√
2πσ2

grγ
d
thβ

[Γ(1, w2

4t

)
− Γ

(
1,
t

2

(√
2γdth(1 + ϕbd)β − w

t

)2
)

+
w

2
√
t

(
Γ

(
1

2
,
w2

4t

)
− Γ

(
1

2
,
t

2

(√
2γdth(1 + ϕbd)β − w

t

)2
))]

. (57)

V. RATE ANALYSIS

A. Uplink Rate Analysis

The maximum achievable rate in the uplink FBL transmis-
sion can be tightly approximated as

Rup ≈ C(γu)−
√
V (γu)/ϖsQ

−1(φ̃bu), (62)

where C(γu) = log2(1 + γu) is the Shannon capacity,
V (γu) =

(
1− (1 + γu)

−2
)

is the channel dispersion, φ̃bu is
the constant desired BLER for uplink transmission and Q−1(·)
is the inverse Q-function. Therefore, (62) can be written as

Rup =log2 (1 + γu)

−Q−1(φ̃bu)log2e
√

1− (1 + γu)−2/
√
ϖs. (63)

The average rate can be expressed as E[Rup].

Theorem 5. The maximum achievable rate in uplink FBL
transmission is tightly approximated as

R̃up ≈
D∑
i=1

(
wi

(1 + tb)
− Q−1(φ̃bu)wi

√
ϖs (1 + tb)

2√
t2b + 2tb

)
× (exp(tb) (1− Fγu(tb))) , (64)

where Fγu
(tb) can be obtained by substituting (γ = tb) in

(40). D denotes the accuracy-complexity trade-off factor, tb
represents ith root of the generalized Laguerre polynomial
LD(·), and wi =

tb
(m+1)2[Lm+1(tb)]2

.

Proof. Solving E[Rup] with respect to PDF of γu, we get

E[Rup] ≈
∞∫
0

(
1

1 + x
− Q−1(φ̃bu)log2e√

ϖs(1 + x)2(
√
x2 + 2x)

)
× (1− Fγu

(x)) dx, (65)

Substituting the expression for Fγu
into (65) and solve using

thw Gaussian-Laguerre quadrature method [43], we obtain
(64). ■

Corollary 1. When ϖs → ∞, the maximum achievable rate
can be obtained using (64) as

R̃UL ≈
∑D

i=1
wi exp(tb) (1− Fγu(tb))/(1 + tb). (66)

B. Downlink Rate Analysis

The maximum achievable rate in downlink FBL transmis-
sion can be tightly approximated as

Rdl ≈ C(γd)−
√
V (γd)/ϖdQ

−1(φ̃bd), (67)

(67) can be written as

Rdl =log2 (1 + γd)

−Q−1(φ̃bd)log2e
√

(1− (1 + γd)−2)/ϖd. (68)

The average rate can be expressed as R̃dl = E[Rdl].

Theorem 6. The maximum achievable rate in downlink FBL
transmission is given by

R̃dl ≈
M∑
n=1

(
wn

(1 + tn)
− Q−1(φ̃bd)wn

√
ϖd (1 + tn)

2√
t2n + 2tn

)
× (exp(tn) (1− Fγd(tn))) , (69)

where Fγd
(tn) can be obtained by substituting (γ = tn) in

(48). M denotes the respective accuracy-complexity trade-off
factor, tn represents the nth root of the generalized Laguerre
polynomial LM(·), and wn = tn/((n+ 1)2[Ln+1(tn)]

2).

Proof. R̃dl = E[Rdl] is solved following steps similar to (65).
■

Corollary 2. The downlink rate when ϖd → ∞ can be
obtained from (69) as

R̃DN ≈
∑M

n=1
wn exp(tn) (1− Fγd(tn))/(1 + tn). (70)

VI. EXTENSION TO MULTI-USER SCENARIO

In this section, the generalization of the considered setup
to the more practical case with multiple users is discussed.
Although the analysis remains the same when analyzing the
channel gain for the downlink transmission, there will be
significant differences when multiple UCUs are considered
because of the different channel gain of the UCU-RIS-Ru link
and UCU-AP link.

We first investigate the downlink transmission where the AP
uses NOMA [31] to form a superimposed data symbol for L
DCUs given by

sd =
√
η1Pbsd1 + · · ·+

√
ηlPbsdl + · · ·+

√
ηLPbsdL,

(71)

where ηl is the power allocation factor for the symbol sdl
intended for the lth DCU. Thus, the signal received at the lth

DCU is given by

ydl = (gbdl + gdlΦgb) sd + nd, (72)

where gdl = [g1dl, g2dl, · · · , gNdl], gb = [gb1, gb2, · · · , gbN ]H

and nd ∼ CN (0,σ2). Without loss of generality, it is assumed
that [|gbd1 + gd1Φgb| < |gbd2 + gd2Φgb| · · · < |gbdL +
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gdLΦgb|] [28]. According to the NOMA principle, the lth

DCU needs to decode the signal sdi∀i ∈ {1, 2, . . . , l − 1}
from ydl, with an SINR of

γdl,i =
|gbdl + gdlΦgb|2ηiPb∑L

j=i+1 |gbdl + gdlΦgb|2ηjPb + σ2
. (73)

After decoding each symbol, SIC is performed to remove that
symbol from the received signal. After l−1 iterations of SIC,
the lth user decodes its own signal sdl with an SINR of

γdl =
|gbdl + gdlΦgb|2ηlPb∑L

j=l+1 |gbdl + gdlΦgb|2ηjPb + σ2
. (74)

Let Zdl = |gbdl + gdlΦgb|. Note that the PDF of Z2
dl can be

derived similarly to (16). Next, due to the multi-step SIC, the
outage probability at the lth DCU can be expressed as

POdl =1− Pr
(
γdl,i ≥ γthdi ∀i ∈ {1, 2, . . . , l − 1}, γdl ≥ γthdl

)
,

(75)

where γthdi = 2Rdi − 1 ∀i ∈ {1, 2, . . . , l} is the minimum
required SINR threshold corresponding to the target rate Rdi

of the ith DCU.

Theorem 7. The outage probability at the lth DCU can be
approximated as (76), which is given on top of the next page,

where µgrl = N
(

Ω3Ω4l

m3m4l

) 1
2 Γ(m3+0.5)Γ(m4l+0.5)

Γ(m3)Γ(m4l)
, σ2

grl
=

NΩ3Ω4l−
µ2
grl

N , p =
√
z − µgrl , t =

1+σ2
grl

2σ2
grl

, w = p/σ2
grl

. m3

and Ω3 are the shape and spread parameter of gbn,∀n ∈
N , m4l and Ω4l are the shape and spread parameter of
gndl,∀n ∈ N , γ̃thdl = max

(
γ̂thdl , γ̂

th
li ∀i ∈ {1, 2, . . . , l − 1}

)
,

γ̂thdl =
γth
dl σ

2

ηlPb−
∑L

j=l+1 ηjPbγth
dl

, γ̂thli =
γth
di σ

2

ηiPb−
∑L

j=i+1 ηiPbγth
di

.

Proof. Substituting (73) and (74) into (75) and performing
some simplification, we obtain

POdl =Pr
(
|gdlΦgb + gbdl|2 ≤ γ̃thdl

)
. (77)

Solving (77) using steps similar to (57), we obtain (76). ■

Note that the optimum phase shift matrix can be found by
following standard optimization tools [51], thus details are
omitted due to space limitations. Next, φ(i)

dl and φ(l)
dl represents

the BLER at the lth user corresponding to (73) and (74),
respectively.

Next, the closed-form expression of φ(i)
dl can be obtained

by substituting γdl,i, rbdl and ϖdl in place of γd, rbd and ϖd,
respectively, in (43), and thereafter using an approach similar
to that of (44). The achievable average downlink BLER at the
lth DCU can be expressed as

φdl =φ
(1)
dl +

(
1− φ

(1)
dl

)
φ
(2)
dl + · · ·

+
(
1− φ

(1)
dl

)(
1− φ

(2)
dl

)
· · ·
(
1− φ

(l−1)
dl

)
φ
(l)
dl . (78)

Similarly, for uplink transmission with M UCUs, the signal
received at the AP is given by

yu =
∑M

m=1
(hubm + humΘhb)

√
Pumsum︸ ︷︷ ︸

Signal received at the AP

+ gbb
√
Pbsd︸ ︷︷ ︸

SI

+ nb︸︷︷︸
AWGN

, (79)

where hb = [h1b, h2b, · · · , hKb], hum =
[hum1, hum2, · · · , humK ]H and nb ∼ CN (0, σ2) is the
AWGN, Pum denotes the transmit power used for transmitting
the symbol sum at the mth UCU. Similar to downlink, we
assume |hubi+ huiΘhb|2Pui > |hubj+ hujΘhb|2Puj∀i > j
where i, j ∈ {1, 2, . . . ,M}. Thus, according to the NOMA
principle, the AP will first decode the ith UCU symbol, then
perform SIC and decode the jth UCU symbol. Therefore, the
SINR for decoding sm from yu is given by

γum =
|humΘhb + hdm|2Pum∑M

j=m+1 |hujΘhb + hdj |2Puj + PSI + σ2
. (80)

Due to NOMA, the outage probability for the uplink transmis-
sion corresponding to the mth UCU can be evaluated as

POum = Pr
(
γui ≤ γthui∀i ∈ {1, 2, . . . ,m}

)
, (81)

where γthum = 2Rum − 1 ∀m ∈ {1, 2, . . . ,M} is the minimum
required SINR threshold corresponding to the target rate Rum

of the mth UCU. Substituting γum from (80) into (81), we
have

POum =

Pr

(
|hui

Θhb + hdi|2Pui∑M
j=i+1 |hujΘhb + hdj |2Puj + PSI + σ2

≤ γthui

)
.

(82)

Note that the presence of hb in both the numerator and de-
nominator of (82) leads to an intractable integration. However,
with an aim to obtain useful insights, we resort to the earlier
discussed MM method for M = 2 and obtain an approximate
closed-form5 expression for the outage probability at each
UCU in the following theorem.

Theorem 8. The approximate outage probability at the AP
for decoding the symbol corresponding to the first UCU can
be evaluated as

PMM
Ou1 ≈ I

(
γthu1ν̂u2

ν̂u1 + γthu1ν̂u2
; κ̂u1, κ̂u2

)
, (83)

and the approximate outage probability for decoding the
symbol corresponding to the second UCU is given by

PMM
Ou2≈I

(
γthu1ν̂u2

ν̂u1 + γthu1ν̂u2
; κ̂u1, κ̂u2

)
+
γ
(
κu2,

γth
u2(PSI+σ2)

Puνu2

)
Γ(κu2)

×
(
1− I

(
γthu1ν̂u2

ν̂u1 + γthu1ν̂u2
; κ̂u1, κ̂u2

))
, (84)

5For simplicity, we consider M = 2. However, using the same method,
the analytical expressions for more than two UCUs can be derived.
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POdl =

Bd∑
bd=1

 γ̃thdl π
√
1− ϕ2bd exp

(
−p2

2σ2
gr

− w2

4t2

)
4tBd

√
2πσ2

gr γ̃
th
dl

[Γ(1, w2

4t

)
− Γ

(
1,
t

2

(√
2γ̃thdl (1 + ϕbd)−

w

t

)2
)

+
w

2
√
t

(
Γ

(
1

2
,
w2

4t

)
− Γ

(
1

2
,
t

2

(√
2γ̃thdl (1 + ϕbd)−

w

t

)2
))]

. (76)

TABLE I: Simulation Parameters

Para. Value Para. Value Para. Value Para. Value
σ2 −100 dBm PSI −10 dBm ru = rd 1 asp 50

m1 2 m2 2 m3 2 m4 2

Ω1 1 Ω2 1 Ω3 1 Ω4 1

AP − DCU 60m UCU −Ru 3m ϖs(ϖd) 150(200) cdp 70

Ru − AP 50m UCU − AP 50m AP −Rd 60m Rd − DCU 5m

where I(.; ., .) is the regularized incomplete beta function,

κ̂u2 =
(κu2Pu2νu2+PSI+σ2)

2

κu2(Pu2νu2)
2 , κ̂u1 = κu1, ν̂u1 = Pu1νu1,

ν̂u2 = κu2(Pu2νu2)
2

κu2Pu2νu2+PSI+σ2 , κui, νui and other parameters for
the ith DCU are obtained using the concept explained in
Section II-B.

Proof. For m = 1 and M = 2, we rewrite (82) as

POu1 = Pr
(
γu1 ≤ γthu1

)
= Pr

(
Z2
u1Pu1

Z2
u2Pu2 + PSI + σ2

≤ γth1

)
, (85)

where Zui = |hui
Θhb + hdi| for i ∈ {1, 2}. We then

assume that, similar to [44], Zu1 and Zu2 are approximately
independent of each other. Thereafter, similar to (23), the
distribution of Z2

u1 is approximated as G (κu1, νu1). Similarly,
Z2
u2 follows the distribution G (ψ2, νu2). From the afore-

mentioned discussion, it can be noted that the SINR γu1
equivalently can be represented as the ratio of two Gamma
RVs and follows the beta prime distribution [45]. Thus, the
CDF of γu1 can be evaluated as

Pr{γu1 ≤ y} = I

(
yν̂u2

ν̂u1 + yν̂u2
; κ̂u1, κ̂u2

)
. (86)

Substituting y = γthu1 in (86), we obtain (83). Similarly, for
m = 2 and M = 2, we have

POu2 = Pr

(
Z2
u1Pu1

Z2
u2Pu2 + PSI + 1

≤ γthu1,
Z2
u2 Pu2

PSI + 1
≤ γthu2

)
.

(87)

Alternatively, POu2 can be evaluated as

POu2 = Pr

(
Z2
u1Pu1

Z2
u2Pu2 + PSI + 1

≤ γthu1

)
+ Pr

(
Z2
u1Pu1

Z2
u2Pu2 + PSI + 1

> γthu1

)
Pr

(
Z2
u2Pu2

PSI + 1
≤ γthu2

)
.

(88)

Solving (88) using (21), we obtain (84). ■

Moreover, similar to (44), the average uplink BLER using
the MM method at the AP can be approximated as

φ2 ≈ φbu + (1− φbu)φ̂2, (89)

where

φu1 ≈ϑbu1

√
ϖu1 (ξbu1

− ζbu1
)

× I

(
(ξbu1 + ζbu1)ν̂u2

2ν̂u1 + (ξbu1
+ ζbu1

)ν̂u2
; κ̂u1, κ̂u2

)
,

and

φu2 ≈
ϑbu2

√
ϖu2 (ξbu2

− ζbu2
)

Γ(κu2)

× γ
(
κu2, (ξbu2

+ ζbu2
)(PSI + σ2)/(2Pu2νu2)

)
,

where ϑbui ,ϖui,ξbui and ζbui are the parameter for the ith

UCU described in Section IV-A.1.

VII. RESULTS AND DISCUSSION

In this section, results demonstrating the performance of
the RIS-assisted system and the effectiveness of the RISs are
presented for FBL and IBL transmission. We also validate the
accuracy of the derived analytical expressions using Monte-
Carlo simulation represented by markers in the respective
graphs. Table I contains the considered simulation parameters.
Note that for simulations, we have considered the distance-
dependent pathloss given by ζ/Dτi

i where ζ is the reference
pathloss with ζ = −30dB for every link, Di is used to denote
the distance between transmitter and receiver nodes of the ith

link, and τi is the pathloss exponent having a value of 3.8
for the direct paths (i.e. UCU-AP and AP-DCU) and 2.5 for
RIS-aided links (i.e., UCU-Ru, Ru-AP, AP-Rd, and Ru-DCU)
[52]. Additionally, in order to have a better understanding of
the impact of the RISs on the system performance, results are
obtained considering three different cases: 1) “Direct-only/no-
RIS/without-RIS link”, 2) “RIS-only”, and 3) “Direct+RIS”.

A. Results for FBL transmission

1) Uplink Communication
Fig. 4 shows the variation of the average achievable BLER

at the AP during uplink transmission (φbu ) against the transmit
power available at UCU (Pu) for all three cases with FBL
transmission, for different values of the number of elements
at Ru(K). The close proximity of the simulated BLER to
φbu derived in (33) validates its accuracy. It can be observed
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Fig. 4: Average BLER at AP vs uplink power.
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Fig. 5: Goodput at AP vs uplink power.

that the BLER improves with an increase in transmit power.
All three cases provide similar performances at low power.
However, at higher values of Pu, the Direct-only case has the
worst performance among the three cases due to excessive
fading and pathloss. The RIS-only case provides much better
performance as compared to the Direct-only case due to the
passive reflection from its elements. It clearly indicates that in
the absence of the direct link between transmitter and receiver,
the RIS can provide more diversity gain for information
transfer. In addition to this, one can also observe a significant
improvement in φbu with an increase in K. Thus, one can
always have an additional degree of freedom to achieve the
desired QoS by increasing the number of elements at the RIS.
Further, it can be seen that the best performance is obtained for
the third case. It indicates that the use of RIS further enhances
the achievable BLER when used with considerable direct path
gain.

Fig. 5 depicts the achievable goodput (Gu) in uplink com-
munication for all three cases considering FBL transmission
by plotting Gu against Pu for different values of K. It can
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Fig. 6: Average BLER at AP vs downlink power.

be observed that at low transmit power, the goodput of the
system is very low for all three cases. However, Gu in each
case increases with an increase in Pu. It can be observed that,
similar to the case of BLER, the Direct+RIS case provides
the best goodput among all three cases. Further, one can also
observe a significant increase in Gu with an increase in K for
the RIS-only and Direct+RIS cases. It can be seen that Gu for
the RIS-only and Direct+RIS cases saturates after a certain
value of power. This is because of the fulfilment of the target
rate at higher power in these two cases. However, due to better
performance, Gu in the Direct+RIS mode saturates earlier than
the RIS-only mode.

2) Downlink Communication
Fig. 6 depicts the variation of the average achievable BLER

at the DCU during downlink transmission (φbd ) against the
transmit power available at the AP (Pb) for all three cases
with FBL transmission, for different values of the number of
RIS elements at Rd(N). It can be observed that the average
achievable BLER improves as the transmit power at the AP
increases. The simulation results are in close agreement with
the BLER expression derived in (44), which demonstrates the
accuracy of the derived analytical expression. As evident from
the figure, there is a notable improvement in the average BLER
for the RIS-only and Direct+RIS cases due to a considerable
channel gain with increasing N . Similar to uplink communica-
tion, the Direct+RIS case in downlink communication provides
lower BLER throughout the range of Pb. This indicates that
the use of RIS can provide a significant improvement in the
achievable BLER for downlink communication.

Fig. 7 presents the achievable goodput (Gd) in downlink
communication for all three cases considering FBL transmis-
sion by plotting Gd against Pb for different values of N . At
low transmit power, the goodput of the system is very poor for
all three cases. Also, with an increase in Pb, Gd also increases.
However, due to the fulfillment of the target rate, Gd for each
user saturates after a certain value of power. For example,
when N = 80, the Direct+RIS and RIS-only cases achieve
the target rate of unity at Pb = −13 dBm and Pb = −10
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Fig. 7: Goodput at DCU vs downlink power.
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Fig. 8: Outage probability at AP vs uplink power.

dBm, respectively. In addition to this, one can also observe a
significant increase in Gd with an increase in N for the RIS-
only and Direct+RIS cases.

B. Results for IBL transmission

1) Uplink Communication
Fig. 8 exhibits the outage probability plotted against the total

transmit power available at UCU. It compares the outage prob-
ability at the AP during uplink transmission with all three cases
considering IBL transmission. The close proximity between
the analytical and simulated results proves the accuracy of the
derived expression for the outage probability in (52). It can be
seen that, due to an increase in SINR, the outage probability
decreases with an increase in transmit power at UCU. Further,
as evident from the figure, the outage probability for RIS-
case is lower than the outage probability for Direct-case.
Therefore, the use of RIS enhances the performance of the
considered system as compared to the Direct-only case with
IBL transmission. It can also be observed that the outage
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Fig. 9: Throughput at AP vs uplink power.

-20 -15 -10 -5 0 5

10
-4

10
-3

10
-2

10
-1

10
0

Fig. 10: Outage probability at DCU vs downlink power.

probability is further reduced for the Direct+RIS case, thus
outperforming the other two cases.

Fig. 9 exhibits the throughput plotted against the total trans-
mit power available at UCU for different numbers of reflecting
elements at the RIS Ru. It can be observed that the throughput
increases as the transmit power available at UCU increases,
however, the throughput converges to a constant value when
the SINR reaches a particular value. Also, the throughput
increases dramatically with increasing K. The close proximity
between analytical and simulated graphs proves the accuracy
of the throughput expression (55).

2) Downlink Communication
Fig. 10 depicts the outage probability at DCU during the

downlink transmission w.r.t. the available transmit power at
the AP for all three cases. As expected, the close proximity
between analytical and simulated curves proves the accuracy
of the derived expression for the outage probability in (57).
Also, similar to the previous figure, the outage probability
decreases with increasing transmit power at the AP, and the
outage probability for the RIS-only case is better than that
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Fig. 12: Outage probability at AP vs number of RIS elements.

for the Direct-only case. The outage probability is further
enhanced for the Direct+RIS case. Additionally, the outage
probability of the DCU is much lower than that of the UCU
despite the increase in the distance between AP-Rd and Rd-
DCU, this is because of the high transmit power available at
the AP and the number of RIS elements considered in RIS-Rd.

Fig. 11 shows the system throughput at the DCU during the
downlink transmission w.r.t. available transmit power at the AP
obtained for all three cases discussed in the previous figure. As
expected, the close proximity between analytical and simulated
curves validates the accuracy of the throughput expression
(60). At low transmit power, the throughput of the system
corresponding to the higher target rates is very low, but as the
power increases the system throughput also increases. Subse-
quently, after a specific value of transmit power the throughput
saturates and yields the maximum achievable throughput for
the considered range. Moreover, it can be observed that the
system throughput for the RIS-only case is better than that of
the Direct-only case. Additionally, the throughput is further
enhanced for the Direct+RIS case. Furthermore, to highlight
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Fig. 13: Outage probability at DCU vs number of RIS elements.
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Fig. 14: Infinite and finite block length transmission.

the impact of the number of RIS elements on the outage
behaviour, we plot the outage performance at the AP during
uplink transmission versus the number of RIS elements K at
Ru in Fig. 12, and the outage performance at DCU during
downlink transmission versus the number of RIS elements N
at Rd in Fig. 13. For uplink transmission, it is obtained for
different values of the transmit power Pu available at UCU and
the target rate at AP. As can be observed, due to the increase
in diversity, the outage probability improves with increasing
K. However, because of the increase in the SINR threshold,
the outage probability degrades with an increase in the target
rate at the AP. The outage probability at DCU also follows the
same behaviour w.r.t. N at Rd. Thus, depending on the QoSs
and available power, one can always choose an appropriate
number of elements at each RIS.

C. Comparison of IBL and FBL transmission

Fig. 14 compares the IBL and FBL transmission network
performance which is obtained by plotting throughput (Tu) and
goodput (Gu) with respect to blocklength. It can be observed
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Fig. 16: Average downlink rate vs blocklength.

that Gu increases with increasing blocklength. Additionally,
Gu approaches Tu as blocklength tends to infinity. However,
in contrast to the IBL analysis, the FBL analysis captures
the more realistic performance estimates for short packet
transmission (i.e., low-latency communication).

D. Achievable rate results

Fig. 15 shows the average achievable rate at the AP during
uplink communication for FBL and IBL transmissions. It
is obtained by plotting R̃up and R̃UL w.r.t. blocklength for
different numbers of elements K at Ru with Pu = −11dBm.
The close agreement between the simulated and analytical
graphs validates the accuracy of the derived expressions in (64)
and (66). It can observed that R̃up increases with an increase
in ϖs, whereas R̃UL is constant throughout the range of ϖs.
Additionally, R̃up → R̃UL as ϖs increases.

Similar to Fig. 15, Fig. 16 depicts the average downlink
achievable rate for FBL and IBL transmissions which is
obtained by plotting R̃dl and R̃DN w.r.t. ϖd for the different
numbers of reflecting elements N at Rd with Pd = −2dBm.
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Fig. 17: Achievable rate vs transmit power at AP.

The graph validates the accuracy of the derived expressions in
(69) and (70) and the simulated results. As we increase ϖd,
R̃dl also increases, whereas R̃DN remains constant throughout
the range of ϖd. However, it can be observed that R̃dl → R̃DN

as ϖd increases.
Fig. 17 depicts the average achievable rate of uplink (R̃up)

and downlink (R̃dl) transmission plotted for FBL transmission
w.r.t. transmit power (Pd) at the AP for different values of
SI cancellation factor (ρ) with Pu = 17dBm and ϖd =
ϖs = 3000. As expected, R̃dl increases with an increase in Pd

whereas, due to the imperfection in SI cancellation (ρ ̸= 0),
R̃up decreases for the same context. In addition to this, one
can also notice the decrease in R̃up with an increase in ρ. For
example, R̃up ≈ 7 when ρ = 10−4 whereas R̃up ≈ 4 when
ρ = 10−3 at −15dBm. Therefore, there is a trade-off between
the uplink and downlink rates because of the SI at the AP.
Thus, for achieving the desired QoS, a judicious choice of
transmit power at the AP is very important.

E. Impact of imperfect CSI

As discussed earlier, we have considered perfect CSI for
analytical tractability. However, in order to provide some
useful insights, in Fig. 18 we demonstrate the impact of
imperfect CSI on the achievable throughput (Tu) for different
transmit power available at UCU and for different values of
δu and K. As expected, the throughput is maximum when
there is no CSI error. However, there is a significant decrease
in throughput with an increase in δu. For instance, for perfect
CSI, i.e., δu = 0, Tu ≈ 0.78 at Pu = −15 dBm with K = 20,
whereas Tu ≈ 0.69 for δu = 0.1 and Tu ≈ 0.61 for δu = 0.2
at Pu = −15 dBm with K = 20. Interestingly, Tu at K = 60
and δu = 0.2 is still greater than Tu at K = 20 and δu = 0.
Thus, one can always increase the number of elements at the
RIS to achieve the desired QoS in the presence of imperfect
CSI.

Similar to the previous figure, Fig. 19 shows the impact of
imperfect CSI on the achievable downlink throughput (Td) for
various transmit power available at the AP for different values
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Fig. 19: Impact of imperfect CSI on downlink throughput.

of δd and N . It can be observed that the system performance
degrades as the imperfection δd increases. For example, at −10
dBm with δd = 0.2, the system has an achievable Td ≈ 0.4 for
N = 20. However, when N = 80 and δd = 0.2, the system
has an achievable Td ≈ 0.7. This indicates that a judicious
choice of RIS elements can help in achieving the desired QoS
in the presence of CSI estimation error.

F. NOMA-enhanced Multi-user Communication

For the multi-user case, in our simulations all of the users
are assumed to be distributed within a distance of 50 − 70m
from the AP and 5− 15m from the respective RIS, while all
other parameters are considered to be the same as in the single
user case. Moreover, the devices in each link are considered
to be on either side of the AP in order to avoid interference,
and optimum power coefficient allocation is obtained using
an exhaustive search algorithm [51]. Fig. 20 and Fig. 21
depict the variation of the outage probability for downlink
and uplink transmission, respectively, considering two uplink
and two downlink users. Fig. 20 is obtained by plotting the
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Fig. 20: Multi-user downlink outage probability
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Fig. 21: Multi-user uplink outage probability

outage probability at each DCU w.r.t. transmit power (Pb)
at the AP for RIS-only and Direct+RIS cases. As expected,
the close proximity between analytical and simulated curves
demonstrates the accuracy of the derived expression (76) for
the outage probability. It can be observed that the outage
probability decreases with an increase in transmit power at the
AP for both cases. However, due to higher SINR, Direct+RIS
provides better performance compared to the RIS-only case.
Moreover, as the number of reflecting elements N is increased,
the outage probability decreases. A similar behaviour can also
be observed in Fig. 21, which is obtained by plotting outage
probability at the AP corresponding to each UCU symbol w.r.t.
transmit power at each UCU, i.e., (Pu1 = Pu2).

The average BLER for the DCUs is plotted in Fig. 22 by
varying Pb. Similar to Fig. 20, it can be observed that, due
to an increase in net SINR, the average achievable BLER
improves as the transmit power at the AP increases. The
simulation results are in close agreement with the BLER
expression derived in (44), which proves the accuracy of
the derived analytical expression. It can be observed that the
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Fig. 22: Multi-user downlink BLER
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use of the RIS can provide a significant improvement in the
achievable BLER for the downlink communication.

We highlight the impact of the number of DCUs on the av-
erage outage probability (AOP) of the downlink transmission,
which is defined as Pd,avg = (1/L)

∑L
l=1 POdl, in Fig. 23. It

can be seen that the AOP of downlink transmission increases
with increasing L. This behaviour of the AOP is due to the
increase in inter-user interference at each user that leads to
a reduction in net SINR for SIC and user symbol decoding,
which in turn increases the probability of outage at each user.
Further, it can also be noted that there is an improvement in
performance with an increase in Pb. Similarly, we highlight the
impact of the number of UCUs on the average BLER at the AP
during uplink transmission in Fig. 24. Clearly, the observations
are similar to Fig. 23. Thus, we can say that higher transmit
power at each device allows the system to accommodate more
users in each link.
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Fig. 25: Impact of training overhead

G. Impact of Training Overhead

Finally, we show the impact of training overhead on the
goodput performance of the considered network in Fig. 25.
It is obtained by plotting the uplink goodput (Gu) versus the
number of reflecting elements (K) at the RIS with Pu = −25
dBm and ru = 3 for different values of ϖtot,s. Further, for
simplicity, we assume that ϖtrain,s = K + 1 for obtaining K
cascaded UCU-RIS-AP channels and one direct path channel
(UCU-AP), and thus ϖs = ϖtot,s − (K + 1). It can be
seen that at first, due to passive beamforming gain, there is
a significant increase in Gu with increasing K. However, Gu

reaches a peak value after a certain K and thereafter decreases
significantly with increasing K. The main reason for this
behaviour is the high value of ϖtrain,s for higher K leading
to a significant decrease in ϖs, which in turn decreases Gu.
For example, for ϖtot,s = 400, Gu increases from 0.1 to 0.9
when K increases from 1 to 50 whereas Gu decrease from
0.9 to less than 0.1 when K increases from 50 to less than
250. It can also be noted that due to the increased training
overhead, the goodput Gu eventually becomes lower than that
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of the Direct-only case. In such cases, where ϖtot,s is limited,
the use of a large number of elements at the RIS is not
justified. Therefore, in such cases, one needs to choose an
optimum value of the number of RIS elements to maximize
the performance. However, it can be seen that a higher ϖtot,s

allows the system to support larger values of K. For example,
the peak value of Gu is obtained at K = {45, 50, 70} when
ϖtot,s = {200, 400, 600}, respectively. The main reason for
this is the fact that after fixing ϖtrain,s, higher ϖtot,s will
assign higher ϖs (ϖs >> ϖtrain,s), hence alleviating the
impact of training overhead.

VIII. CONCLUSIONS

In this paper, the performance analysis of an RIS-aided
FD communication network consisting of an FD-AP that
communicates with an uplink and a downlink cellular user
simultaneously presented for the case of infinite and finite
blocklength. We analyzed the performance of the considered
system by deriving closed-form expressions for the outage
probability, throughput, BLER and goodput, calculated the
maximum achievable rate for FBL and IBL transmission for
both uplink and downlink communications, and validated their
accuracy using Monte-Carlo simulation. Further, based on the
single-user framework, we extended the analysis to a more
practical case with multiple users utilizing NOMA on each
link and derived the analytical expressions for the outage
probability and BLER at each downlink user and at the
AP. Through comparative analysis, we have highlighted the
performance gains achievable through the use of the RIS in
FD communication. We also demonstrated the impact of the
transmit power at the AP on the performance of uplink com-
munication and showed why it is extremely important to use an
appropriate transmit power during downlink communication in
order to attain desired performance in uplink communication.
We also highlighted how a judicious choice of the number
of RIS elements can help to achieve the desired QoS in
the presence of CSI estimation error. Such a mathematical
framework can aid in the design of efficient and reliable
RIS-aided FD networks for future wireless applications. An
interesting direction for future work is an extension of this
work to a more general case where each device has multiple
antennas.

REFERENCES

[1] Y. Liu, X. Wang, G. Boudreau, A. B. Sediq, and H. Abou-Zeid, “A
multi-dimensional intelligent multiple access technique for 5G beyond
and 6G wireless networks,” IEEE Trans. Wireless Commun., vol. 20,
no. 2, pp. 1308–1320, Oct. 2021.

[2] L. Wei et al., “Multi-user holographic MIMO surfaces: Channel model-
ing and spectral efficiency analysis,” IEEE J. Sel. Top. Signal Process.,
vol. 16, no. 5, pp. 1112–1124, Aug. 2022.

[3] Q. Wu and R. Zhang, “Intelligent reflecting surface enhanced wire-
less network: Joint active and passive beamforming design,” in IEEE
GLOBECOM, Abu Dhabi, United Arab Emirates, Feb. 2018, pp. 1–6.

[4] H. Zhang, H. Zhang, B. Di, K. Bian, Z. Han, and L. Song, “Towards
ubiquitous positioning by leveraging reconfigurable intelligent surface,”
IEEE Commun. Lett., vol. 25, no. 1, pp. 284–288, Sep. 2020.

[5] J. Lyu and R. Zhang, “Hybrid active/passive wireless network aided
by intelligent reflecting surface: System modeling and performance
analysis,” IEEE Trans. Wireless Commun., vol. 20, pp. 7196–7212, Nov.
2021.

[6] C. Huang et al., “Multi-hop RIS-empowered terahertz communications:
A DRL-based hybrid beamforming design,” IEEE J. Sel. Areas Com-
mun., vol. 39, no. 6, pp. 1663–1677, Jun. 2021.

[7] S. Zhang and R. Zhang, “Capacity characterization for intelligent
reflecting surface aided MIMO communication,” IEEE J. Sel. Areas
Commun., vol. 38, pp. 1823–1838, Aug. 2020.

[8] M. A. Kishk and M.-S. Alouini, “Exploiting randomly located blockages
for large-scale deployment of intelligent surfaces,” IEEE J. Sel. Areas
Commun., vol. 39, pp. 1043–1056, Apr. 2021.

[9] H. Lu, Y. Zeng, S. Jin, and R. Zhang, “Aerial intelligent reflecting
surface: Joint placement and passive beamforming design with 3D beam
flattening,” IEEE Trans. Wireless Commun., vol. 20, pp. 4128–4143, Jul.
2021.

[10] M. H. N. Shaikh, V. A. Bohara, and A. Srivastava, “Performance analysis
of a full-duplex MIMO decode-and-forward relay system with self-
energy recycling,” IEEE Access, vol. 8, pp. 226 248–226 266, Dec. 2020.

[11] K. Singh, S. Biswas, M.-L. Ku, and M. F. Flanagan, “Transceiver
design and power control for full-duplex ultra-reliable low-latency
communication systems,” IEEE Trans. Wireless Commun., vol. 21, no. 2,
pp. 1392–1406, Feb. 2022.

[12] B. C. Nguyen, T. M. Hoang, L. T. Dung, and T. Kim, “On performance
of two-way full-duplex communication system with reconfigurable in-
telligent surface,” IEEE Access, vol. 9, pp. 81 274–81 285, Jun. 2021.

[13] S. Dhok, P. Raut, P. K. Sharma, K. Singh, and C.-P. Li, “Non-
linear energy harvesting in RIS-assisted URLLC networks for industry
automation,” IEEE Trans. Commun., vol. 69, no. 11, pp. 7761–7774,
Nov. 2021.

[14] A. Faisal, I. Al-Nahhal, O. A. Dobre, and T. M. N. Ngatched, “Deep
reinforcement learning for optimizing RIS-assisted HD-FD wireless
systems,” IEEE Commun. Lett., vol. 25, no. 12, pp. 3893–3897, Dec.
2021.

[15] P. K. Sharma and P. Garg, “Intelligent reflecting surfaces to achieve
the full-duplex wireless communication,” IEEE Commun. Lett., vol. 25,
no. 2, pp. 622–626, Oct. 2020.

[16] A. Bansal, K. Singh, and C.-P. Li, “Analysis of hierarchical rate split-
ting for intelligent reflecting surfaces-aided downlink multiuser MISO
communications,” IEEE Open J. Commun. Soc., vol. 2, pp. 785–798,
Apr. 2021.

[17] W. Mei and R. Zhang, “Performance analysis and user association
optimization for wireless network aided by multiple intelligent reflecting
surfaces,” IEEE Trans. Commun., vol. 69, no. 9, pp. 6296–6312, Jun.
2021.

[18] F. Karim, B. Hazarika, S. K. Singh, and K. Singh, “A performance
analysis for multi-RIS-assisted full duplex wireless communication
system,” in Proc. IEEE ICASSP, Singapore, May 2022.

[19] Q. Tao, J. Wang, and C. Zhong, “Performance analysis of intelligent
reflecting surface aided communication systems,” IEEE Commun. Lett.,
vol. 24, pp. 2464–2468, Nov. 2020.

[20] L. Yang, F. Meng, M. O. Hasna, and E. Basar, “A novel RIS-assisted
modulation scheme,” IEEE Wireless Commun. Lett., vol. 10, no. 6, pp.
1359–1363, Jun. 2021.

[21] H. Alves, G. D. Jo, J. Shin, C. I. Yeh, N. H. Mahmood, C. H. M.
de Lima, C. Yoon, N. Rajatheva, O. Park, S. Kim, E. Kim,
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