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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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HE 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



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~°-
10~% [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:

e 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.

e 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.

e 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.

e 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.

e 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
VIIL

Notations: Matrices, vectors and scalars are denoted by
boldface upper case, boldface lower case and lower case
letters, respectively. Also, CN(0,02) denotes the complex
Gaussian distribution with zero mean and variance o2. 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 transfer!.
In particular, the UCU transmits its information uplink to the
AP with the aid of the RIS (R,) having K reflecting elements
(K e€{1,2,...,K}) and at the same time the AP transmits its
information downlink to the DCU using the RIS (R;) having
N reflecting elements (N € {1,2,...,N}).

A. Channel Model

In the uplink, h,; represents the channel gain of the direct
path between UCU and AP. Also, the channel between UCU
and the k' element of R, is denoted by hyi. Thus, the
vector of channel gains between the UCU and R, is denoted
by hy, = [hu1, by, - .,huK]H. Similarly, the channel gains
between R, and AP is denoted by hy = [h1p, hoy, . . ., hp|P
where hy, depicts the gain between the k" element of R,
and AP with k € K. Further, ® = diag[e’?1,... /%]
represents the phase shift matrix at R, with 6, € [0,27)
denoting the phase shift of the k" element. Correspond-
ingly, in the downlink, the channel between AP and R, is
expressed as g, = [go1, 9b2; - - -, Gon)'! With g, representing
the channel gain between AP and the n'" element of R,.
Additionally, the channel between R; and DCU is denoted by
g; = [91d, 924 - - -, gna)t with g,,4 representing the channel

Based on the product-distance path loss model [29], we can infer that the
average received signal power through the “AP-RIS-R,-DCU” link and the
“UCU-RIS-R4-AP” link is negligible.



gain between the n'” element of R; and DCU with n € N.
Furthermore, gpq is the channel coefficient for the direct path
between AP and DCU. ® = diag[e/?1, ... e/?N] depicts the
phase shift matrix at Ry with ¢,, € [0, 27) denoting the phase
shift of the n'” element. Due to the non-line of sight (nLoS)
nature of the direct link between AP and CUs, we assume A,
and gyq follow CA(0,02) and therefore their magnitudes are
Rayleigh distributed [19], [30], [31] with a PDF of

Fr(y) =ye ¥/?, (1)

where Y € {hup, gpa}. However, due to LoS nature of the
links between the RIS and the devices, we assume Ay, hip,
gon and g,q 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(w) = %xzm_l exp (—gﬁ) ., @
where X € {h, g}, i € {uk, kb,bn,nd}, and m; and §2; 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 impairments?.

B. Information Transfer

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

Yu = (W' Ohy, + hyup)\/ Pusu + g/ Posa+ np . (3)
—— ~
AWGN

desired signal SI

where n, ~ CN(0,02%) denotes the additive white Gaus-
sian noise (AWGN). gy, ~ CN(0,75;) denotes the self-
interference (SI) channel and s; is the unit-energy symbol
transmitted from AP to DCU (the transmit power used is Pj).
The SINR to decode s, from y, can be expressed as

Py

(62 + Psy)
2

Yu = |h?®hu + hub|2

Py

= Pk hip€ % + hyp| —5——,
> hukhis b CES

ke

“)

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 Ps; = p|1)si|? P, is the power of the residual SI® with
p € [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 s4 to DCU. The signal received at
DCU can be expressed as

Ya = g3®g,\/ Posa + gpar/ Posa + &, (5)
AWGN

desired signal

where ng ~ CN(0,02) is the AWGN. The signal-to-noise ratio
(SNR) required at DCU for decoding s4 from y4 is given by

Ya = |85 ®g, + v, > Po/0”
2

= ZNgbngndej‘b"ngbd Py/o?. 6)
ne

III. SINR CHARACTERISTICS

As discussed earlier, the AP receives the uplink information
from UCU with an SINR of +,, given in (4). We derive the
PDF of 7, in the following Lemma:

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

T K (721&22)2 1"(m11—‘—i(-1(i;15;£87nlz;-05)’ O-}QLT — KO —
2 2

B, a= 40—, q = 1;,%’“‘

(Ps; + 02)/P,. m1 and Q are the shape and spread pa-

rameter of hyi,Vk € KC, while mo and Qo are the shape and

spread parameter of hyy,Vk € K. Note that the accuracy of

(7) increases with increasing K.

,v=ajop and o =

Proof. To evaluate the PDF of +,, we first simplify (4) as
2
> |hur||hry] exp(—5 (Our + Orp — Ok)) + hup| P
kex

T (02 + Psy) ’

3
where 0,5 and 6y, denote the angle of h,; and hgy, respec-
tively. Now, as shown in [41], [42], the SINR is maximized
at O, + Orp, = 0). Therefore, we also evaluate the PDF
considering 6,1 + Ok, = 0ixVE € K. Next, we define
hi 2 |hur||his|, and considering the independence of |h |
and |hgp|, we evaluate the PDF of hy as

fm@%:AmﬂwﬁmM@ﬁmu@wﬁw ©)

Using (2), we can write

oo

2mm1y2m171 m 2m7"2 2]y 2mo—1
a9 = [ 2R e () 22 L
) F(ml)Ql Ql F(m2)92
2\ 1
X exp <mQZ ) —dy, (10)
Dy )y

where {myr = m1, Mgy = Mo, Qur = A1, Qg = Qo }Vk €
K, {mpn, = mz,mpg = ma, U, = N3, Qg = U}Vn € N.

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

obtain
fuo(2) = Spzmtmalg, (22 FEEE2
Q109
"7L2777L1
1 ma .
where 51 = F(m?;il(m;)’gmﬂmg z?g; . Using (11)

and the central limit theorem (CLT) for large K the PDF of
h, & Zk:l hi can be closely approximated as a Gaussian
distribution with mean . and variance 0,2“, which can be
expressed as

1
Jn.(y) = meXp (

Next, defining Z,, = |h, + hys|, and using (1) and (12), we
obtain the PDF of Z, as

—(y — ,uh,.)2

12
207 12)

z o _ _ 2
:/ Y e (= v )yt dy.
0 /QWJ,QLT 20hr 2
(13)
After some mathematical simplification, we have
e (55) 7 2
fz,(z) = 2 /yexp(—qy +oy)dy.  (14)

[0 2
2moy, Y

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

Fig. 2 compares the derived PDF in (15) of the variable
Z,, 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 Z,,, we can express the PDF of ZZ as (16), which
is given on top of the next page. Further, from (8), the PDF
of the SINR 7, in terms of the PDF of Z2 is expressed as

fra (V) = fz2 (va) . (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 -+, considering
the direct path as a Nakagami-m channel in the following
lemma.

Lemma 2. The PDF of the SINR ~, when hy, follows a

Nakagami-m distribution can be approximated as

—a2

2mI e 2 s
fru () = :
L(ms)Qms /2yara;
y W?nns B q\/%Qms—i-Q B ,Ya2m5+1 (18)
2m5 2m5 +2 2m5 +1 ’

where ms and Q5 are the shape and spread parameter of hy,
respectively.

Proof. We first consider that, instead of a Rayleigh distri-
bution, h,; follows a Nakagami-m distribution with shape
and spread parameters ms and (25, respectively. Thus, re-
evaluating the PDF of Z,, = |h, + hyp| in (13), we obtain

2

—a

2052

2m5 e “hr

L(ms)Qms /210

z

fz,(z) =

X /y2m5’1 exp (—qy® + vy)dy. (19)
0
Using e~ % = (1 — ax) [43], we obtain
42
2mg" 5¢27h,
fz,(2) =
L(ms)Qms /2107
% / (qy2m571 7y2m5+1 +’Uy2m°) d
0
,az
_ 2m 5020,
L(ms)Qms /2107
2ms 2ms+2 2ms+1
w (2 & _ . (0)
2m5 2m5 + 2 2’[77,5 +1
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 Z?2 in (16). It is noteworthy
that a non-negative random Vanable (RV) Y with first and
second moments given by p, and ,ugf), respectively, can be
approximQated as a Gamma RV (G) ie. Y p G(zﬁ;,u) where
Y

K= =

% represents the shape and v = represents

e
the sceﬁe pai,rameters [44]. Thus, the PDF and CDF of Y can
be expressed as [45]

Fr(y) = (w/v)"y" e/ T k),
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Fig. 2: PDF of Z, using CLT Fig. 3: PDF of Z, using MM method
2
Fy(y) = 'y(mz/)/l"(n), 2n where Kk, = L v, = M The PDF and CDF

where v represents the lower incomplete Gamma function
[46]. For analytical simplicity, we assume €2; = 1Vi €
{1,2,...,6}. Therefore, in contrast to the CLT used in (12),
similar to [44], h, can be approximated as Gamma RV given

by 2 1 2
hTN(G(K Mo _““), (22)
1- Hy, Hu
mi+1 mo+1 .
where p,, = Ffil);?ﬂizigmf;jl) . The mean and variance of

. 1 2
h; are given by u,; ~ = Kuu,ugr) — u%r = K(l —,ui).
Since, Z2 = |h,. + hy|? , the first and second moments of Z?2

can be expressed as jiz, = ui)b + ,u;i) + 2uhubuh,,,,u(223 =
(4) (4) 2,2

3 3
R ol e e e o 4/1;1:5“% + 4uhub/¢§%)7 where
(» _ _T(ms+5) ()

_ F(K”hr“’)(”hr)p
Phiv = Tlmo)(ma)p7?> Fhe =
2

r(Kr, ) Fn. =
@)_ 2
Fu Using i, , u(ZQM) and the MM method,

hoe

tho, _ M
@ oV T T

22 ~G (K, v, ), (23)

of Z2 can be obtained by substituting x = Ky, and v =wv,
in (21). For explicit clarity, we verify the accuracy of the MM
method by plotting the PDF of Z,,, 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 +, using the MM method can be evaluated as

MM ) = (5, [v5,) 2 (ay)" 2 te™Fa /Y20 D (k).

(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.



Lemma 3. The PDF of v, when gy, follows a Rician distri-
bution is approximately given by (25), which is given on top
of the next page, where 1.y is the modified Bessel function
of the first kind with order r and v denotes the number of

degrees of freedom, up,, = K ( (4L ) # Iy 0.5)r(ma s J

) myma I'(m1)T(m2)
U%L = KMQy — H;}é’ a(x) = \/ya(z) = pn,, q¢ =
(1+0h )/ (207 ), X = pn,/op,, v(z)=a(x)/on , and
ox) = (Pyx + 0°)/ P

Proof. To evaluate the PDF of ,,, we first simplify the uplink
SINR as
2

Z [Pk ||| €xp(—5 (Our + O — Ok)) + hup| Pu

“ Py|ges|?* + o2 7

(26)
where gy, is the SI channel which follows a Rician distribution
and the PDF of its absolute square (|gs|?) follows a non-
central Chi-square distribution [45]. Thus, (25) can be obtained
by substituting Ps; = Py|gw|? and averaging (16) over
the PDF of |gy|?. 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 v, is approximately given
by (27), which is 1given on top of the next page, where

_ 0304 ) 2 T(m3+0.5)(my+0.5) o
oo = N (Sae) m?<m3>r<Zi> L 02 = N0, —
M p = A8 — iy, t = 5 29’“, w=p/o?, B=02/P, ms

and Qg are the shape and spread parameter of gy, for all
n € N, my and Q4 are the shape and spread parameter of
Gna for all n € N.

Proof. To evaluate the PDF of 4, we first simplify (6) as

Ya = (Py/0?)|gba

+ ZnGN |gbn‘|gnd| eXp(_j (d)bn + (bnd - ¢n))|27 (28)

where ¢y, and ¢,4 denote the angle of gy, and g4, re-
spectively. Similar to (8), we evaluate the PDF of ~,; con-
sidering (dpn + Pna = ¢n)Vn € N. Next, we assume

Zq > |gvnllgndl + gva|- Note that the PDF of Zg,
N

ne
fzg (z), can be evaluated using steps similar to those used
to obtain (16). Furthermore, from (28), the PDF of the SINR
74 can be expressed in terms of the PDF of the channel gain
Z2% via
fra(V) = fz2 (48) .
Using (16) and (29), we obtain (27). [ |

(29)

Similarly, considering g54 as Nakagami distributed, the PDF
of the SNR ~y, is given by

P2
exp( 20’2 )

['(mg)Qme, /2y o2

y (\/’y—ﬂ?mg, tm2m5+2

2m5 B B

2m

Fra(y) =

wm”’”“) o)

2m6+2 2m6+1

where mg and )¢ are the shape and spread parameter of gpg.
Further, using an approach similar to (24), the PDF* of v,
using the MM method can be evaluated as

(R, fvy,) 5 (By) 5

-1

MM( —(ky /vy )BY
y) = e FalZamT o (31)
v L(k,,)
2y ”(Zz; 24 (2)
where Kz, = PN Vgy = pz, Hzy = Hgya +
4 4 2) (2
1 + 241,114, /}zj =1 4 D 6D 1 45 g +
4/“” /j‘(S) ﬂ(p) _ F(m6+ ) (») — F( y'r'+p)(’/9'r')p
Jovd 9bd F(m622(;n6)p/2, gr F(NI{ ) s
— 1 2
Rg. = ,uffl)Li ui’ gr #d #d’ 'u(gr) = NPJ 'u(gr) - 'ugr -
_ F(m3+2) (mat3) _ _ _
N (1= p3), pa = )T (m ) (msma) 172 Q3 =0y =0 =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 o3, be the overall BLER of the uplink of the considered
RIS-assisted network, assuming that the UCU transmits ag,
information bits in wy channel uses (i.e., the blocklength of
the channel code is @wy). Thus the code rate (in bits per channel
use) is given by 7, = ag, /ws. When wy is reasonably large
(> 100), the BLER can be tightly approximated as [47], [48]

- Clm) = o,
©b, ~E{Q ( V(%)/w) },

where C(v,) = logy(1 + =,) is the Shannon capacity and
V() = (1= (14 7.)72) (logy e)? 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

0195 \ 2 T'(m1+0.5)T(ms+0.5)
K (mimi) 11"(7r11)1"(mz) ’

(32)

next page, where pp,. =

2 1+ 2
0;21 = K005 — ]h(r, a= (&, +CG,) 0 — pn,., ¢ = QU?T’
(Psr + 0?)
_ _a_ _ \srro7) 1 ou
U_UE,T’Q P , U, —Qﬂ’W,G—Qb
LG, = 0 — 21%”\/— &, = 0+ 55— \ﬁ, B, is the

complexzty -accuracy trade-off parameter of the approximation,
and ¢, = cos ((2n — 1)7/(2By,)).

“Note 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.



(25)

(&, + Cp.)my/1 — §2 exp ( =

_ 22
4q2

©®p, ~Vp, /@

-6

+r( 2t 1g (r (35)-r (;g (¢<§bu+<bu><1+¢n>a—;)2>>

49Bu\[70} (6. + ) a

T ( (V& TG - q))

(33)

Proof. 1t is extremely difficult to compute ¢}, from (32) in a
closed-form expression due to the involvement of the ) func-
tion. Therefore, we utilise the piecewise-linear approximation

of Q (% £ = (7,) which is expressed as [49]

L, Yu < Cbu7

0‘5 - "‘9bu V Ws (,—Y'U‘ - 0)7 Cbu, < /-yu < gb'u,’ (34)
0, Yu > fbu~

E(’Vu) =

The final BLER is determined by taking the mean of = (v,)
with respect to the PDF of ~,, evaluated as
o~ [ E@i()ds (35)

0

where f,, () is given in (7). Applying integration by parts to
(35), s, can be simplified as

b, ~ / (@) Fy, (2)

- E@F. @ - [ Fu@dEe. 6o
where I, () is the CDF of the SINR +,,. Differentiating Z(z)
in (34) with respect to x and substituting the result into (36),
the BLER becomes

by,
F, (z)dz.
Cbu,

©p, = Vb, /s 37

Solvmg (37) using the Riemann integral approximation
f g(y)dy = (b —a)g((a + b)/2), we have

@b, ~ Do, VT (b, = Cou) Py, (€0, +G0,)/2) - (38)

In order to solve (38), we need to determine the CDF F,
Using the PDF f,, , the CDF can be evaluated as

0= [ s

Substituting f.,, 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 Rp,
denotes the error term. Note that R, becomes negligible for
higher values of B, [25], [46], hence it will not be included
in further equations. Substituting (40) into (38), the expression
for uplink BLER is obtained in (33). [ |

(39)

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

MM 19b \/7 (gb )
b L(kyg,)

« (KZM (., + b, ) (Ps1 +02)> .

2Py,
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 == (ws/wtot,s) Tu(l - SDUP)
= (1 - (wtrain,s/wtot,s)) Tu(l -

where 7, denotes the target rate for the uplink, @tyain,s denotes
the number of channel uses for uplink channel estimation, and
Wiot,s denotes the number of channel uses to communicate
the short packet (i.e., @Wiot,s = Wirain,s + @s). Note that for
the case of a short code blocklength w, and a high training

(41)

Pup); (42)



(40)

overhead @yyain,s (corresponding to a large number of RIS
elements), the goodput can be low due to a low value of the
fraction wirain,s/@ot,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
VIIL

3) Downlink BLER

Let ¢y, denote the downlink BLER of the considered RIS-
assisted wireless network, assuming that the DCU transmits
cqp information bits in wy channel uses (i.e., the blocklength
of the channel code is wy). Thus the code rate (in bits per
channel use) is given by rp, = c4p/w,. Similar to the uplink
case, we can write the BLER for downlink transmission as

. O(’Yd) — Tbg
#oa {Q ( vw/wd) } ’

where C'(vq) = logy(1 + 4) is the Shannon capacity and
V(va) = (1= (1 +74)72) (log, ¢)? is the channel dispersion.

Theorem 2. The achievable downlink BLER at the DCU can
be approximated by (44), which1 is given on top of the next

Q394 \ 2 T'(m3+0.5)T(m4+0.5) o2
msmay T'(m3)'(ma) > Ygr T
2 P

(43)

page, where g = N(
2

g, _ _ 4oy, _ P _ o
NQsQy — =, p=78 — pg,, t = 2U§Z’w_0'§r’ﬁ_Pb,
Uy, = ———— by, = 2" — 1 =60, — 57—~ and

ba omy/227bg 1 ba ade ba 29y, \/@a

&by, = Op, + W, By is the complexity-accuracy trade-off
parameter, and ¢, = cos ((2n — 1)w/(2By)).

Proof. Similar to (34), we can approximate () L)y
V(va)/wa
as
L Yd < Coys
R(va) = § 0.5 = Poy/@a(¥a = Obs)s  Cou < Va < Ebas

0, Yd = gbd'
45)

The BLER for downlink transmission is determined by taking
the mean of X (y4) with respect to the PDF of 7, as

Poy ~ /0 N(y)f’m (y)dy,

where f,, is given in (27). Applying integration by parts to
(46), wp, can be written as

(46)

by
Poy =~ ﬁbd\/@ ; F,, (y)dy
by
@ T Cba
= ﬁbdm(gbd - de)F'Yd (&)2Cb> s 47

where F, is the CDF of the SNR 4. Note that F,, 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 @3, is obtained as (44). W

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

MM U, vV @d (fbd - de) (fbd + de)UZ
Po, ~ F(sz) v (ﬁzd’ ( 2Pbl/Zd >> '
(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

Ga = (wd/wtot,d) ?"d(l - SOdp)

= (1 - (wtrain,d/wtot,d)) Td(l - Spdp)7 (50)

where ry denotes the target rate for the downlink, @irqin,d
denotes the number of channel uses for uplink channel es-
timation, and wy.,q denotes the number of channel uses to
communicate the short packet (i.e., @Wiot,d = Werain,d + @d)-

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(yu < 1), (51D
where v;;, = 2™ — 1 and the target uplink rate is 7.

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

_ Q195 \ 2 I'(m1+0.5)T(m2+0.5)

page, where pup, = K <m1m22> 11“(m1)1“(mz) ,
"

o} = K0Qy — =, a= /75,0~ i,

hy
q = (1403 )/(20% ), v=a/o} and o = (Ps; +0?)/Py,
B, is the complexity-accuracy trade-off parameter and
¢ = cos ((2n — 1)w/(2By)).

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

Pr(vu <7ih) = Fy, (Yih)- (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



Ba (&, + Gu)m/T— B exp (55 — 42 2
@0 00,7 /FalE0, — )Y (& ) [—F (1 5 (V& +6)0+e8- ) )
n=1 4th\/7T02 (&b + Coa) B
w? w 1 w? 1t w2
+T ( 4t> +T\/i (F (274t> -I (2a2 <\/(de + Cby) (1 + ) B — ?) ))] (44)
Ba [ ym\/1— @2 exp( v’ “’—2) w? " wA 2
Fu(v) = v \/T [F (14]5) —r(l (Vo +eni-2) )
n=1 d\/Tog 270
2
o t( <2 4t> ( (Vra+ens-=) m (48)
Bu Yin /1 — b exp (20% — ) ﬁ - q - v 2
Pou= (i, 1 rii, 5 294 (1 + ow,)
bu_l 4qB, ,/27T0h v o q q
v v? 1 q v\ >
+ \/Z](F 2,4(1) F<2,2 2’)/th1+¢b)04q) >>] (52)
Similarly, using (21) and (31), the downlink outage proba-
u 9 bility at the DCU using the MM method can be approximated
v, L . in(Psr +0°) (54) as
Ou F(Kzu)’y Zu? Pul/zu .

The throughput of the uplink communication at a target uplink
rate r,, is defined by
Ty = (1 = Pou)ra (55)
2) Downlink Outage Probability
For the case of conventional (infinite blocklength) commu-
nication, the downlink outage probability is given by

Poa = Pr(va < 7)), (56)

where fyfh = 2"4 — 1 and the target downlink rate is 74.

Theorem 4. The downlink outage probability at the DCU can
be approximated by (57), which1 is given on top of the next
Q3Q4 )f D(ms+0.5)0(ma+0.5) 2

page, where #gr =N (

msma F(77L3)F(7n4) Y gr T
NQ — d _ o 97‘ _ _Pp d
3 N , P = Wthﬂ - ,LLgT, = 20.2 , W= 52 an

J7
8 = P , By is the complexity-accuracy trade -off parameter

and ¢y, = cos (%)

Proof. The right hand side of (56) can be expressed in terms
of the CDF of v, as
= Py, (in). (58)

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

Pr(ya < %dh>

1 4 o2

PMM ~ Ak, , 2 . (59)

Od F(sz)’y ( Zg4 Pbyzd
The throughput of the downlink communication at a target
downlink rate r4 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

VYe2e = min{%m 'yd} (6])
Further, the outage probability of the relay network can be
evaluated as
Po = Pr(yeae <) = Pr(min{y,, va} < 7j,)-

Using Po, and Ppq from (52) and (57), respectively, we
obtain

Po =Pou +Poa — PouPou-
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V. RATE ANALYSIS
A. Uplink Rate Analysis

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

\/ ’Yu /st

where C(v,) = log2(1 + 7,) is the Shannon capacity,
V(vu) = (1= (1 +v,)72) is the channel dispersion, @y, is
the constant desired BLER for uplink transmission and Q@ ~*(-)
is the inverse Q-function. Therefore, (62) can be written as

Rup =logy (1 + 7u)
— Q7 (@p,)Nogye/T — (1 +7u) "2/ /ws.

The average rate can be expressed as E[R,;).

(63)

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

D
R ~ Wy _ Q (Qobu) 7
fur N; ((1 ) @ (1 1) m)
x (exp(ty) (1 — Fvu(tb))) )

where F., (ty) can be obtained by substituting (y = t,) in
(40). D denotes the accuracy-complexity trade-off factor, t,
represents it root of the generalized Laguerre polynomial

Lp(), and wi = Gopppr e

Proof. Solving E[R,,] with respect to PDF of ~,, we get

(64)

(1 QM (Bu)logse
]E[R“P}”O/<1+x @(1+x)2(¢m>>

x (1—-F,, (z))dz, (65)

Substituting the expression for I, into (65) and solve using
thw Gaussian-Laguerre quadrature method [43], we obtain
(64). ]

Corollary 1. When w; — o0, the maximum achievable rate
can be obtained using (64) as

RULNZ

B. Downlink Rate Analysis

w; exp(ty) (1 — Fyo(ts))/(1+1tp).  (66)

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

—VV(a)/maQ

Ry ~ C(va) (Pba)s (67)

(67) can be written as

Ra =log, (1 +7a)
— Q! (@vy)logyer/ (1 — (1 + 7a)~2) /-

The average rate can be expressed as Ry = E[Ra)-

(68)

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

Ry ~

M

Z Wn Q" (&ba)wn

— n w +1 tz + 2t

S\ +t) @ (14 t)* VI + 2t
x (exp(tn) (1 = Fra(tn))) ,

where F, (t,) can be obtained by substituting (v = t,) in

(48). M denotes the respective accuracy-complexity trade-off

factor, t,, represents the n'* root of the generalized Laguerre
polynomial Lp(+), and wy,, = t,,/((n + 1)?[Lyy1(tn)]?).

Proof. Rdl

(69)

= E[Rq] is solved following steps similar to (65).
]

Corollary 2. The downlink rate when wg — oo can be
obtained from (69) as

M

Roxn~y a(tn))/(L+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-R,, 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

+vVnrPysar,

(71)

Sa=\mPesa1 + -+ VmPesa + - -

where 7; is the power allocation factor for the symbol sy
intended for the {** DCU. Thus, the signal received at the [th
DCU is given by

Yar = (gvar + 8 PLy) Sa + N, (72)

where g, = (9141, 92d1, > GNalls & = [9b1, Gb2s -+ gon ]!

and ng ~ CN(0,02). Without loss of generality, it is assumed
that [|gea1 + 8a1Pgs| < [gpaz + a2 ®gs| -+ < |grar +



g4 ®gy|] [28]. According to the NOMA principle, the [t"

DCU needs to decode the signal sq4;Vi € {1,2,...,1 — 1}
from yq;, with an SINR of
bl + Sa®gy|*ni Py
Yari = L . (73)

Zf:iﬂ \gbar + 8ar Py |2n; Py + 02

After decoding each symbol, SIC is performed to remove that
symbol from the received signal. After [ — 1 iterations of SIC,
the I*" user decodes its own signal sg; with an SINR of

|gvar + 8o |*m Py
Zf:zﬂ |9vai + 81 ®gy|*n; Py + 02

Vi = (74)

Let Zg = |gpar + 8a®gs|. Note that the PDF of ZZ can be

derived similarly to (16). Next, due to the multi-step SIC, the

outage probability at the I** DCU can be expressed as

Poar =1 —Pr (i 2 74 Vi € {1,2,....1 = 1}, 9a 2 7l
(75)

where vt = 284 — 1 vie {1,2,...,1} is the minimum
required SINR threshold corresponding to the target rate Rg;
of the i*" DCU.

Theorem 7. The outage probability at the 1" DCU can be
approximated as (76), which ils given on top of the next page,

Q394 \ 2 ['(m3+0.5)'(my+0.5) 2
where fig,, N(m3m41> T(m3)T(mar) v Og =
2 2
o 2
NQ3Qy — "8, p = /2 — pg,,, t grit T3

and Q3 are the shape and spread para;;zeter of gon,Vn €
N, my, and Q4l are the shape and spread parameter of
Gndi;Vn € N, ’de = max (3, 4/ Vi € {1 sl =13,
,?th — Vdi o’ ,Ayth — ’Yd‘l.a-

dl ”thfzj 1+1 M5 Pb"/t? > ni Pp— Z_j:i+1 ﬂsz’YéiL ’
Proof. Substituting (73) and (74) into (75) and performing
some simplification, we obtain

Poar =Pr (g4 ®g, + garl> < 7) - (77)

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

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, gogu) and goiu) represents
the BLER at the [*" user corresponding to (73) and (74),
respectively.

Next, the closed-form expression of 905121) can be obtained
by substituting 7q;,;, 7p,, and wgq; in place of vy, 1, and wy,
respectively, in (43), and thereafter using an approach similar
to that of (44). The achievable average downlink BLER at the
I*" DCU can be expressed as

(1) 1) (2)
=pa t (1 — Pai ) Yg t

1
+ (1 - 90511)> (1 - 90((11))

®di

(1-¢i ) el as)

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

Yu = Zfz

(hubm + humehb) V umsum

Signal received at the AP

+ g/ PrSa+ b 79

oV Pusq b (79)
SI AWGN

where  h, = (hiy, hov, -+ s his)s hum =

[humla hqua T humK]H and ny o~ CN(O, 0'2) is the

AWGN, P, denotes the transmit power used for transmitting
the symbol s, at the mt" UCU. Similar to downlink, we
assume |hub1+ huzgthPQ“ > |hubj + huJGhb|2Pu]VZ > g
where 4,5 € {1,2,..., M}. Thus, according to the NOMA
principle, the AP will first decode the i*” UCU symbol, then
perform SIC and decode the j** UCU symbol. Therefore, the
SINR for decoding s,, from ¥, is given by

|h ®hb + hdm|2Pum
ZJ 1 [Bui®Ohy + hgj|*Puj + Psr + o

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

m})a

where P = 2Bum —1V¥m € {1,2,..., M} is the minimum
required SINR threshold corresponding to the target rate Ry,
of the m!* UCU. Substituting 7,,, from (80) into (81), we

have
h
’Y;i) :

(82)

Poum = Pr (’ym < %”Vz € {1,2,. (81)

POum =

P |h ®hb + hd1 |2Rn

r
Z] =i+1 ‘hUJGhb =+ hd]‘zpu_] + Psy + o2

Note that the presence of hy, 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-form® 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
th 5
7u1yU2
'%ula HuQ
ul + 'Yul u2

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

pMM

Oul ™~ (83)

th 2
R Yus(Psr+0”)
’Yfﬁ’/uQ v (KU’2’ Pyvy2
POu2 ~1 th ~ ’iula K‘u2 + T
Vul + ’Yulyu2 ("{UQ)

(84)

X (1 -1 <’Y1L1Vu2 '%ulv ’%u2>) )
Vy1 + "Yulyu

SFor 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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TABLE I: Simulation Parameters

Para. Value Para. Value Para. Value Para. Value

o? —100 dBm | Pg; —10dBm | 7y =1¢ 1 asp 50

my 2 mo 2 ms 2 my

Q 1 Qo 1 Q3 1 Qy 1

AP —DCU | 60m UCU — R, | 3m ws(wg) | 150(200) | cap 70

R, — AP 50m UCU — AP 50m AP — R; | 60m R;—DCU | 5m
where I(.;.,.) is the regularized incomplete beta function, where
N o (Hu2pu2uu2+PSI+02)2 N N N _p
Ry2 = K1L2(Pu27/u2)2 y Ryl = K’ul) Uyl = ulVul, Qoul mﬁbul‘/wul (gbul —_ Cbu,l)

w2 (Puavu2)?

Vug = ep 2t s, Kuir Vui and other parameters for
the it" DCU are obtained using the concept explained in
Section II-B.

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

Pout = Pr (v <7%)
Z2. P
:PI' ult u < th , 85
(ZzzPuz P o? S 6>

where Z,; |hy,®hy, + hg;| for @ € {1,2}. We then
assume that, similar to [44], Z,,; and Z,o are approximately
independent of each other. Thereafter, similar to (23), the
distribution of Z2, is approximated as G (ky1, ,1). Similarly,
Z2, follows the distribution G (t)2,v,2). From the afore-
mentioned discussion, it can be noted that the SINR 7,
equivalently can be represented as the ratio of two Gamma
RVs and follows the beta prime distribution [45]. Thus, the
CDF of -, can be evaluated as

Pr{vua <y} =1 (

yﬁu?

P ———— "%ulv P”u?) . (86)
Uy1 + Y2

Substituting y ’yfﬁ in (86), we obtain (83). Similarly, for

m =2 and M = 2, we have
2 2
Poug = Pr ( 5 i <t Zuz Pz vi’é) :
ZioPu2 + Psr+ 1 Psr+1
387)
Alternatively, Poy2 can be evaluated as
Z2. P
Pou = Pr Hl < Ath
Ouz (Z§2Pu2+P51+1 = Tul
Z2, Py Z2oPus
P ul® u > ,th P u2- u < th )
+ Pr <Z32Pu2 I PSI +1 Yul r PS’I +1 - Yu2
(83)
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

P2 = pp, + (1 — @b, )P2, (89)

(gbru1 +<bu1)f/u2 "‘% 1 ,‘% 2)
2001 4 (Epuy + Cou)Pu2” )

o

NﬁbuQ\/@ (gbu,Q - Cbu,Q)

Pu2 ~ F(KJug)
X (Ku2, (€bus + Couz) (Ps1 + 0%)/(2Pusva2))

where ¥y, @ui.&p,, and (p,, are the parameter for the ¢
UCU described in Section IV-A.1.

and

th

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 (/D] where ( is the reference
pathloss with ( = —30dB for every link, D; is used to denote
the distance between transmitter and receiver nodes of the i*"
link, and 7; 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-R,,, R,-AP, AP-Rg4, and R,,-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 (i, ) against the transmit
power available at UCU (P,) for all three cases with FBL
transmission, for different values of the number of elements
at R, (K). The close proximity of the simulated BLER to
@b, derived in (33) validates its accuracy. It can be observed
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that the BLER improves with an increase in transmit power.
All three cases provide similar performances at low power.
However, at higher values of P,, 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 ¢, 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 (G, ) in uplink com-
munication for all three cases considering FBL transmission
by plotting G,, against P, for different values of K. It can
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be observed that at low transmit power, the goodput of the
system is very low for all three cases. However, G, in each
case increases with an increase in P,. 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 G,, with an increase in K for
the RIS-only and Direct+RIS cases. It can be seen that G,, 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, G,, 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 (yp,) against the
transmit power available at the AP (P,) for all three cases
with FBL transmission, for different values of the number of
RIS elements at R;(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 P,. 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 (G;) in downlink
communication for all three cases considering FBL transmis-
sion by plotting G, against P, 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 P, G4 also increases.
However, due to the fulfillment of the target rate, G4 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 P, = —13 dBm and P, = —10
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dBm, respectively. In addition to this, one can also observe a
significant increase in G4 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

1 ; OB -0—0 @
————— RIS, K=20
0.9 f{—+— Direct @ ' 4
Direct+RIS, K=20 <
08 RIS, K=40 9] /,/ i
Direct+RIS, K=40
0.7

o
)

Uplink Throughput, 7,
o
o

0.4
0.3
0.2
0.1
0h—o—@=F . .
-25 -20 -15 -10 -5
Uplink transmit power, (P,, dbm)
Fig. 9: Throughput at AP vs uplink power.
10%
< 10
=
E
<
S 102
s}y
[
B
8 .
= 10° \
= \ \
e A%
Z —#— Direct ORYIF
= T | pe— RIS, N=60 IR
10§ Direct+RIS, N=60 vy E
— — —RIS, N=80 LR
Direct+RIS, N=80 ! %)
T 1 Lo\ 1
20 -15 -10 5 0 5

Downlink transmit power (B, dbm)

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 R,,. 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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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-R; and Rg-
DCU, this is because of the high transmit power available at
the AP and the number of RIS elements considered in RIS-Ry.

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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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
R, in Fig. 12, and the outage performance at DCU during
downlink transmission versus the number of RIS elements [V
at R4 in Fig. 13. For uplink transmission, it is obtained for
different values of the transmit power P, 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. NV at R;. 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 (7°,) and
goodput (G,) with respect to blocklength. It can be observed
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that G, increases with increasing blocklength. Additionally,
G., approaches T, 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 Rup and Ryp w.rt. blocklength for
different numbers of elements K at R, with P, = —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 Rup increases with an increase
in w,, whereas RU 1, is constant throughout the range of ;.
Additionally, Rup — RUL as wy increases.

Similar to Fig. 15, Fig. 16 depicts the average downlink
achievable rate for FBL and IBL transmissions which is
obtained by plotting Ry and Rpy w.rt. wy for the different
numbers of reflecting elements N at Ry with P; = —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 g,
]:Zdl also increases, whereas R pn remains constant throughout
the range of wy. However, it can be observed that f%dl - R DN
as wy increases.

Fig. 17 depicts the average achievable rate of uplink (Rup)
and downlink (Rdl) transmission plotted for FBL transmission
w.r.t. transmit power (F;) at the AP for different values of
SI cancellation factor (p) with P, = 17dBm and wy =
ws = 3000. As expected, Rdl increases with an increase in Py
whereas, due to the imperfection in SI cancellation (p # 0),
Rup decreases for the same context. In addition to this, one
can also notice the decrease in ]:Eup with an increase in p. For
example, Rup ~ 7 when p = 10~* whereas Rup ~ 4 when
p= 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 (7,) for different
transmit power available at UCU and for different values of
0, 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 ¢,. For instance, for perfect
CSL ie., 6, =0,T, =~ 0.78 at P, = —15 dBm with K = 20,
whereas T,, ~ 0.69 for ¢, = 0.1 and T, ~ 0.61 for §,, = 0.2
at P, = —15 dBm with K = 20. Interestingly, 7, at K = 60
and §,, = 0.2 is still greater than 7, at K = 20 and &, = 0.
Thus, one can always increase the number of elements at the
RIS to achieve the desired QoS in the presence of imperfect
CSIL

Similar to the previous figure, Fig. 19 shows the impact of
imperfect CSI on the achievable downlink throughput (7y) for
various transmit power available at the AP for different values
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of §; and N. It can be observed that the system performance
degrades as the imperfection d4 increases. For example, at —10
dBm with §; = 0.2, the system has an achievable T,; ~ 0.4 for
N = 20. However, when N = 80 and §; = 0.2, the system
has an achievable T,; ~ 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.

E. 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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outage probability at each DCU w.r.t. transmit power (F)
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 [V 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., (Py1 = Py2).

The average BLER for the DCUs is plotted in Fig. 22 by
varying Pj. 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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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 Pq avg = (1/L) Zlel Poar, in Fig. 23. 1t
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 Py. 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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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 (G, ) versus the
number of reflecting elements (K) at the RIS with P, = —25
dBm and 7, = 3 for different values of w;q . Further, for
simplicity, we assume that @;ain,s = K + 1 for obtaining K
cascaded UCU-RIS-AP channels and one direct path channel
(UCU-AP), and thus w; = wyet,s — (K + 1). It can be
seen that at first, due to passive beamforming gain, there is
a significant increase in G, with increasing K. However, G,
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 @;ain,s for higher K leading
to a significant decrease in w,, which in turn decreases G,.
For example, for wyot s = 400, G, increases from 0.1 to 0.9
when K increases from 1 to 50 whereas G, 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 G,, eventually becomes lower than that



of the Direct-only case. In such cases, where @, 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 @y s
allows the system to support larger values of K. For example,
the peak value of G, is obtained at K = {45,50,70} when
Wiot,s = {200,400, 600}, respectively. The main reason for
this is the fact that after fixing @irain,s, higher @iy, will
assign higher @y (ws; >> Wirain,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.
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