Reconfigurable Intelligent Surface assisted Two—-Way
Communications: Performance Analysis and Optimization

Saman Atapattu ', Rongfei Fan 2, Prathapasinghe Dharmawansa 2, Gongpu Wang 2,
JAMIE EVANS 2, and Theodoros A. Tsiftsis 2

!The University of Melbourne
2 AMfiliation not available

October 30, 2023

Abstract

In this paper, we investigate the two-way communication between two users assisted by a re-configurable intelligent surface
(RIS). The scheme that two users communicate simultaneously in the same time slot over Rayleigh fading channels is considered.
The channels between the two users and RIS can either be reciprocal or non-reciprocal. For reciprocal channels, we determine
the optimal phases at the RIS to maximize the signal-to-interference-plus-noise ratio (SINR). We then derive exact closed-form
expressions for the outage probability and spectral efficiency for single-element RIS. By capitalizing the insights obtained from
the single-element analysis, we introduce a gamma approximation to model the product of Rayleigh random variables which
is useful for the evaluation of the performance metrics in multiple-element RIS. Asymptotic analysis shows that the outage
decreases at $\left(\log(\rho)/\rho\right) "L$ rate where $L$ is the number of elements, whereas the spectral efficiency increases
at $\log(\rho)$ rate at large average SINR $\rho$. For non-reciprocal channels, the minimum user SINR is targeted to be
maximized. For single-element RIS, closed-form solutions are derived whereas for multiple-element RIS the problem turns out
to be non-convex. The latter is relaxed to be a semidefinite programming problem, whose optimal solution is achievable and

serves as a sub-optimal solution.
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Abstract—In this paper, we investigate the two-way communi- the walls of buildings. Such a surface is frequently reférre
cation between two users assisted by a re-configurable intelligent to as Reconfigurable Intelligent Surface (RIS), Large ntel
surface (RIS). The scheme that two users communicate simul- jigant Syrface (LIS) or Intelligent Reflective Surface ()RS
Faneously in the same time slot over Rayleigh fading channels Its t bl d fi bl flect de of .
is considered. The channels between the two users and RIS can'tS tUnablé an _recon iguranie re _ec ors_ are ma_ €o p._’:lS_Slve
either be reciprocal or non-reciprocal. For reciprocal channels, O almost passive electromagnetic devices which exhibit a
we determine the optimal phases at the RIS to maximize the negligible energy consumption compared to the active ele-
signal-to-interference-plus-noise ratio (SINR). We then derive ments or nodes. For instance, the RIS-assisted commuicati
exact closed-form expressions for the outage probability and outperforms the conventional relaying techniques in teafns

spectral efficiency for single-element RIS. By capitalizing the ffici Si th ffici in t .
insights obtained from the single-element analysis, we introduce a ENErYYy €lliciency. since the energy efficiency n turn 1s a

gamma approximation to model the product of Rayleigh random function of data rate, power consumption and frequencg/tim
variables which is useful for the evaluation of the performance resource usage, this significant efficiency improvemenh wit
metrics in multiple-element RIS. ALsymptotic analysis shows that RIS can address several major issues arising from future
the outage decreases aflog(p)/p)” rate where L is the number \yireless applications such as increasing demand for desa, ra

of elements, whereas the spectral efficiency increases fig(p) spectrum crunch, high energy consumption and environment
rate at large average SINRp. For non-reciprocal channels, the P » g ay p

minimum user SINR is targeted to be maximized. For single- !Mpact.
element RIS, closed-form solutions are derived whereas for  This brand-new concept has already been proposed to incor-

multiple-element RIS the problem turns out to be non-convex. porated into various wireless techniques — multi-cell iplet

The latter is relaxed to be a semidefinite programming problem, input multiple-output (MIMO) systems [3], massive MIMO

whose optimal solution is achievable and serves as a sub-optimal . !

solution. [4], non-orthogonal multiple access (NOMA) [5], energy
harvesting [6], optical communications [7] to name a few.

The RIS can make the radio environment smart by collabora-

tively adjusting the phase shifts of reflective elementseial r

time. This results in the desired signals being constraltiv

I. INTRODUCTION interfered at the receiver, whereas and other signals being

interfered destructively. Therefore, most existing workRIS

focus on phase optimization of RIS elements [2], [8]-[15].

to increase throughput but also to enhance the reliabiity Plowever, there are very limited research efforts explored t
the wireless channel. Alternatively, radio signal proiaga communication-theoretic performance limits [13], [16]9].

via man-made intelligent surfaces has emerged recentiy as_l% X : . :
. . .The remainder of this section has an overview of related work
attractive and smart solution to replace power-hungryecti L .
followed by a summary on contributions of this work.

components [1], [2]. Such smart radio environments, thaeha
the ability of transmitting data without generating newicad
waves but reusing the same radio waves, can thus be imple-Related Work
mented with the aid of reflective surfaces. This novel cohcep
utilizes electromagnetically controllable surfaces tbah be
integrated into the existing infrastructure, for examgkkng

Index Terms—Outage probability, reconfigurable intelligent
surface (RIS), spectral efficiency, two—way communications.
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(OFDM) system under frequency-selective channels is caimns, it also enables maximum spectral efficiency for rielgy
sidered in [10]. For the proposed sub-carrier grouping metthnetwork with a full-duplex relay node [21]. The benefits of
for channel estimation, the achievable rate is maximized byo—way network are contingent on proper self-interfeeenc
jointly optimizing the transmit power allocation and theRI cancellation, which is possible with the recent signal pro-
passive array reflection coefficients. This non-convex lgrob cessing breakthroughs. Therefore, two—way communicstion
is subsequently solved sub-optimally by alternately ofing have been recently attracted considerable attention, amne h
the power and array coefficients in an iterative manner. Forateady been thoroughly investigated with respect to mbést o
phase dependent amplitude in the reflection coefficienf,if [ the novel 4G and 5G wireless technologies such as massive
the transmit beamforming and the RIS reflect beamformingIMO, full-duplex communications, NOMA, mmWave com-
are jointly optimized based on an alternating optimizatiomunications, and cognitive radio, to mention but a few [22]-
technique to achieve a low-complex sub-optimal solutiar. F[24]. Thus, the RIS may also serve as a potential candidate
downlink multi-user communication helped by RIS from dor further performance improvement in the two—way Beyond
multi-antenna base station, both the transmit power dilmca 5G or 6G systems. However, to the best of our knowledge,
and the phase shifts of the reflecting elements are designedlft these previous work on RIS considered the one-way
maximize the energy efficiency on subject to individual linkommunications. Motivated by this reason, as the first work,
budget in [2]. There the authors use gradient descent seaneh study the RIS for two—way communications in view of
and sequential fractional programming to solve the restiltaquantifying the performance limits, which is the novelty of
non-convex problem. The weighted sum-rate of all users tisis paper.

maximized by joint optimizing the active beamforming at the

base-station and the passive beamforming at the RIS foi-muf§ Summary of Contributions

user MISO systems in [12]. The resultant non-convex problem ) .
is first decoupled via Lagrangian dual transform, and then th Generally speaking, although the RIS can introduce a delay,

beamforming vectors are optimized alternatively. Moragovet M2y be negligible compared to the actual data transmis-

user fairmess is considered for a LIS-aided downlink of $IoN time duration. Therefore, the transmission protocal a

single-cell multi-user system in [13], whereas physicgela a_\nalytical model of the RIS-g_ssisted two—wgy communica-
security issues are considered in [14], [15]. tion may differ from the traditional relay-assisted twoywa

As mentioned before, while the optimization of poWer:ommunications. Fig. 1 summarizes two possible RIS-a&ssist

and/or phase shift have received more attention in recerit, woansmission schemes which require different number oé tim
a few have focused on analytical performance evaluatiof/tS t© achieve the bi-directional data exchange between t
Therefore, very limited number of results are availableasarf YS€'s:
this respect. For an LIS-assisted large-scale antennamsyst * Scheme 1 (one time-slot transmission)As shown in
an upper bound on the ergodic capacity is first derived and Fig. 1a, two end-users simultaneously transmit their own
then a procedure for phase shift design based on the upper data to the RIS which reflects received signal with neg-
bound is discussed in [16] In [13], an Opt|ma| precoding ||g|b|e delay. Since the Signal is received without delay,
strategy is proposed when the line-of-sight (LoS) channel €ach end-user should be implemented with a pair of an-
between the base station and and the LIS is of rank-one, tennas each for signal transmission and reception, where
and some asymptotic results are also derived for the LoS €ach user experiences a full-duplex type communication
channel of rank-two and above. An asymptotic analysis of as well.
the data rate and channel hardening effect in an LIS-based Scheme 2 (two time-slots transmission)As shown in
|arge antenna_array System is presented in [17] where the Flg 1b, the user 1 transmits its data to the user 2 in the
estimation errors and interference are taken into coresiider. first time slot, and vice versa in the second time slot.
For a large RIS system, some theoretical performance limits Therefore, each end-user may use a single antenna for
are also explored in [18] where the symbol error probability ~ signal transmission and reception.
is derived by characterizing the receiS&IR using the central Since Scheme 1 is more exciting and interesting; and also
limit theorem (CLT). In [19], the LIS transmission with pteas Scheme 2 can be deduced from Scheme 1, we develop our
errors is considered and the composite channel is shownatwalytical framework based on Scheme 1. In Scheme 1,
be equivalent to a point-to-point Nakagami fading channetoncurrent transmissions occur from the user-to-RIS aed th
Subsequent performance analysis of the system has b&d8-to-user. We consider both cases where user-to-RIS and
conducted based on this equivalent channel model. RIS-to-user channels are assumed to be reciprocal and non-
On the other hand, two—way communications exchangeciprocal.
messages of two or more users over the same shared chamthough the RIS may be implemented with large number
nel [20]. Since this improves the spectral efficiency of thef reflective elements for the future wireless networks,-fun
system, two—way techniques will have a significant impadiamental communication-theoretic foundations for siragid
on current and next generation cellular networks appbeati moderate number of elements of the RIS have not been well-
such as mobile video conferencing, communication betweemiaderstood under multi-path fading. However, such knogaed
base station and clients, and device-to-device commuoitat is very critical for network design. As cell-free massiveNWD
While the two—way network provides full-duplex type infor-s a promising extension to co-located massive MIMO, anothe
mation exchange for the point-to-point or D2D communicdurther research direction of the RIS will be a distributel$ R



Time slot 1 Time slot 1

= - -
Time slot 1 Time slot 2
User 1 (U4) User 2 (U,) User1(U,) User 2 (U,)
(a) Scheme 1: One time-slot transmission. (b) Scheme 2: Two time-slot transmission.

Fig. 1: Two possible transmission schemes for two—way conications.

system. Such system design is based on the understanding of the outage decreases (abg(p)/p)L rate, whereas the
a simple RIS system where each distributed RIS may have spectral efficiency still increases lajg(p) rate.
single or very few reflective elements. Further, the end-to-3) For non-reciprocal channelssystem performance anal-
end SINR expression is different from th8INR expression ysis seems an arduous task, since four different channel
of either the conventional amplify-and-forward (AF) relay phases are involved. In this case, we turn to optimize
or the instantaneous relaying because these relay types are the phase so as to maximize an important measure: the
implemented with active elements which need proper power minimum userSINR, which represents user fairness.
control at relaying stage [25]. Therefore, we need new a@naly With single-element RIS, closed-form solution is de-
ical frameworks to evaluate the performance for both single rived. However, for multiple-element RIS, the associated
element and multiple-element RIS cases. problem is non-convex. To find the solution, through
To support the aforementioned research directions, this some transformations, we relax the formulated problem
paper analyzes a general two—way RIS system where the to be a semidefinite programming (SDP) problem, the
number of reflective elements can range from one to any optimal solution of which is achievable and can further
arbitrary value, and provides several communication—+ten render a sub-optimal solution for our originally formu-
properties which have not been well-understood yet. lated optimization problem.
The main contributions of the paper are summarized asOverall, this paper attempts to strike the correct balance
follows: between the performance analysis and optimization of two-

1)

2)

For reciprocal channels with a single-element Rige Way communications with the RIS.

first derive the exact outage probability and spectral Before proceeding further, here we introduce a list of sym-
efficiency in closed-form for the optimal phase adjustols that have been used in the manuscript. We use lowercase
ment at the RIS. We then provide asymptotic results f@&nd uppercase boldface letters to denote vectors and esatric
sufficiently large transmit power compared to the nois@spectively. A complex Gaussian random variallewith

and interference powers. Our analysis reveals that tAéro mean and variancg’ is denoted byX ~ CN(u,0?),
outage decreases kig(p)/p rate, whereas the spectrawhereas a real Gaussian random variable is denoted by
efficiency increases alog(p) rate for asymptotically N (0,07). The magnitude of a complex numbeis denoted by
large signal-to-interference-plus-noise rat®NR), p.  |2| andE[] represents the mathematical expectation operator.
For reciprocal channels with a multiple-element RIS

where the number of elementg, is more than one Il. SYSTEM MODEL

but not necessarily as large as in LIS. In this respect,A RIS—aided two—way wireless network that consists of
the instantaneouSINR turns out to take the form of atwo end users (namely/; and Us) and a reflective surface
sum of product of two Rayleigh random variables (RVs).R) where the two—way networks with reciprocal and non-
As well documented in the literature, this does natciprocal channels are shown in Fig. 2a and Fig. 2b, re-
admit a tractable PDF or CDF expression. To circumvespectively. The two users exchange their information symbo
this problem, we first approximate the product of twa@oncurrently via the passive RIS, which only adjusts thespha
Rayleigh RVs with a Gamma RV, and then evaluate thef incident signals. Each user is equipped with a pair of
outage probability and spectral efficiency. This seenamtennas for the transmission and reception. The RIS cmntai
to be the first paper which uses gamma approximatidn reconfigurable reflectors where tlith passive element is
for a Rayleigh product. Surprisingly, this approximatiomlenoted ad,. No direct link between two users is assumed,
works well and more accurately than the CLT approxdue to transmit power limitation or severe shadowing effect
mation (which is frequently used in LIS literature), everiror simplicity, we assume that both users use the same
for a moderate number of elements suchlas 32 or codebook. The unit-energy information symbols frém and

L = 64. Since the tail of the gamma approximatiorlU/,, randomly selected from the codebook, are denoted;by
does not follow the exact distribution of tHf®INR RV, and s,, respectively. The power budgets afe and P, for

we resort to asymptotic analysis of the exact SINRnd userd/; andUs, respectively. We assume that all fading
for single-element RIS. In this respect. we show thahannels are independent. By placing the antennas of users a
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Fig. 2: Two—way communications via RIS.

elements of RIS sufficiently apart, the channel gains betwemtroduced by the RIS are given by a diagonal matrix as

different antenna pairs fade more or less independentlynand® = diag ([ej¢1, e ,ej¢L]). Then, we can write (1) as
correlation exist.
Y1 (ﬁ) =/ PQhT‘I’gSQ(t) =+ v/ PlhT<I>h81 (t) + il(t> + wq (t),
2)

where /PhT®hs, (t) denotes the self interference term.
Since theU; has the global CSI, it can completely elimi-
Pate the self-interference. Therefore, after the elinmmatthe

A. Reciprocal Channels

The wireless channel can be assumed to be reciprocal vedi SINR at U b .
the overall user-to-RIS and RIS-to-user transmission fatig  'ccelvedinstantaneou atUy can be written as
within a coherence interval of the channel and the pair of 5 (L iy 2
antennas are placed sufficiently close distance, see Fig. 2a by = ‘ P (Zf:l g¢e hz) 82@)‘ 3)

In this case, we denote the fading coefficients frointo i1 (1) [> + w1 (8)[?

the I, and fromU; to the I, as hy = awe™% and gr = To avoid loop interference, similar to full-duplex commu-
Bee™7¥¢, respectively. The channels are reciprocal such thgkations, thel/, applies some sophisticated loop interfer-
the channels from thé, to the two end users are al&o and  ence cancellations, which results in residual interfeed@].
ge, respectively. All channels are assumed to be independ@phong different models used in the literature for full-despl
and identically distributed (i.i.d.) complex Gaussianif@d communications, in this paper, we adopt the model whg(re
with zero-mean and:* variance, i.e.hy, g0 ~ CN(0,06%). s ii.d. with zero-meang? variance, additive and Gaussian,
Therefore, magnitudes df, and g (i.e., ¢ and j;) follow  which has similar effect as the AWGN [27]. Further, the
the Rayleigh distribution. It is assumed that the two endsus§ griance is modeled as = wPy for P, > 1, where the two
know all channel coefficientds, ..., iz andgi, ..., gz, and  constantsw > 0 and» € [0,1], depend on the cancellation

the I, knows its own channels’ phase valugs andi. This scheme used at the user. Thus, the instantanStuR at U,
channel information requirement can be satisfied in advaycejn (3) can be simplified as

using compressive sensing or deep learning techniques [26]

2

Each user receives a superposition of the two signals via Py ‘25:1 Qo Bped (Pe—pr=be)
the RIS. Thus, the receive signali@f at timet¢ can be given Y= 5 5 (4)
o; + o
as (51 w1
. Similarly, we can write the instantaneo8$NR at U, as
— ié ; _ 2
yi(t) =V P2 (Z gee ‘he> so(t)+  1a(t) P, ‘ZéLzl g Beed(Be—pe =)
£=1 Loop interference Y2 = 2 2 ®)
Desired signal O T 00,
L i where o}, is the noise variance and, is the variance of
+V Z hee? hy | s1(t) + w1 (t) (1) residual interference at tHi&,. It can also be modeled a§ =
=1 —~

Noise wPy.

Self interference

where ¢, is the adjustable phase induced by the i;(r) B+ Non-Reciprocal Channels

is the receive residual self-interference resulting froewv-s  Even though the overall user-to-RIS and RIS-to-user trans-
eral stages of cancellation and,(¢) is the additive white mission time falls within a coherence interval of the chdnne
Gaussian noise (AWGN) dt; which is assumed to be i.i.d. the wireless channel can be assumed to be non-reciprocal whe
with distribution CA/(0, a?ul). Further, the vectors of channelthe pair of antennas are implemented far apart each other or
coefficients between the two users and RIS are given sn-reciprocal hardware for transmission and receptiee, s
h = [hy,---,hr]T andg = [g1,--- ,gz]". The phase shifts Fig. 2b.



In this case, the fading coefficients from the transmit amA general, the instantaneo8&\R of each user can be written
tenna ofU; to theI, and from thel, to the receive antennaas
of U; are denoted a&; ; = v ge7%¢ andh, p = a, ge7%r¢, )
whereay ¢, ay ¢, ¢ie ande, , denote amplitudes and phases, L
ely. S ’ T=p (Z Cz)
(=1

respectively. Similarly, the respective channels assediwith (12)
theU, are denoted ag, , = ;e 7/¥¢ andg, o = By e 7¥r e,

All channels are assumed to be independent and identicg|iare

distributed (i.i.d.) complex Gaussian with zero-mean arid

variance (i.€.h¢ ¢, b ey Gt0, gro ~ CN(0,02)). It is assumed % for Uy

that the two end users have full CSI knowledge, ilg.,= Ce=afe and p= { TR U

he1, -y hen], e = [he1, ooy her], 8 = (G615 s Gt,1) SR ?

andg, = [gr1, .-, gr,r]; @and eachl, element knows its own ) )

channels’ phases, i.64:.¢, or.¢, ¢ and .. Further, we defing as the averag8INR, and without loss of

. . . . i 2 _ 2 _ 2 2 _ 2 _ 2
Thus, the receive signal &f at timet can be written as 9€nerality, we assume;, = o7, = o7 ando,,, = 0y, = 0.

L

n(t) =vr (Z hr,eef‘i’ﬂgt,e) s2(t) + i (1) B. Outage Probability
=1

L 6 By definition, the outage probability of each user can be

+V P Zhr,fe “he,e | s1(t) + wi(t), (6) expressed ado,; = Pr[y < ], wherey, is the SINR

=1 threshold. This in turn gives us the important relation

where /P Zle hyee?®the o) s1(t) denotes the self inter-
ference, which can be eliminated due to global CSl,, and, thus
subsequently, self-interference cancellation can beeghplVe
assume the same statistical properties for self-interterexs
in (1) for comparison purposes. Then, tBNR at U; can be

Pout == F’y (’Yth) ) (13)

where F, (x) is the cumulative distribution function (CDF)
of ~. To evaluate the average spectral efficiency, we need
the distributions of the RVy. For general case, RY is a

written as ) summation ofL independent RVs each of which is a product
Py ’EZL:l Oy ¢ By pe7 (P Pr =) of two independent Rayleigh RVs. Since the analysis of the
o= 5 5 . (7) general case may give rise to some technical difficulties, we
o5+ 0w, evaluate the average spectral efficiency fo= 1 and L > 2
By performing the similar signal processing techniquesnas ¢ases separately.
U, the SINR of U, can be written as 1) WhenL = 1: In this case, the instantaneo8\NR of
. o 2 each user isy = p(? = p(a151)2. Since a; and 5; are
Py ‘Zgzl Br e pe? (P ¥r e 0ue) identical Rayleigh RVs with parameter, the PDF and CDF
2= o2 f o2, (8) expressions can be written ds (r) = (22/02) e=%"/°" and

. _ . ' . Fx(z) = 1-— e*xQ/"Q, respectively. Since the RY; is a
where o7, is the noise variance andf?, is the variance of product of two i.i.d. Rayleigh RVs, its CDF can be derived as

residual self-interference at thé,. Fe (t)=Pr(¢ <t)=Pr (041 < é) from which we obtain
I11. NETWORKWITH RECIPROCAL CHANNELS o0 " o 9t
A. Optimum Phase Design at RIS Fe, (1) = /0 Fo, (x> fo (@) de =1- 5K, <02>
A careful inspection of the structures of and~, given in (14)
(4) and (5) reveals that the optima}, which maximizes the . .
instantaneouSINR of each user, admits the form where the last equality results fronf,” e *"dz =
b . . e
¢t =+ fort=1,--- L. ) \/;Kl (x/@) with K,, (-) denoting the modified Bessel func-

o ) ) tion of the second kind [28, eq. 3.324.1]. For a RV= aX?
This is usually feasible at the RIS as it has the global phaghh 4 >~ 0, X > 0, we can write its CDF ag?y (y) =

information of the respective channels. Now with the aid qﬁx(m)_ By using this fact, the CDF of = p(; can be
(4) and (5), the maximun$INRs atU; andU, can be given {erived as

as~; and~3, respectively, where

L 2 F(t) = _2\/7K (2 t). (15)
vfp2<2az5e> (10) ' 2V \? Vo
/=1

02-21 + 012”1 - .
Thus, the outage probability can be written as

I 2
P
V= afe| - 11) 2 2
7%+ ok, (;1 ) Powpiaalow) = 1= 75 [ 2k (Z, 12 e

P o?



2) WhenL > 2: In this case, the instantaneo8$NR of moderate and large variance values. The exact CCDF match
each user is given in (12). Let us now focus on deriving theghtly with the Gamma approximation for the simulated
CDF of the RV(¢ = Zle ;. However, by using the exactrange for allo2, confirming the validity of the approximation.
CDF of (, given in (14), an exact statistical characterization ofhe accuracy of the approximation is also shown by the
the CDF¢ seems an arduous task. To circumvent this difficultperformance curves in Section V.
in what follows we first seek an approximation for the PDF
and CDF of(,.

Among different techniques of approximating distribu~
tions [29], the moment matching technique is a popular one.

In the existing literature, the regular Gamma distributien

commonly used to approximate some complicated distribu- v=p¢* where (=) . (20)
tions because it has freedom of tuning two parameters: 1) (=1

the shape parametdr, and 2) the scale parametér The

mean and variance of such Gamma distribution /&feand Armed with the above lemma, now we are in a position to
k62, respectively. The following Lemma gives the Gammderive an approximate average spectral efficiency exmmessi
approximation for the CDR¢, (¢). pertaining to the casé > 2. It is worth mentioning here
that the RV( is then a sum ofL i.i.d. Gamma RVs with
the parameterg and 6. Therefore, the R\ also follows a
Gamma distribution withL.k and § parameters. By using the
similar variable transformation as in (15), the CDF~tan

2
Recalling that the instantaneo8\R is v = p (Zle Q)
which admits the alternative decomposition

Lemma 1. The distribution of the product of two i.i.d.
Rayleigh RVs with parameter can be approximated with
a Gamma distribution which has the CDF

1 t .
~ L be approximated as
where 1 1 /7
P S ki L 50 = oy (20y3) @)
(16 — 72) 4 ’

Further, v (-, -) is the lower incomplete gamma function [28].Therefore, the outage probability can be written as
Note that, by definition, the lower and upper incomplete

gamma functions satisfy (a, z) + v (a,z) = '(a). 1 1
PoutjL>2(7th) ~ m’y (Lk7 9\/7’:1> (22)

Proof: Since the first and second moments(pfin (14)
areE[()] = mo?/4 and E [(}] = o*, the RV (; has7o?/4
mean and(16 — 72)o*/16 variance. By matching the mean
and variance of the R, with the k# mean and:6? variance
of the regular Gamma distribution, we have the above CDF: Spectral Efficiency

|
Here we assess the accuracy of the approximation using thdhe  spectral  efficiency can be expressed as

Kullback-Leibler (KL) divergence. In particular, we coder log; (1 + SINR) [bits/sec/Hz]. Then, the average value
the KL divergence between the exact PDF ©f and its can be evaluated aR = [~ log, (1 +z) f,(x)dz where
approximated PDF which is defined &, = E |log Jff"it((tt))} [~ (x) is the PDF ofy. By employing integration by part®
[29] where the expectation is taken with respect to the exatl" be evaluated as
probability density function (PDF) of, which can be derived

as fExt(t) = 4tK0 (2t/0’2) /0'4. W|th the a|d Of [30, Eq R = 1 /OO 1—F ( ) dz [bItS/SGC/HZ] (23)
2.16.2.2 and 2.16.20.1], this can be calculated as log(2) L4z
D " m (L k-2 18
KL= g PRI 05 ) Felk=2) (18) 1) WhenZ = 1: With the aid of (23) and (15), the average

spectral efficiency can be evaluated as

+In(4T(k)) + E [mKO (jﬁ)] ;

wheree is the is Euler's constant. Ri_1(p) = /OO Vi K, (2 x) dz
With numerical calculation, we plot the KL divergence vs log(2) o2\/p Jo (1+z) a*\ p

o for o € (0.05,25) in Fig. 3a. We getDky, ~ 2.3 x 10~* 1 L1 _1

where this very small value confirms the accuracy of the log(Q)Ug\f 3( 1 ) (24)

approximation. Numerical result also clarifies thatas a little o2

impact onDxky,. Moreover, Fig. 3b plots the complementary

cumulative distribution function (CCDF) of, based on the whereG;" (-) is the MeijerG function [28]. Here we have
simulation, the exact CDF in (14) and the approximate CDiepresented the Bessel function in terms of Megefunction
in (17) for 0> = 0.1,1.0,10 which represent very small, and subsequently use [28, Eq. 7.811.5].
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Fig. 3: The comparison between the exact and approximation.

2) WhenL > 2: Thus, with the aid of (21) and (23), the However, with a traditional multiple-relay network, we
average spectral efficiency can be evaluated as observe(1/p)* rate. Since the end-to-end effective channel

1 o 1 Iz behaves as a product of two Rayleigh channels, we observe
R ~ M Lk,-,/—]d 1 L rate with a RIS network. This is one of the
L A =l G D) G
l2 log(6) +log(p) + 24" (Lk)

important observations found through this analysis, amthe
best of our knowledge, this behavior has not been captured in

- log(2) any of the previously published work.
The behavior of the average throughout at hi§iNR
2F3 (1, 1;2,3 — Lk o Lk, —4912p) regime is given in the following theorem.
+
0%p (k*L? — 3Lk + 2) Theorem 2. For high SINR, i.e., p > 1, the user average
rp- IR 1Fy (L2k7 i L2k +1; ﬁ) spectra_ll efficiency_oﬂ; elements RIS-assisted two-way net-
+ 7% works increases with the rate dfg(p) over Rayleigh fading
OLFT(Lk) Lk (csc (’Ték)) channels.
Lk 3 Proof: See Appendix B [ ]

1F2(2f+;;2,zk+;;—4ezp) . Appendix .
Since the residual self-interference may also be a function
- Ik )] (25)  of the transmit power, it is worth discussing the behavior of
VAO(L+ L) (sec (=52)) ™ the outage probability and average spectral efficiency when
where ,F, (:;-;-) is the generalized hypergeometric functhe transmit power is relatively larger than the noise amglo
tions [28] andy(©(2) is the logarithmic Gamma function interference powers. For brevity, without loss of genéyali
[28]. Here we have represented the Gamma function in terif§ assumeP; = P» = P. The following lemmas provide
of hypergeometric functions and subsequently use respectimportant asymptotic results.

integration in [28, Sec. 7.5]. Lemma 2. When the transmit power is relatively larger than

the noise and loop interference, i.€?,>> w, 02, the outage

D. Asymptotic Analysis probabilities for L = 1 and L > 2 vary, respectlvely, as
1) High SINR: The behavior of the outage probability at - m(wjoﬁ,) g(P)  for o2 — o

high SINR regime is given in the following theorem. PoutjL=1 = PoutTL:l (o r 1) for Uzz — WP (26)

Theorem 1. For high SINR, i.e., p > 1, the user outage 5pq

probability of L elements RIS-assisted two—way networks

decreases with the rate (()fog(p)/p)L over Rayleigh fading 0o N L, Yh,w, o ( for o? =w

channels. out|L.>2 P (p=12) for o2 — wP
out|L>2 \P = w or o; w

Proof: See Appendix A. [ (27)



where G(L, v, w, o) is the array gain. While the outage 2) For Large L (or LIS): For a sufficiently large number
probability decreases with the rat @)L for o2 = w, L,l{:\ccording to the central IimiF theorem (CLT), the I%V:
> -1 Ce converges to a Gaussian random variable with-
Lno?/4 mean and) = L(16 — 7%)o*/16 variance which has
Proof: In particular, we consider the following two ex-the CDF expression
treme cases: 1 t—p
1) Wheno? = w, where the interference is independent of  £¢(t) = 5 (1 +erf [ \/TTID p te(-oo,+00)  (32)

. 2 P>>w,a12u ) . .
the transmit power, we have= P/(w +0;,) ——— whereerf [] is the Gauss error function [28]. Since the CDF

p o P. Therefore, results can easily be deduced frogf v = p(? is given asF, (t) = Fc:(\/t/p) — F:(—/t/p),
Theorem 2. Please note that we derive> 2 case with the outage probability can be evaluated as

there is an outage floor for? = w P.

upper and lower bounds, it is still unclear the precise = o
expression for the array gai@(L, vn,w, o). We thus 1 . Vo 4 erf o T H
leave is as a future work. outllo>1 5 | € V21 « V21

2) When ¢? = wP, where the interference is propor-
tional to the transmit power, we haye = P/(wP +

2 P>>w,a;2u . o H Vth
02) —* p x 1/w. This means that the loop- =1-Qi =/ (34)
interference variance dominates the outage probability, ] Vi P ]

and respective asymptotic results can be obtained froMiere Qn, (-,-) is the Marcum'sQ-function and the second

(16) and (22) replacing by 1/w. equality follows from the results in [31].
This completes the proof. - However, this CLT approximation may not be helpful to

When o2 = wP” wherev € (0,1), it is not trivial to derive the average spectral efficiency in closed-form ohwit
7 b ’ . . . . . .
expand the outage probability expressions with resped? tompwlt special functions, which may also be a disadvantage
for rational v, we omit this case. However, the performanciliS approach.

of this case is in betweem =0 andr = 1 cases. E. Discussion on Scheme 2

Lemma 3. For P > w,o?2, the average spectral efficiency For Scheme 2, the maximum instantane@MR of each

for L =1 and L > 2 vary, respectively, as user is ,
2 L
log(P)—log 7“)4;:“’ —2¢ _ £ 35
© - log<(21) > for o2 =w (28) 7 o2 — e (35)
=1 2 = . . N . .
Ri=1 (p o w) for o7 = wP where P is the transmit power. The corresponding optimal
and phases arep; = ¢, + ¢ for both users with reciprocal
10g(p)+2¢<0>(Lk),10g(°’35$ channels¢; = ¢, (+ , for Uy with non-reciprocal channels,
RS0 — To8(2) col=w . (29) and¢; = ¢ +1: ¢ for Uz with non-reciprocal channels. It is
Res2 (p=12); 0? =wP important to note that there is no loop interference, &g .= 0

While the average spectral efficiency increases with the rdp (4), (5), (7) or (8). Therefore, th&NR of Schgme 2 is
log(P) for o2 = w, there is a spectral efficiency floor foralways larger than th8INR of Scheme 1, and achieves lower

o2 — w P outage probability which can easily be deduced from (16) and
! (22) replacingp as p = P/o2. From Theorem 2, we can
Proof: Since the proof follows the similar steps agonclude that the user outage probability decreases with th
Lemma 2, we omit the details. B rate of (log(p)/p)"~ over Rayleigh fading channels.

Lemma 3 also reveals that the average spectral efficiencySince only one user communicates in a given frequency or
increases withL because(*)(x) is an increasing function. time resource block, we have factby2 for the average spec-
Further, when number of elements increases fionto Lz (> tral efficiency in (23). It can then be derived by multiplying
L), we haveAR spectral efficiency improvements for anyfactor 1/2 and replacing asp = P/o?, of (24) and (25).

given P where With respect to the average spectral efficiency, we now dis-
24O (Lok) — p© (L1 k . cuss which transmission scheme is better for a given transmi
AR =2 210)g(2) (L14)) [bits/sec/Hz]  (30) power P. Since the direct comparison by using the spectral

. efficiency expressions in (24) and (25) for Scheme 1 and

On the other hand, we can also sa\& power for any given Scheme 2 does not yield any tractable analytical expression
R where for P, we compare their asymptotic expressions where the
AP = 201log,,(e) (1/)(0) (Lok) — 9@ (le)) [dBm]. (31) corresponding spectral efficiency expressions for Scheme 2

. ) can be given with the aid of (28) and (29) as
Based on the behavior af(®)(x) function, the rates ofAR

7%
increment andAP saving decrease witth. Thus, use of a log(P)*1°g<T4)*2€ ;
. S Toa(2 ; orL=1
very large number of elements at the RIS may not be effectiv>  — 08(2) . . (36)
compared to the required overhead cost for large number of log(P)”w(O)(L"’)*log(ﬁ) for I > 9

channel estimations and phase adjustments. 21log(2) ’



Now we seek the condition for which Scheme 1 outperforn. For L > 2: Problem Formulation

Scheme 2. For generalL, define = (¢1,-- s, ,¢1)", and
Lemma 4. The transmit power boundary where Scheme the optimization problem that maximizesin(y:,72) can be
outperforms Scheme 2 can be approximately given written as the following form
. foro? =w as Problem 1.
(25)'e i g i (1.72) o
P> N (37) st ¢ €0,2m), V€ L.

Wb

(22) e 20, for [ > 2, o | e
which is equivalent with the following optimization prolote

and

9 Problem 2.
o for o; =wP as
) max t
) tlos [ T ) 426
. e2 log(2)R=1(L)+1 g< g )+2 ; -1 st >t 41)
<
zlog(z)RLZQ(f)Hog(%)—2w<0>(Lk) Y2 >t
e L >2 ¢ €[0,2m), VI € L.

- (38) _ _ _
_ _ _ _ Problem 2 is hard to solve directly, since both and
Proof: We can derive these with direct comparisongre non-convex functions witt.

Rone < RPZ; andR3,. < RP%, by using (28), (29) and (36).

one
C. For L > 2: Solution
IV. NETWORK WITH NON-RECIPROCAL CHANNELS To get the optimal solution of Problem 2, we will make the
following transformations.

In the first step, by resorting to (39), we can re-write
and~. as in (42) and (43), respectively, which are given on

In this case, th&SINR at U; in (7) and theSINR at Us in
(8) can be alternatively given as

L 2 the top of this page.
Y= p1 ch’f I (Pe—¢r =) gnd Define following2L-dimensional vectors:
=1
L 2 a A(cos(qbl),sin(gzbl),
Yo = pa ZC“ oI (e=tre—u0) (39) .
t=1 weycos(¢y), sin(gy), ...,cos(qSL),sin(gbL))
wherep, = Py /(02 +02)), c1.0 = B, p2 = Pi/ (07 +
012,)2) andcy ¢ = By et ¢ c é\/;Tl<cl,1 cos (@1 +Pe,1), 1,180 (@1 + Y1),
By looking at the structures of; and ~», finding the
optimal ¢,, which maximizes the instantaneo88\R of each . r
user, is not straightforward as in the case with reciprocal wsc1,ncos (rn +9PtL) e Slﬂ(@r,L*‘%,L)) ,

channels. This stems from the fact that the optimalin

this case depends on phases of all changels, v ¢, ¢, 91 éﬁ( —c1,18in (@1 + Y1), c1,1 €08 (@1 + Y1),
and ¢y ¢, and also theSINR v, is a function of g, ¢, ¢ ¢, T
and theSINR ~, is a function oft. ¢, o . In this section, vy —C1.2 SN (Qrp + Yo 1), c1r cos (@r 1 + Uy L)) 7
the optimization problem for maximizing the minimum user ' ' ' ' ’ '
SINR, i.e.min(v1,72), is to be formulated by optimizing the . .

phase of the€ih eTe?‘nent of the RIS, i.e.qbZlee L. 3Ve Cz :\/972<C2,1 cos (Pr1 + pe1),c218in (Y1 + @o1)
consider, = 1 and L > 2 cases separately. T
vy €2,1,€0S (Yr. L + @t,1) , €2, 810 (Yr, 1 + @4.1) > :

A ForL=1 s
. =/ — C9.1 Sin + C9.1 COS +
In this case, we have 2 ,02< 2,1 (%,1 <Pt,1)7 2,1 b(%,l <Pt,1)7
T

. 2

v = p1 ’01,1 e](¢1—s0r,1—¢c,1) :Plc%,l and wey —Co L sin ('(/Jr,L +§0t’L),C2’L COS (qur,L +99t,L))
. 2

Yo = pa2 |egp TR = gyl Then~; and~, can be written as the quadratic form af

as follows

Due to the fact thae’?| = 1, the phase of each element can be
any arbitrary angle which can be assigned randomly. Fyrther
the outage probability and average spectral efficiency laze @nd
same as (16) and (24). 7o = cXaalcy + df aad,. (45)

1 =claalc; +d¥ aa’d; (44)
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L . 2
Mno=p ‘Z(:l c1,e (cos (g — pre — Pre) +isin (g — or e — %bt,z))‘

zéwu<mawn%ww+mw+$mwmmww+mw
2

:pl

(42)

+i (sin (¢e) cos (¢r,e + t,0) — cos (de) sin (pre + ¢t,¢))>
= o1 (S5 1.4 (c08 () cos (1 + ) + sin (6r)sin (e + t0)))

+p1 (Z@L:1 c1,¢ (sin (¢¢) cos (prp + e 0) — cos (¢¢) sin (¢r e + ¢t,z)))2
and 2
Yo =p2 ‘Zngl 2,0 (cos (pg — v o — pu,0) +isin (¢ — Uy e — %,z))‘

Soi c2 ( cos (¢¢) cos (VYr,e + @1.0) + sin (¢e) sin (V1 ¢ + p1.0)
2

:p2

(43)

+i (sin (¢¢) cos (Yre + @t,0) — cos (dg) sin (Y p + sot,e))>
= p2 (Z@L=1 c2,0 (cos (¢¢) cos (Yre + ) + sin (¢g) sin (P ¢ + sﬂt,z)))g

2 (S e (50 (64) 008 (e + 1.) = €08 (B0)sin (g + 91,0)))

Define A = aaT, C, = clcf, D, = dld,{, F, =C;+D;, Problem 4.
Cy = cocl, Dy = dodl, and F, = Cy + D». It can be

easily checked that the matrixe, Cy, Cs, Dy, Ds, Fy,

and F;, are all semi-definite positive matrixes. With the above
denotations;y; and~» can be further written as

W=TH(C+ D) A) =THRA) =Fie A (49) R
st. FieA>t,
Yo =Tr((Cy + D2) A) = Tr(F,A) = Fhre A. (47) F,e A>t,

For the matrix A, since it is composed ofin(¢;) and LieA=1VieL,
cos(¢r), andsin(e;)? + cos(¢y)? = 1 for I € £, A has to A=0
satisfy the following constraint

LeA=1VieL (48)

wherel; is the square matrix witf2l — 1)th and2/th diagonal

element being 1 and all the other elements being 0. In adylitio

the rank of A should be 1. Collecting the aforementioned FOr givent, Problem 4 is a SDP feasibility problem, which
constraints onA, Problem 2 can be reformulated as th&an be solved with the help of CVX toolbox [32]. Note that

following optimization problem the complexity for solving Problem 4 with given can be
at the scale ofO(v/2L) according to [33]. Then we need

Problem 3. to find the maximal achievablé, which can be found by
max " resorting to bisection-search method. Denote the initiad t

A boundary value oft are t; and ¢y respectively, where
s.t. FieA>t, (49a) makes Problem 4 feasible and makes Problem 4 infeasible.

Fre A>t, (49b) Hence the number of iterations to achiexolerance, which

LeA=1VieL, (49c) can guarantee the difference between the seartladl the

maximal ¢ enabling Problem 4 to be feasible lies between
Rank4) =1, (49d) g, is O(log (@))\/ﬁ Note that this complexity is
Ax0 (49€) polynomial with L. To this end, the optimal solution of
where A = 0 indicates that the matrixd is semi-definite Problem 4 has been found and the associated complexity has
matrix. B been characterized.

Problem 3 is also a non-convex optimization problem due ) )
to the constraint (49d). We relax Problem 3 by dropping the In the last step, we need to find a rank-1 solution of Problem

constraint (49d), then Problem 3 turns to be the followin§ ©On€ broadly used method is “Gaussian randomization
optimization problem procedure” in [34]. By following the idea of Gaussian random

procedure, the rank-1 solution can be found in Algorithm 1.
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Algorithm 1 Gaussian randomization procedure for Proble®, For £ > 2 with Reciprocal Channels
4.

. X X — For L > 2, Fig. 5 shows the outage probability 3,
1: Find the OP“T'?a' solution of Problem 4, vyhm_h IS denOte(\?vhen loop-interference is independent of transmit power
as A* and initiate the number of randomization AS

- for k=l 2 Kdo i.e_., o? = w. ForLa giyenL, th(_a outage probability decreases
3: Gene'rat,éi'-dimensional Gaussian random vect6r~ with “Og(P)/P}.. which conf|rms_ Lemma _2._Alth_ough the
’ N(0, A*) outage probability dgcreases wn‘g, thg diminishing rate
for |;1 2' Ldo also decreases, as.dlscussed earlier with respect to (8d). F
Norrﬁal’iz.(;'@l ~ 1)th element anc2ith element of example, when we increadefrom 2 to 4, we can save power
¢*. denoted asch . and €& by setting Ek _ around 14 dBm at0—? outage. However, for the same outage,
' e 2-1 2l ék 2-1 we can only save power around 8dBm when we incrdase
W and&s;, = W from 32 to 64. Interestingly, this figure confirms the accyrac
2=t 2 ) 2=t B of our gamma approximation. Moreover, it is more accurate
6: GianeNrate ~2L—g|men3|onal vector ¢ — than the CLT approximation even fdr = 32 or L = 64.
(§f7§§7~-~7€§L) : For L > 2, Fig. 6 shows the spectral efficiency Vg,
7. Select thek* = arg max min (Fl o Ek F .gk> when loop-interference is independent of transmit power
k=1.2,....K ’ i.e., 02 = w, and linearly dependent of transmit power
. Outputh”. i.e., o = wP. For any L, as shown in Fig. 6a and (29),
the average spectral efficiency increases in ordelogfP)
when ¢? = w, which confirms Lemma 3. According to the

Remark: In the real application, whefi is larger, better . . .
i . . figure and (31), while transmit power reduces by around
solution for Problem 4 can be achieved, which, however, wi .
9dBm whenL increases from 2 to 16, we can only save

lead to higher computation complexity. A balanced selelctiolZdBm whenL increases from 16 to 64. We also plot the

of K is required. spectral efficiency of Scheme 1 and Scheme 2 in Fig. 6a where
Scheme 1 starts to outperform Scheme 2 wliieincreases
where transition happens & ~ 17.5, — 1.8,—14.0dBm

In this section, we investigate the performance of the RIgy, 1, — 2,16, 64, respectively. This compliments Lemma 4.
aided two-way networks. We set channel varian€e= 1. g 6p is foro? = wP where we have spectral efficiency
Since the thermal noise floor for 1Hz bandwidth at roofgors because loop-interference enhances with transmiepo
temperature can even be -174dBm, we use -70dBm jfp Scheme 1. Due to this reason, as shown in the figure,
represent a more noisy scenario. All presented illusinatiogcheme 2 outperforms Scheme 1 wherincreases.
include average results ovéd® and 10 independent channel Fig. 7 shows the transition boundary of transmit pover
realizations for the outage probability and the averagetsple \yhere Scheme 1 outperforms Scheme 2 or vice versa. Based

N

a ok

(o]
o

V. SIMULATION RESULTS

efficiency calculations, respectively. on the results in Lemma 4 and simulations, we pgiwvs w
_ _ for both cases? = w ando? = wP in Fig. 7a and Fig. 7b,
A. For L = 1 with Reciprocal Channels respectively. Fow? = w, Scheme 1 outperforms at high,

Fig. 4 shows the outage probability and average spectfild theP” decreases wheb increases for given.. We have
efficiency vs P for L = 1. Several observations are gained?Pposite observation for the other case= wP. Moreover,
i) Our analytical results in (16) and (24) exactly match witvhen loop interference power is less than the noise poveer, i.
the simulation results, which confirms the accuracy of out < 10~'%, the noise power dominates, and we have power
analysis; ii) For different loop interference? — wP”, we floor. For example, the power floor is around -120 dBm with
notice that the outage decreases at a rategtf?) /P and the L = 16 for o7 = w case.
spectral efficiency increases at a ratel@f(P) whenv = 0,
and both hgve floors whem = 1 due to the transmit-power ~ . Non-reciprocal Channels
dependent interference. These have been analyticallyegrov
in (26) and (28). As we expect, whenc (0,1), e.g.,v = 0.2, Fig. 8a plots the spectral efficiency vs transmit power of
the outage and spectral efficiency are in between= ( Poth users for three types of phase adjustment technigjes: 1
andv = 1 cases; iiij Whenw reduces fromi0—4 to 10-5, faimess Algorithm 1; 2) phase is adjusted based/gf i.e.,
the outage and spectral efficiency improve around 9dB afid = ¥r.¢ + ¥+c; and 3) phase is randomly adjustdd. and
3.32 [bits/sec/Hz], respectively, for each case; and ig-way U1 have the same spectral efficiency with Algorithm 1, which
communications with Scheme 2 outperforms Scheme 1 whepnfirms the user fairness. When phase is adjusted based on
P < 5dBm andP < 25dBm forw = 10~° andw = 104, U1, Ui has the best performance among all, and it has around

respectively, withv = 0. For v = 1, Scheme 2 outperforms 7-5% spectral efficiency improvement/at= 0 dBm compared
Scheme 1 in the entire simulated redioTherefore, it is Algorithm 1. However,U; has the worst performance which
important to keep the effect of loop interference independds very similar the case of random phase adjustment where
of transmit power if two—way communications use Scheme hoth users have similar performance but worst. The spectral

1We do not show the outage probability of Scheme 2 because iéyalw 2We do not include results when the phase is adjusted baséd tecause
outperforms Scheme 1 as long as the loop interference is nmon-ze we achieve the similar behaviour.
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Algorithm 1.
Fig. 8b plots the spectral efficiency vs transmit power dfloreover, asymptotic analysis has been conducted for high
U, for reciprocal and non-reciprocal channels with differer8INR p regime. Our analysis reveals that the outage proba-
L. WhenL = 1, both cases show the same spectral efficientjlity decreases at the rate ¢fog(p)/p)”, whereas spectral
as phase adjustment does not effect the performance. Howeg#iciency increases at the ratelog(p). Moreover, we observe
when L > 2, the reciprocal channel case outperforms the noaither an outage or spectral efficiency floor caused by trédnsm
reciprocal channel case. The reason is that, for each ieflecpower dependent loop interference. Cross over boundary,
element with reciprocal channels, the effective phase Her twhere Scheme 1 outperforms Scheme 2 and vice versa, has
SINR is common for both users and the corresponding optilso been approximately derived based on the asymptotic

mum phase can also maximize the each &BIR. However,

effective phases for th&INRs of two users are different
and the corresponding optimum phases which maximize the
minimum userSINR do not maximize the each us&INR.
Therefore, we lose some spectral efficiency compared with
reciprocal channel case. As illustrated in Fig. 8b, the spkc
efficiency gap between these two cases increases when
increases, e.g., the difference between transmit poweishwh
achieve spectral efficiency 15 [bits/sec/Hz] are 0.3, 2.6 an
6.5dBm for L = 2,4 and 16, respectively.

VI. CONCLUSION

In this work, RIS assisted systems have been proposed for
two—way wireless communications. Two possible transmissi
schemes are introduced where Scheme 1 and Scheme 2 require
one and two resource blocks (time or frequency), respégtive
For both reciprocal and non-reciprocal channels, Scheme 1
is the main focus of this work. For the optimal phases of the
RIS elements over reciprocal channels, the esd&iR outage
probability and average spectral efficiency have been egriv
for a single-element RIS. Since the exact performance aisaly
for a multiple-element RIS seems intractable, approxiomesti
have been derived for the outage probability and average
spectral efficiency. In this respect, a product of two Rayfiei
random variables approximated by a gamma random variable.

results. For non-reciprocal channels, an optimizatiorbjero

for each reflective element with non-reciprocal channdis, tis formulated, which optimizes the phases of RIS elements
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SO as to maximize the minimum us8tNR. Although being APPENDIXA
non-convex, sub-optimal solution is found by relaxing and PROOF OFTHEOREM 1

then transforming the original optimization problem to be wjith the aid of asymptotic expansion &f; (z) atz ~ 0
a SDP problem for multiple-element RIS and closed-formpg eq. 8.446], we have, for > 0,

solution is found for single-element RIS. Simulation résul

have illustrated that the rate of spectral efficiency in@em K, (a\/z) — LJFL (a log(z) + 2ea — a + 2alog (9)) .

or transmit power saving reduces when number of elements ayz 4 2
increases. A network with reciprocal channels outperformsFor L = 1, since the outage expression in (16) contains the
in terms of outage or spectral efficiency the same with noterma./zK; (av/z) wherex = 1/p anda = %\/%T consid-
reciprocal channels. ering the dominant terms, we have a higiINR approximation

Ysh log(p)
aSPout\L 1(%311) ey p



Spectral efficiency (bits/sec/Hz)

—+—User 1 (Algorithm 1)
— & —User 2 (Algorithm 1)
—#*—User 1 (phase adjusted for User 1)
— © —User 2 (phase adjusted for User 1)
——User 1 (phase adjusted randomly)
—* —User 2 (phase adjusted randomly)

12F

108

5 0 10
Transmit power P (dBm)

I I
-15 -10 5

(a) The spectral efficiency vB for L = 8.

Spectral efficiency (bits/sec/Hz)

14

20

/
—+— Reciprocal channels
— & —Non-reciprocal channels

19

=
©

-
2

=
o

s
o

14

13 . . . . . .
5 0 5 10 15 20 25
Transmit power P (dBm)

-10

(b) The spectral efficiency v® for L = 1, 2,4, 16.

Fig. 8: The performance of non-reciprocal channels witheBu 1.

For L > , we have a bound as
th L t
Pr (maxeeu,L] G < ZLE) < Pr (Zgzl G < L;) < 0
1, Pr (Cz <,/%) from which we can write
Yth L L Jth Jth L [2]
I, (\/pﬁ) < Pr (Ze:l G <y /2) < F, ( e
This can be written with outage probabilities as
Jth L L
[Pout|L:1 (Lz )} < Pout|L22(’yth> < [Pout|L:1('7th)] L. We [3]
have | 24552 | " < Porsa) < [24222]" and

proves the theorem. [4]
5]

APPENDIXB
PROOF OFTHEOREM 2 6]

We first find the Mellin Transform 067’5 (-) in (24) by us-
ing [35], which gives—1/27(2s — 1)a* sec(ws) (s — 1/2)°
where a = 1/(c*p) and this transform exists within the
residuel/2 < Re[s] < 3/2. We now sum to the left of the
strip starting withs = 1/2 which results

(7]
(8]

(9]

-1 —log(az) — 2¢
Gyl 2 —
(o] s ) Var 0]

Then, for L 1, the average spectral efficiency expregiy
sion in (24) can be approximated at higiNR, i.e., p >

1, as Ry, — W For L > 2, with the |17
aid of (25), since the terms associated with hypergeomet-
ric functions have negligible effect gt > 1, the aver- [13
age spectral efficiency expression can be approximated "a
R, — log(””Qlﬂi(g‘g;rw(o)(”“). These asymptotic expres-
sions increase at raleg(p) asp increases, which proves the

theorem.

14]
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