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Two-Timescale Design for Simultaneous
Transmitting and Reflecting RIS-Assisted Massive
MIMO Systems with Imperfect CSI

Jianxin Dai, Shilong Zhang, Kangda Zhi, Cunhua Pan, Hong Ren,
Xianbin Wang, Fellow, IEEE, Cheng-Xiang Wang, Fellow, IEEE

Abstract—This paper investigates the performance of simul-
taneous transmitting and reflecting reconfigurable intelligent
surface (STAR-RIS) assisted massive multiple-input multiple-
output (MIMO) systems with Rician fading channels and channel
estimation errors. We adopt the two-timescale scheme to design
the systems, namely, applying the instantaneous channel state
information (CSI) to design the base station (BS) beamforming
and leveraging the statistical CSI to design the phase shifts of the
STAR-RIS. Specifically, we estimate the overall channels based
on the linear minimum mean-squared error (LMMSE) estimator
and derive the closed-form expression of the average achievable
rate. Based on the derived rate, we analyze the power scaling
laws in which the transmit power is respectively reduced inversely
proportional to the number of BS antennas and STAR-RIS
elements. Besides, we draw insights from the comparison between
STAR-RIS and conventional RIS under the same condition, and
optimize the phase shifts of the STAR-RIS to maximize the sum
rate using accelerated gradient ascent-based algorithm. Finally,
numerical results are provided to validate our theoretical insights.
We show that STAR-RIS outperforms conventional RIS and draw
insight behind this phenomenon.

Index Terms—Simultaneously transmitting and reflecting re-
configurable intelligent surface (STAR-RIS), massive MIMO,
two-timescale, imperfect CSI.

[. INTRODUCTION

During the past thirty years, the focus of multiple-input
multiple-output (MIMO) systems has also evolved from the
beginning of point-to-point MIMO in the beginning to the
current massive MIMO, and MIMO technology combined with
active relay has been recently applied to the fifth-generation
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(5G) communication [1], [2]. However, the conventional active
relay requires complicated feeding networks and high power
consumption, which greatly restricts the capability of massive
MIMO systems [3], [4]. Reconfigurable intelligent surface
(RIS) was proposed to tackle this dilemma and identified as
a pivotal technology for the sixth-generation (6G) communi-
cation systems [5], [6]. It is made up of many passive and
low-cost reflecting elements which can flexibly adjust their
phase, amplitude, and frequency of incident electromagnetic
(EM) waves benefitting from its programable EM property
[7], [8]. After constructive phase shift adjustment and signal
combination, the signal impinging on RIS elements will be
strengthened without an active amplifier [9]. Besides, RIS also
has the advantages of compatibility with existing hardware,
various installation environments, and enhancing spectral ef-
ficiency [10], [11]. Hitherto, many contributions have been
devoted to RIS [12]-[16]. An overall description of the phys-
ical structure, application scenarios, related challenges, and
development prospects of RIS are given in [12] and [13]. The
authors of [14] derived the expression of outage probabili-
ty, average bit error rate (BER), and average capacity, and
validated the effectiveness of integrating RIS into unmanned
aerial vehicle (UAV) communication systems. RIS-aided non-
orthogonal multiple access (NOMA) systems were studied in
[15] in which the authors theoretically analyzed the closed-
form expression of the outage probability and the ergodic
rate and verified the superiority of the proposed system. In
[16], the authors compared the active RIS-aided system with
the passive RIS-aided system based on the assumption that
these two systems have the same overall power budget and
concluded that the active RIS is superior to the passive RIS
when having a small power budget.

However, existing reflection-only RIS suffers from the ge-
ographic topology constraint, where the transmitter and the
receiver should be located on the same side of the RIS
[17]. This means that the conventional RIS can only serve
users in half-space with 180° coverage, greatly influencing the
performance of users behind RIS. We follow a novel concept
of simultaneous transmitting and reflecting RIS (STAR-RIS)
to overcome this disadvantage. STAR-RIS can reflect and
transmit the received signal to the sections in front of and be-
hind it simultaneously, thus achieving 360° full-space coverage
[18]. Furthermore, STAR-RIS can flexibly control the power
ratio between reflection and transmission with the assistance
of the transmitting and reflecting coefficients (TRCs), which
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enlarges the degree of freedom (DoF) of the systems. In [19],
the authors comprehensively evaluated STAR-RIS in multiple
aspects, compared STAR-RIS with conventional passive and
active RISs, and introduced three working protocols of STAR-
RIS, including time switching (TS), mode switching (MS),
and energy splitting (ES). For these protocols, the authors of
[20] focused on minimizing the power consumption based on
TS and ES protocols, and concluded that the ES protocol is
more suitable for the broadcast transmission. Similarly, [21]
optimized the weighted sum rate in STAR-RIS-aided MIMO
systems, and likewise proved the superiority of STAR-RIS
over conventional RIS and the advantage of ES protocol in
broadcast transmission.

Besides, the majority of existing works on RIS are focused
on designing the phase shifts of reflecting elements using
instantaneous channel state information (CSI), which will
significantly increase the channel estimation overhead and
power consumption [22]. Due to the frequent changes in the
user’s locations and the passive feature of RIS, it is difficult
to update this information frequently and timely [23]. Two-
timescale (TTS) transmission scheme is an effective solution
for this problem [24]-[26], by designing the beamforming
at BS based on both instantaneous CSI and statistical CSI
for the phase shifts design of the RIS. In [24], the authors
considered RIS-aided multi-user millimeter Wave (mmWave)
systems. Besides, they formulated and optimized the TTS-
based beamforming problem based on the deep unrolling
method and verified that this design scheme could approach
an instantaneous CSI-only scheme. RIS-aided massive MIMO
systems based on the TTS scheme were studied in [25],
and the authors comprehensively analyzed the power scaling
laws of the system. [26] provided and validated the solution
for channel estimation of RIS-aided wireless communication
systems under the TTS scheme. Considering that both the
transmission and reflection phase shifts need to be optimized
for STAR-RIS, the complexity and the overhead could be
higher than conventional RIS. Therefore, TTS scheme would
be a very suitable enabling technique for STAR-RIS.

In addition to the issues mentioned above, the general
Rician fading channel model and imperfect CSI should also be
considered for STAR-RIS-aided systems. Due to the fact that
the BS and RIS are often installed at higher locations with few
barriers and RIS generally serves users in a close range, there
is a high possibility of existing line-of-sight links between
the RIS, the BS, and the users. Meanwhile, it is impractical
to assume the perfectly estimation of the channels because
of the passive property of the RIS and the limited training
period, which results in the estimation errors [27]. Hence,
it is essential to consider the Rician fading channel model
and imperfect CSI. To the best of our knowledge, none of
the existing research studied the performance of STAR-RIS-
aided multi-user massive MIMO systems with Rician fading
channels in the presence of imperfect CSI which motivates our
work.

Our main contributions are summarized as follows:

o The two-timescale scheme is adopted to design the beam-

forming at the BS and STAR-RIS, respectively based on
instantaneous CSI and statistical CSI for less computa-

2

tional complexity and less channel estimation overhead.

e Considering imperfect CSI, the linear minimum mean-
squared error (LMMSE) estimator is utilized to estimate
the overall transmission and reflection channels. At the
same time, the low-complexity maximum ratio combining
(MRC) receiver is adopted for the BS.

e We derive the closed-form achievable rate expression,
which holds for the arbitrary number of BS antennas and
RIS elements under Rician fading and channel estimation
errors. The comparison between STAR-RIS and conven-
tional RIS are conducted and the power scaling laws in
different cases are analyzed to draw useful insights.

o The accelerated gradient ascent-based method is applied
to maximize the sum rate by optimizing the phase shifts
of the STAR-RIS.

« Finally, numerical results validate our analytical conclu-
sions and reveal the STAR-RIS’s superiority over conven-
tional RIS. Meanwhile, it demonstrates that integrating
STAR-RIS into the massive MIMO systems is feasible
and effective.

The rest of this work is organized as follows. Section
IT describes the model of uplink STAR-RIS-aided massive
MIMO systems. Section III derives the channel estimation
based on LMMSE. In Section IV, we provide the closed-
form expressions for the uplink achievable rate and analyze its
characteristics. Section V introduces the accelerated gradient
ascent-based method to maximize the sum user rate. Section
VI provides extensive numerical results to validate our analyt-
ical conclusions and characterize the advantages brought by
STAR-RIS compared with conventional RIS. Finally, Section
VII provide the summary of this work.

Notations: The vectors and the matrices are respectively
expressed in lowercase blodface and uppercase blodface let-
ters. X7, XH, X~! and X* denote the transpose, conju-
gate transpose, inverse and conjugate operators, respectively.
[X],, ,, denotes the (m, n)-th entry of the matrix. [a],, denotes
the m-th entry of the vector. |a| denotes the modulus of
the complex number and ||al| denotes lo-norm of the vector.
Re{-} and Cov{-} represent the real part and covariance,
respectively. the expectation and trace are denoted by E {-}
and Tr {-} respectively. Iy denotes the N x N identity matrix.
CM>N represents the M x N complex-valued matrix. Besides,
& ~ CN (p,0?) denotes that random variable z follows the
complex Gaussian distribution with mean y and variance o2.

II. SYSTEM MODEL

As shown in Fig. 1, we consider the uplink transmission of
STAR-RIS-aided massive MIMO systems. The BS is equipped
with M antennas, the STAR-RIS is composed of N passive
reflecting elements, and the users are assumed to be equipped
with a single antenna. We refer to the areas in front of and
behind the STAR-RIS as the reflection section (section R)
and transmission section (section T), respectively. Then, it is
assumed that there are K7 and K5 users in section R and T,
respectively.

The direct links from the users to the BS are given by D =
[deg,...,dgﬁ] € CMxKr and Dy = [d’;dg,...,d%g} €
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CMxKz | the channels between the users and the STAR-RIS
are denoted by Hg = [h{7 hi, ..., h}}l] € CN*Kv and Hy =
[hi,h%, ... hi | € CY*F2 and H € CM*N represents the
channel between the BS and the STAR-RIS.

Let Q = [Qgr,Qr] where Qr = Dr + HPrHp and
Qr = Dy + H®rHy represent the overall user-RIS-BS
channels in sections R and T, respectively. Consequently, the
signal vector received by the BS is given by

Y =Pk QrX1 + /Dk, Qrx2 + 1, )]

where pi, and py, are the average transmit power of users
in R and T sections, respectively, x; = [T, 25, ..., 2% T
Xy = [xﬁ,xé,...,xz}(z]T represent users’ transmit symbols,
n ~ CN (07021) is the additional white Gaussian noise
(AWGN).

The configuration matrices for the STAR-RIS can be ex-
pressed as ®p = /AR diag {ejgf, 102" ...,ej"g} and &7 =

VA7 diag{eje?,ejeg,...,ejeg , where 67 05 ¢ [0,2n)
and Ar, Ar € [0,1] are the phase shifts and amplitudes of
the STAR-RIS, respectively. The reflection and transmission
coefficients should obey Ar + Ar = 1 due to the law of
energy conservation.

By employing the low-complexity maximal-ratio-combining
(MRC) technique at the BS, the transmitted symbols from
K, + K5 users can be obtained as

r=Q"y = /p, Q" Qrx1 + Pk, Q" Qrxz + Q7 n.

b}

2

STAR-RIS

ﬁ Transmission Elements
ﬁ Reflection Elements

—— %

BS

R users

Reflection section

Fig. 1: STAR-RIS-assisted massive MIMO communication
system.

For the convenience of subsequent derivation, we denote
X, X € {kl,kg}, 1< kl < Kl, 1< k2 < KQ. When X = kl,
then Xmax = K1, X = k2, Xmax = K2, and when x = ks, then
Xmax = K2, X = k1, Xmax = 1. In addition, when x = ki,
A, and @, respectively denote Ar and ® . Similarly, when
X = k2, A, and ®, respectively denote A7 and ®r.

A. Channel Model

In consideration of a number of blockages near the ground
and long distances between users and BS, the line-of-sight
(LoS) channel components barely exist between them. Hence,
we use the Rayleigh fading model to characterize the direct
links between the BS and users as

Under review for possible publication in

D, = maxv 3)

where ~y, denotes the large-scale path-loss and aX is an inde-
pendently and identically distributed (i.i.d) complex Gaussian
random variable with zero mean and unit variance.

Given that STAR-RIS is generally installed at a high altitude
and close to the users, it is highly likely that there are line-
of-sight (LoS) channel components between them. Hence, we
utilize the Rician fading to model the RIS-related channels as

h, = /sxai : ( by + ﬁx) : )
H:\/%(\/Eﬁ+ﬁ), (5)

where o, and [ are large-scale path-loss factors, €, and
0 are Rician factors. ﬁx and H denote non-line-of-sight
(NLoS) channel components and their entries are i.i.d complex
Gaussian random variables following CA/(0,1). h, and H
stand for LoS channel components. Based on the uniform
squared planar array (USPA) model, they can be formulated
as

7X :aN( ;m )e(r)7 (6)
H =ay (¢}, 65) ay (of, ¢5) (7)
with

a e\ __ 272 (z sin v° sin v 4y cos v
ay (v v°%) = |:1,...,€j A y ).,

ejQW%((\/Y—l) s.invesinv“—i—(\/f—l)cosv‘p‘):|T7 (8)
where d is the element spacing, A is the wavelength,
(V2 0%,). (o5, ¢%) are respectively the azimuth and eleva-
tion angles of arrival (AoA) from user y to the STAR-RIS.
(g, %) are respectively the azimuth and elevation angles of
departure (AoD) from the STAR-RIS to the BS. As a result,
the overall channel can be detailed as (9) on the top of next

60‘x
page, where ¢, = CES)ENESIE

III. CHANNEL ESTIMATION

The BS will estimate the instantaneous CSI matrix Q
according to received pilot signals. Assume that the channel
coherence interval consists of 7. samples. Let 7 > K7 + K>
denote the length of samples used for pilot signals. During the
training part of each channel coherence interval, users will
simultaneously send mutually orthogonal pilot sequences to
the BS. The transmit pilot power is 7p, and the Xmax X T
orthogonal pilot sequences are given by S, = [s1;...;5y,...]
with SXSf = I,,...- The pilot signals received at the BS can
be written as

Y, = /7P Q\Sy + N, (10)

where N denotes the M x 7 noise matrix whose entries are i.i.d.

complex Gaussian random variables with zero mean and o2
H

variance. Correlating Y, with x , the observation vector

VTP
for user x can be given by *
1 1
X Y, s = Ns’’. 11
ypx m XSX Ax + m SX ( )
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4

dy = gy +d, = H® h +d, = \/c,0e, H®, b, +\/c, 0 H®, h, + /e H®, b, + /G H®h, +,/77dy, (9)

&y

8% 8% 8%

gx

Lemma 1 The mean and covariance matrices used in the
LMMSE estimator are given by

E{ay} :E{yé‘x} = w/CX(SEXﬁ‘I’XHX, (12)
COV{qX,yI)’(X} :Cov{yifx, ay} = COV{Q)(:YI))(X}
=ay,apran’ +ay, I, (13)

2
g
COV{y;(X ’ yl)fx} :COV{qX7 qX} + EIM
2

o
=ay,apajy + <ax2 + > I, (14
TPx
where ay, = Nc,0Ay, ay, = NcyAy (e +1) + vy are
two auxiliary variables.
Proof: Please refer to Appendix A. |

Theorem 1 Using the observation vector y,, the LMMSE
estimate of the channel vector qy,x € {ki,k2}, is given by
(15) on the top of next page, where

A, :Af :aXSaMaAH/[—l—aMIM, (16)
BX = (I]V[ - AX) \/CX(SSX ﬁ(I)XEX7 (17)
2
aXl 7_07)(
s = = S . as)
<GX2 + E) (axz + TDx + Ma)m)
a
aX4 = % (19)
Ay + E
Proof: Please refer to Appendix B. |
Lemma 2 Some useful properties are presented as follows
Tr{Ay} = M (ay, +ay,) = Mey,, (20)
AXH = aXSaMaJ\H4aMa% + aX4IMaMa%
= (May, +ay,) H = e, H, @1
AA, = ayayal) (aganal +ay,Iv)
+ ay In (ay,analy + ay,Inr) (22)

= MaiSaMaﬁ + 2aX3aX4aMaﬁ + af@IM,
Tr{AA}=M (Maf(3 +2ay,ay, + afﬂ) £ Me,,,

(23)
where A
Ex1 = Oxs T Ay, (24)
exs = May, +ay,, (25)
€xs £ Maf63 + 20,0y, + af“. (26)

IV. ANALYSIS OF UPLINK ERGODIC RATE

In this section, the closed-form expression is derived for the
achievable rate and the benefits of the STAR-RIS are analyzed
in some special cases. Based on the use-and-then-forget bound,
the received signal for user x can be rewritten as (27) at the
top of the next page. Then, the achievable rate is obtained in
the following theorem.

Theorem 2 The achievable rate of user x is lower bounded
by R, = =Tlog, (1 + SINR,), Vx, with

Te

SINR,, = (28)
Py E)s(ignal
leakage Xmax Xmax 2 Fmoise ’
PxEx +rv 2 Latpx Lx + o2 ER"
i=1,i#x x=1
where )
B 25 {alfay @)
eakKage 4 2 ~ 2
peese 2 g flgla [} - E{afa}*, G0
. 2
L 2E{|aal’}, G31)
. 2
I 2E{[afa]*}. (32)
By 2B {lay*}, (33)
are respectively given as (34-37) at the top of the next page.
Proof: Please refer to Appendix C. |

Corollary 1 In conventional RIS-aided systems, by setting
Ar = 0 and Ar = 1 in Theorem 2, we can obtain
the achievable rate as Ry, = ™" log, (1 + SINRy,), Vks,
1< ks < K3 =K, + Ko, with

signal
ka Ekg

SINRy,, =

)

K3 .
Dks E;Zakage +Prs Do kg +OZTERSC
i=1,itks
(38)

where E,ignal 2 |E {af qr. } Ay, % | i }’ and

E,rc’;’isc 2R qug ||2} It is readily to check that this result is
consistent with the result in [25], which is a special case of
our work.

It is evident that the closed-form expression in Theorem 2
glvoes not rely on the NLOS components, including d,, h,,
H. It is only affected by statistical CSI, such as the large-
scale path-loss factors, the Rician factors, and the AoA and
AoD, which changes slowly over a period of time. Hence,
following the two-timescale framework, the design frequency
of the RIS can be significantly reduced thanks to the slowly
varying CSI, diminishing the computational complexity and
power consumption.

When introducing the splitting coefficients, the power of
signal, interference, and leakage are all scaled down according-
ly. However, the direct link, namely users-STAR-RIS channels,
is independent of these coefficients. It will lead to the impact
of the direct link being relatively amplified, which results in
better performance of STAR-RIS.

Besides, it can be seen that coefficients ey, €y,, €y,
completely illustrate the effect of channel estimation errors

% I 2 E{
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ay = Ay, + By (15)
—_ — — = — - ~ ~ 1
=/ coe, H2 hy + (May, + ay,) \/cyd H® hy + /.6 A \H®, h, +,/c, A H® h, +,/7 A, d, + 7AXNS?7
&x &2 g2 gl X
&x
Xmax Xmax

Tx =VPx E {(iqu} Ty +/Px (quqx -E {qqu}) Ty +/Px Z qfql’xi +VPx Z qfqi+ qXHn—Fdfn. @7
——

Desired signal Signal leakage

1=1,7 x=1
X X Noise

Multi-user interference Inter-group interference

. . 2
signal __ noise
E X - { E X } ’

E;Oise =M {‘fx(q)x”z cx0ey + AyNeydey, + (AxNey (ex +1) +7x) e)m} ) (34)

o2
E;eakage =M |fx(¢'x)|2 cy0€y [CXAX {N (Mé+e,+1) (ef<2 + 1) +2(Mey, +ey,) (ey, + 1)} + {vx + (’Vx + 7_) ef@}

2

Px

o 2
+ M, ('yx + Tp) exg] + MQNQAiciézeiz + ]\4]\72Aicf< {25 (ex +1) ef@ + (e +1) eXS} + MZNAiciX

X

2

o
{(25X +1) eil + 25€X1€X2} + MNe, {Aicx (258f<2 + (2ey + 1) exg) + (2%( + T) (5612 + (e +1) eXs)} ,

<.

X

Px
(35)

=M |fx(¢'x)‘2 ‘fi(q)i)ﬁ Cxci(szgxgi +M |fx((1’x)|2 cx0ey {Axci (MNG+ Ne; + N + 2M@>u) + i}

2

+M | f:(®;)]? cide; {AXCX€X2 (MNéey, + Neyey, + Ney, +2Me,,) + (fyx + ;) eiz} + MQNQAicXci(S?eiz

X

+MN?Acyei {6 (ex +ei+2) X, + (ex + 1) (g5 + 1) ey, } + MPNAScyciey, {(ey + i+ 1) ey, +20ey,}

7H7
+MQCXCi5X5ieX1 (Ai ‘hx h;

2 —H— o?
€xi T 2Ax6Re{ff(q)x)fi(‘I>i)hi hx}) + M~ (’YX + ™ ) Cxs
X

2
+MNA, { <7x + :) i ((Sef<2 + (gi + 1) exy) +7icy (5ef<2 +(ex+1) eXS)} ; (36)

Px

I =M? |fx(q)x>‘2 ‘fY(‘I’Y)E CXCY525XEY+ M |fx(‘I’x)|2 cx0ex {Axex (MNG + Nex + N +2Mey, ) + vy}

o2
+M | fr(®x) [ exdex {Axcxem (MNéey, + Neyey, + Ney, +2Mey,) + (’Yx + 7'p> eiz} (37
X

+MN? Ay Azexes {6 (ex +ex +2) eiz +(ex +1) (ex + 1) exa } + MPNAyAgeyexex, {(ex +ex +1) exy + 206y, }

—H _ 2 —H— 0'2
P M2y e exen, (‘hx 3 @Yhy’ e + 20/ A/ Axd Re { 11(®,) fe(@x)By hx}> + Moy <7X + m) exa

o2
MN<A —_
* { X (’YX - TPx

) cx (5ei2 + (ex + 1) exs) + Axrxcx (6ei2 + (e +1) eXS)} + M2N?A, Axcyexd’el

X

X2’

on this system. Meanwhile, Theorem 2 enable us to reveal
the difference between the considered STAR-RIS and the
conventional reflection-only RIS.

On one hand, it can be seen that STAR-RIS introduces two
extra power splitting coefficients Ar and A7 which can be
exploited to adjust the power distribution. On the other hand,
STAR-RIS bring a new inter-T/R section interference which is
highly coupled by two different phase shift matrices. For this
extra interference term, we will leverage some special cases
to find out whether it will limit the potential of STAR-RIS
systems, compared with the reflection-only RIS.

For a more straightforward comparison between STAR-RIS
and conventional RIS and a better analysis of the influence of
this inter-group interference term on the achievable rate, we
consider a special case where users in the STAR-RIS-aided
system and the conventional RIS-aided system are both placed

closely and have the same transmit power at the same time,
namely ¢, = ¢k, = ¢ Yx = Yhy = V> Px = Py = P VX
Additionally, we set Ap = Ar = 1/2 to divide the energy
equally between the reflection region and the transmission
region.

Corollary 2 Consider a special case that the cascaded chan-
nels are pure NLoS, namely 6 = e, = e, = 0, Vyx
and STAR-RIS and RIS are deployed in the environmen-
t with rich scatters and v > 0, o« > 0, In this case,
the rate of user x and k3 are respectively lower bound-

ed by R;FNL) = ==Tlog, 1_‘_SINR§<FNL)), R’(CFNL) _

3

=T log, (1 + SINR,&SNL)), and SINR are respectively giv-

Te

en as
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Riyar = Z RN 4 Z RY (39)
Xmax Xmax

23 log, (1+SINRQ™)) Z log, (1+SINRO™)
x=1

K-
_ i log, (1 n SINR;NL)) ,

x=1
K3 K3

RO = > RV 23 tog, (14 SINRQM) - 40)
k3=1 k3=1

and these SINR are given as

SINR(™) = 1)
pM (Nc+ 2v) eyn
Xmax Xmax ’
PB4 py 3 Dutpe 35 I+ 207 (Ne+ 29)
i=1,i%x
SINR{™ ~ @2)
pM (Nc+ )% efon
K )
Ellci,akage + ks D Ipyi +02(Ne+7)
i=1,i#ks
where
Xmax
pXE;eakage + Py Z Ixz +ps I (43)
i=1,i#x y:

2
:ng |:C26X1 (N2 + MN) —+ 476){1 y —+ :p) —+ Ncexl (4"}/

202 202
+ J)] +pNcey, (c—|—47—|—0>7
'y P

ks Eleakage + Dhs Z Ik37, (44)
i=1,i#ks

2
=pK3 |:62€?0n (N2 + MN) + ,yelCon (7 + U) =+ NcelCon
D

o2
(27 + )} + chQelcO“,
P

NﬁaX_FQ’YX Con:
N By + 29, + 225 1

NBog, + Vi,
NBag, + ks + 25
(45)

eX1 -

Corollary 2 indicates that the achievable rate is not affected
by phase shifts when the cascaded channels are pure NLoS.
We observe that the power terms in (41) and (42) are both
on the order of O (M N 2), and the overall interference terms
are both on the order of O (M N) or O (N?), when N, M —
oo. Hence, the rate will keep growing without bounds when
N, M — oo.

To show the difference intuitively, we consider two special
cases with a large number of BS antennas and RIS elements,
ie., M — oo and N — oo.

6

Corollary 3 When the number of BS antennas is large, name-
ly M — oo, the SINR in (41) and (42) can be written as

(Ne+2y)? (NL) _ (Ne+7)?
o e I vy
From Corollary 3, we can observe that the STAR-RIS-

aided systems outperform conventional RIS-aided systems as

M — oo. The result exhibits that STAR-RIS is appealing for

massive MIMO communication than conventional RIS, which

is consistent with our analysis in Corollary 1 that the impact
of direct links is relatively amplified due to its independence
from cascaded channels.

SINR{"™ ~ (46)

Corollary 4 When the number of RIS elements is large,
namely N — oo, the SINR in (41) and (42) can be written as

M
SINRNY = SINR(™ ~ o A7)

3

The above result shows that when N — oo, the performance
of STAR-RIS is equal to that of conventional RIS, assuming
that the same number of total served users. However, since the
conventional reflection-only RIS can only serve users in half
of the space, the STAR-RIS is expected to serve more users
and therefore provide higher sum user rate.

Corollary 5 Assume that the transmit power p is scaled as
p=E,/M. As M — oo, the rate of user x is lower bounded
by (48) at the top of the next page, with

E;eakage = ci52 (N |fx(‘I)x)‘25xAx (62 ) N2A§< fm)
2
o 2
et (e [ @)F + X)) @

L = [ @)1 11i(@)] excid®exei + AN | f(®y)]

cxci(52€X+N2AicXcz52 2 +NA, E 0156
2
+ ‘fz((bx)ﬁ Ci(Sé“ieiz (AXNCX5 + ’7'E> s (50)

‘I)Y)|2 CXCY(SQEX‘gY + AxN ‘fx(q)x)ﬁ
o2
, T NA, cXcSe

Lg = | (@30 | £
cXcX5 Ex + N2 A\ Ax cxcxé e

2
+ | fx( @) exdexe?, <AXNC><5 t 5 > ; (51)
exs = ZN#‘S. (52)
E T Neyd

Proof: By replacing p, with E,, /M in (28) when M — oo,
we can select the significant terms which are on the order of
O (M). After some simplification, we complete this proof. ll

Corollary 5 shows that similar to conventional RIS, the rate
in a STAR-RIS-aided system remains nonzero, even if the
transmit power is scaled with E,, /M. Hence, the power scaling
laws still apply to the STAR-RIS-aided system. Different from
conventional RIS, the rate in (48) not only depends on the ®,
where the user x is located but also depends on the ®. It can
be seen that almost every term in (48) is related to ¢, and d.
Accordingly, the rate in (48) will degrade to zero when ¢, = 0
or 6 =0. 0 =0 and ¢, = 0 correspond to the scenarios that
the RIS-BS channels are full NLoS and the communication
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Te —T Eycy o (|fx((1)x)| 5X+AXN6X2)
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c

i=1i#x

; (48)

Xmax

- N Xmax
EuElcedkage +E, > Lato?cd (|fx(q>x)|2 Ex T Nem) + By 72 Iix

x=1

system is of non-RIS, respectively. The power scaling laws in
non-RIS and conventional RIS-aided systems with fully NLOS
RIS-BS channels was studied in [25]. To reveal the new feature
of the power scaling laws in the considered STAR-RIS system
with § = 0, we first derive its closed-form expression in the
next corollary.

Corollary 6 If the STAR-RIS-BS channel is Rayleigh dis-
tributed (6 = 0), the rate of user x is lower bounded by

R = 2= log, (14 SINRO), with

SINR(ND) — (53)

pXE;ignal
leakage Xmax 9 . Xmax 7
pese sy L g 4§ L
i=1,ix x=1

where
E;ignal =M (ANey (ex +1) + '7x)2 €x1> (54)
E;Olse — AXNCX (EX + 1) + Yy (55)
E;eakage — NQAici (EX + 1)2 €y, + MNA2 2 (26)( + 1) €x1

2
+ Ne, {Aicx (26 +1) + (2%< + ;) (ex + 1)} exs
X

0.2
— 56
+7X (ryX_'_TpX)eXn ( )

IXi = NQAiCXCi (€X + 1) (51' + 1) €x1 + MNAiCXCi (€X +€;

0.2
N e
Dy Yi€x1

2
+NA, { (’yx + ;;) ci(ei+1)+viey (e + 1)} Ex1s
X
(57)
D(ex+1)ex, } + MNAAs

o? )
— ] e

X1
TPy

— _ 12
+ Meyegeyex By @ @chy| e, (58)

—|—1) €y: T MA?CCXCI‘{:‘XQ HXHhZ

2
ex, + <’YX +

ILix = NQAXAYCXCY{(EX +

cxex (ex Hex +1) e, + % (’Yx +

o2

+ N {Ax <’Yx + pa ) ex (ex + 1) + Axvxex (ex + 1)} €x1s
X

NBay Ay +

NBon Ay + 7y + 2

(59)

eXl =

It is interesting to find that unlike the conventional RIS-
aided systems, the rate in Corollary 6 still depends on the
phase shifts. Only the case that ®, is equal to ®5 makes
the rate independent of the phase shifts. Therefore, the STAR-
RIS can still play its role in mitigating the interference under
rich-scattering channel conditions. It can be seen that if the
transmit power p, and py is scaled as E,, /M as in Corollary
6, e; tends to O (1/M) when M — oo and therefore the rate

degrades to zero in this scenario. Hence, we will investigate the
power scaling law under this rich-scattering channel condition
where the transmit power p, and py are scaled as E,/ VM
and FE, /N, respectively.

Corollary 7 If the STAR-RIS-BS channel is Rayleigh dis-
tributed (6 = 0), and the power is scaled as p, = py =
E. /M with M — oo, the rate of user x tends to R(NLI)
=T Jog, (1 + SINR(NED) ) with

SINR(NEY) = (60)
EuEsignal
leakage Xamax Xmax ’
E,EX*° +E, > L,+c*+E, > Lx
i=1,i%x x=1
where
EYel = 1B, (AyNey (ex +1) +7)?, (61)
B8 = r B, NALCL (264 + 1), (62)
12
I = TEuAiCXCi {N (ex +ei +1) +eye; hXthv ,
(63)
Ly = TE cycx {AyAN (e +ex+ 1) + 646
—H _ |12
‘hx ol @Yhy‘ } , (64)

Proof: 1t follows by substituting p, = py = E,/v'M into
Corollary 7 and neglecting the terms that tend to zero as M —
00. |

It can be seen that nearly every term in (60) is proportional
to N, except the signal term which is proportional to N2
It indicates that the performance of STAR-RIS-aided systems
will greatly increase as RIS elements increases, which is
a promising feature considering the low cost of the RIS
hardware. In the following, we will reveal the power scaling
law when the transmit power is scaled as E, /N.

Corollary 8 If the STAR-RIS-BS channel is Rayleigh dis-
tributed (6 = 0) and the power is scaled as py, = py = E,/N
with N — oo, the rate of user x is lower bounded by

RS(NLz) = % log, (1 + SINR(NLQ)), with
SINR(NL2) — (65)
E.MA, Bo,
Xmax Y[nax

Z FE AXBOZZ + 0'2 (1 + m) + Z EuAyﬁay
=1 x=1

Similar to Corollary 7, Corollary 8 proves that the rate in
STAR-RIS-aided systems will maintain nonzero when trans-
mit power is reduced as E, /N and § = 0. Secondly, the
power scaling law is not influenced by ¢, indicating that the

|IEEE Transactions on Communications
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power scaling laws are robust to the scattering environment
(Los/NLoS) of the users-STAR-RIS channels. Finally, it can
be seen that (65) is in proportion to M since the numerator
of (65) is on the order of O (1/M) while its denominator is a
constant. It indicates that the performance of STAR-RIS-aided
systems will greatly increase as the number of BS antennas
increases, which is feasible for the massive MIMO structure.

V. PHASE SHIFTS DESIGN

In this section, we will design the phase shifts of STAR-RIS
based on the long-term statistical CSI. For a comprehensive
investigation, we formulate the sum user rate-oriented opti-
mization problem. Specifically, this optimization problem is
formulated as

Xmax Xmax
R, + Ry £ Roum, 66
S 2T 2 M 000
s.t. 0% 0T ¢ [0,27),Vn. (66b)

To deal with this problem, we propose an accelerated
gradient ascent-based algorithm to solve the optimization
problem. To begin with, we assume that x = ki, ¥ =
ko, and introduce several auxiliary vectors such as 6, =
Or = [0F, 05, ... GR]T O0x = 0r = 0T, 01,...,0%]7,
and z, = zp = [/, 63‘9 o @ONT 2 = 2p =
[ ed% ... eI%]T, so that zr = €198 zp = 797 and
®, = &p = Ardiag (zgr), Py = &1 = Apdiag (z7). It is
worth noting that (66b) does not need to be considered due to
the periodicity of the objective functions with respect to O p,
0. Since the partial derivatives of Rgyuy Wwith respect to g
and @7 are similar, we only expand the derivations of 65%
as follows: >

Te=7 [ Xmax 9SINRy Xmax ~ 9SINRy
aRsum T Z 00 + Z 00
00, In2 — 1+ SINR,, — 1+ SINRy
(67)
OSINRy  OSINRy .

nd oo, oo are respectively at top of the next
Esignal aEleak oI Y. aEnoise 9~
X X XX X XX
page, where —55—, —55—, 5. Fa. > —ag, and o

can respectively be deduced as

2
wxa(%x)l = QIm{(I);I (aNaNQ (h h )T) ZX},
X (70)
. )2
A o (ot (')
(71)
8 i(}i 2 1. . T
80t (o (5)') ). 3
OfF(®,)f:(®; T
W = fu (avafl R, (73)
X

8

Algorithm 1 Accelerated Gradient Ascent Algorithm

1: Initialize @y randomly, n =0, yo =1, £_1 = O;
2: while 1 do

3:  Calculate the gradient vector f, (6,,) = 95x(8)

00 ’

4:  Obtain the step size k,, based on the backtracki(rgléofine
search;

6 Yot = (L+ VA2 +1)/2:

7: O0pi1=x; + (yn - 1) (mn - mn—l) /yn+1;

8 if £, (0nt1) — fy(On) < 10~* then

9 0* = 0,,4,, break;

10.  end if

11: n=n+1;

12: end while

OFH (@) f. (® -
s 6‘)9?( J_ j, (anall BB, (74)

aEnoise ‘f ( )|
X _ XX/
20, 2Meyoey 00,
aEsignal B 2En0ise E;(loise iy
00, X 00, (76)
Iy (@)1
00, 00,

fi(®)
‘(T)l + Mcydey {Ayc; (MNS + Ne; + N 4+ 2Me,y,)

(75)

= M?c,ci6%e\e; ( (@) + | (@)

26,

(@I
+7:} T + Mc;de; {Aycyey, (MNéey, + Neyey,
X

o |£i(®)
+N€X2 + 2M6X1) + (’VX + %> exz} 80

Of (2x) fi(®5)]
00,

Off (@) f (@)
aex : (77)

+ A, M? cxczaxszexldh h,

+ A, M? cxclsxslexléh h;

The remaining terms 88%
to (77). In the following, we show the complete algorithm steps
in Algorithm 1. It is worth noting that we adopt Nesterovs
accelerated gradient method here to speed up the convergence
of the gradient algorithm.

VI. NUMERICAL RESULTS

In this section, we provide numerical results to verify our
analysis and characterize the impact of deploying STAR-
RIS into massive MIMO systems with imperfect CSI. At the
same time, we also simulate the performance of conventional
RIS-aided systems under the same scenario. Unless stated
otherwise, the parameters are set to M = N = 64, 0% =—-104
dBm, number of users in the reflection region and transmission
region of K1 = K5 = 4, accordingly K3 = K7 + Ky = 8,
the Rician factors of e, = e, = 10, §y = o, = 1,
transmit power of p, = pi, = 0 dBm, Vy,ks. Eight
users are located on a circle with a radius of dy; = 20m,
which is centered at the STAR-RIS. STAR-RIS-BS distance
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9
denal 8Eleak K oI i Yn)ax Y 26Enoise
aEmsnal pXE;g & pxﬁ +pX = a@i +p¥7_1 BGX: t+o a)éx
0 SINRX Py 7@3 = =
0 Eleak Z Lt pe $5 I g + 020 X X i
ea. + + — + o noise max max .
Px Dx Xt y:l XX X Elcak +pX Z IXZ+ Z Ixy—FO'QE;OISC
7¢X z#x x=1
(68)
1 ol
— D E51gna xx
& SINR,, X Xz-:l 06x
00 3 (69)
X 1 k Xmax
BT+ px Z Txi + px Z Ixx"‘UQEnOlbe
t#x
is dig = 1000m, and the distance between users and BS 10

is set to (alEB)2 = (dig — dur sin(gx))2 + (dur cos(gx))Q.
The AoA and AoD are all generated randomly from [0, 27].
The large-scale pathloss are set to oy, = ag, = 10~ SdGI,
8 =107 SdI_le and v, = v, = 1073 (dEB) , Vx, k3. In
order to divide the energy equally between the reﬂectlon and
transmission regions, we set Ag = Ap = %

Fig. 2 illustrates the relation between the number of BS
antennas and the rates. Firstly, we can infer from this fig-
ure that the system with STAR-RIS has better performance
than conventional RIS. Besides, we also add a sample with
N = 16 to show that increasing N significantly increases
the performance of systems as M approaches infinity. If
conventional RIS intends to achieve the same performance as
STAR-RIS, it needs to increase the number of antennas which
requires larger-sized array, higher power consumption, and
higher hardware cost. As shown in Fig. 2, we can find that 50
antennas with 64 STAR-RIS elements can be equivalent to 120
antennas with 16 STAR-RIS elements. It means that STAR-
RIS-aided massive MIMO systems can reduce the cost of BS
antennas and power consumption by increasing the number
of RIS elements, which is promising to be applied to future
communication systems. These two points fit perfectly with
Corollary 3.

Fig. 3 shows that the relation between the user rate and the
number of RIS elements respectively in Rician channel and
NLOS cascaded channels. It can be seen that with the increase
of N, the sum rate of RIS and STAR-RIS increase rapidly,
and it will converge to a constant. Besides, it is consistent
with Corollary 4 that the performance of RIS and STAR-RIS
will be equal when the number of RIS elements tend to be
infinite and the cascaded channels are fully NLOS. It can be
seen from this figure that the performance of STAR-RIS and
RIS in Rician channel are also similar.

In Fig. 4 and Fig. 5, the power scaling laws are studied in
Rician channel and NLOS BS-RIS channel respectively. They
validate the analytical results in Corollary 5, Corollary 7 and
Corollary 8. The results show that the rate will maintain a
constant value even if the transmit power is scaled as 100/M,
100/+/M, or 100/N, which indicate that the power scaling
laws are still applicable to STAR-RIS. It can be seen in Fig. 5
that even if the rate tends to be constant when RIS elements
N tend to be infinite, increasing M can greatly improve the

©
T

Sum Rate (bit/s/Hz)

* Pure NLOS channel, by STAR-RIS, N=64
*Rician channel, by STAR-RIS, N=64
* Pure NLOS channel, by RIS, N=64

i’ <)+ Rician channel, by RIS, N=64
1% Rician channel, by STAR-RIS, N=16 B
OT Il 1 Il 1 Il 1 Il

0 50 100 150 200 250 300 350 400

BS Antennas M
Fig. 2: Rate versus the number of BS antennas M.

Sum Rate(bit/s/Hz)

--+¥-= Pure NLOS channel, by STAR-RIS

-===3-+- Rician channel, by STAR-RIS
Rician channel, by RIS |

“* Pure NLOS channel, by RIS

1 1 1 1 1 1 1 1 1 1
0 10 20 30 40 50 60 70 80 90 100
RIS Elements N

Fig. 3: Rate versus the number of RIS elements V.

rate. It is consistent with out analysis in Corollary 8. At the
same time, these results validate the feasibility of applying the
gradient ascent method.

VII. CONCLUSION

This paper has investigated the closed-form achievable
rates of STAR-RIS-aided massive MIMO systems over Rician
fading channels with imperfect CSI. Based on the derived

|IEEE Transactions on Communications
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Fig. 5: Rate versus the number of RIS elements N, with

scaled transmit power.

expressions, we analyzed the power scaling laws in a general
case, and used some simple cases to shed light on the con-
dition when systems with STAR-RIS outperform those with
reflection-only RIS. Besides, gradient ascent-based method
is adopted to optimize sum rate and minimum user rate
maximization problem. Finally, extensive simulation results
validated our derivations and showed the various advantages
of deploying STAR-RIS.

APPENDIX A

Since ﬁ, I~1X, &X and N are independent of each other, we
have

E{q,} =v/c e, H®, h,, (78)
_ 1 HY _
E{y} } =E{a+ BN} =Elad. )

The covariance matrix between the unknown channel q,

Page 10 of 13
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and the observation vector ygx can be written as

Cov {qx,ygx} =E {(qx —E{ay}) (%X -E {y;‘})g}

1 H
=E {(QX —E{ay}) (cbc + ﬁNSX - E{qx}) }

=B {(ay ~ E{a}) (a ~ E{a 1) |

=Cov{qy,qy}, (80)
Cov {y},ax} = (Cov {a.¥3})"

= (Cov{ay,ay})" = Cov{ay,ay},

—F {cX(SﬁtI’Xflelf d"H" 4 e, HO b0, 9TH

+ o HE b b @R 4 7,d,af |

=Nc, dAapall + (Ney Ay (e + 1) + i) L, (81)
Cov {yx . vx } = E{(ay ~ Efay}) (ay fE{qwa}

1
+—E {Ns,s/N"} = Cov {qy, ay} + —IM (82)
TPx DPx
Finally, we introduce the auxiliary variables of a,, =
Necy Ao and ay, = Ney Ay (e + 1) 4 vy

APPENDIX B
The LMMSE estimate of the channel q, based on the

observation vector ygx can be written as
x =E{q,} + Cov {qX, y]’[fx} Cov! {y;)<X7yI>j<X} X
(w3 —E{v}) (83)

where the mean and covariance matrices have been obtained

in Appendix A.
The remaining term in (83) is derived as

Cov {qx, Yoo } Cov™! {ygx, Yoo }

o? -t
= <aX1aMaJ\H/[ + (axz + 7_p> IM) (aX1aMaJ\H4 + aleM)

X
2 -1
g
foos 22 10
TPx

X (aX1aMaJ\H/[ + aX2IM)

2
o H
aXl @&MaM

2\ —2
o
Ay, (aX2 + ‘rpx) H
—TaMa)s

1
1—"_]\4'(]9(1 (aX2 + = )

TPx

— Qx>
_ : + —
(GX2+TUTX){(‘LX2+W )+Ma><1} Uxa T 7py

LZay,anany +ay, Iy 2 Ay = Al (84)

Hence, the LMMSE channel estimate in (83) is calculated
as

Ay :\/cxésxﬁfb H +A, ( X \/cxéexﬁfbxﬁx)

:Axyp + (Ins — Ay) /ey 06, H®,
éAxypx + B, (85)
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4 w ~ 1
:qic + szz Aqu + MAXdX + \/%AXNSXH-
X
Finally, by exploiting the property AXﬁ —

(ay,amall +ay,Iv)ayal = (May, +ay,)H, the

proof is completed.

APPENDIX C

A. Signal Term and Noise Term

Since e, is independent of the channel estimation, we obtain
E {qXH ex} = 0. Therefore, we have

E{afa} =E{afa} +Efale ) =E{lal’}. @6

Hence, the signal power can be transformed to
2
.2
(E{lad®}) =

We can derive the term E {Gq, } by selecting the non-
zero terms in the expansion as

Enoise — E{HQXW} =E{alay}

7ZE{ gx }JF'VXE{afAXH&X}

=cy0ey M | fr (P x)| + AyexdMNey, + AyeyexMNey,
+AXCXMN6X1 + 'YXM6X1

=M {‘fx(‘I’xNQ cx0ex + AyNeydey, + (AxNey (e + 1)
+ ") exat- (88)

E)s(ignal (E;oise) 2 .

87)

= |]E {qqu}‘z =

We conclude this subsection by providing some
useful results similar to (88). To be specific, we aim

to derive ]E{q ayx}. E{gle}. E{gl/AAlg,},
E{gl'AAllg;}, E{gng AHgX} andE{ngX}
Firstly, we have

E{aa} = iE{(qSZ)Hqii} +nE{dld,}
—c\ 0z, BF ﬁw’; Ho b, + o, JE {h o/ H Ho b, }
+exexBy ®E{HTH| @ b, + o { b SIE {H7H
.y} o+ E{dld, ) (89)
M {If (@) cxdey + ANe, (646 +1) + 2}

Secondly, by using the expression of g,, we have

(s - 25 { g

1 (90)

=M {‘fx(q)x”2 CxOey + AXNCX‘S‘??@ + AyNey (ex +1) eX3}
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Thirdly, using A¥ = A, and A, H = e,,H, we have

i i ng Xgi)
I}

E{gHA AHgX} =E

= |Ved=a e, b H +24:E{

= M{IF (@ eydzyel, + ANeyde?,
+A Ney (e + 1) ey, - on

Besides, for ¢ # x and Y, we have

E {gHA Ang} =M {|fi(<I>X)|2 Ci5€i€i2 + AXNci(Sef(2

+ A Nc; (ei+1) ey}, 92)
E{gA Al g} =M {|/x(@0)f exdexe?, + AgNexdel,
+ AyNCY (SY + 1) €X3} . (93)

Finally, by substituting -, = 0 into (88), we arrive at

E{gg:} =M {|/ (@) exdey + ANeydey, + AN
oy (ex+1) ey} 94)

B. Interference Term

The interference term can be expanded as

IXi:]E{ AHQilz}

H 2
—E (gX+A dyt ——=A Nsx> (g +di)
:E{ AHgi{Q}JrE{ gfdi|2}+E{|defgi|2}

+E{|af A’} + B {|s/N"ATg["}]

1 HnH AH g |2
-‘raE{‘SxN Ald,| } (95)

The six expectations in (95) will be calculated one by one,
and the derivation of E { |g§1 g ’2} will be scheduled last. The
last five terms can be respectively tackled as

E{ éfdlf} E{ng ngX} v E {gx gx} (96)
E { |d>lgAngi| } =E {gfleE {ddeH} AXHgi}
=nE{g'AA] e}, 97)

E{lafafd[’} ~E{a7AJE{da/} A d,}  ©9)
= uE{dfATAdy } =77 T {ATA ] = 1viMey,,
1 HnHAH,_, |2 _i H H_
aE{]SXN Allg| }_ TpXE{gi AATgY, (99)

iE{|stHAXHdi|2} _

o2
—viMe,,, (100)
TPx Px

where E {g{jgx} and E {ngAXAfgi} are given in (90) and
92).
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Finally, we derive the first term E {\gfj gi|2}, which can
be expanded as

2

4 4
E{lefel’} =EQ[> D (80)" 8! (101)

o e{(en”e) (@) e}

wl,Pl,w2,42,
(w1, 1)#(w2,92)

To begin with, we consider the terms with w = 1. We have
JNH_1)?
E ’(gx) g! (102)
— | /oo e n o H Hah,|
= Cx0ExV/ Ci0E; X Ex i1
P (@)

= cyc;6%ey e M? | f (P

Similarly, we have

B{|e) el } -

2
E{ (g;)Hg? } = Ayeycifen e MN £ (@))]7,  (104)

Ay cyeid?e  M2N | f,(®,)]°, (103)

JNH 42
£{]()" el | = avecss v R @R 05

When w =2,3,4, ), E {

tively expanded as

w2
e {]e)" e } (106)
=1

= cXczdzszMgN |fi(®)|° + AieizcxciézMQNQ

2 2 2 2
A ckczds MN —I—AXechXciéMN,

2
(g;)H gj’ } can be respec-

M”“

)( i

4
H
> IE{ (&3)" g } (107)
¥=1
= AXeX,ZcXci(SaXEiMN |f¢(<I’i)|2 + Aieigcxci&sXMNQ
+ Acyciexei (ei1M2 h h; MN2)

+ AZcyciey (e
>x{l

+ A2e? cXcZﬁMN2 + Aicxciei (eilMQN + ey MNQ)

X 7X2
+ AZcyei (€2, MPN + ey, MN?) . (108)

2 M?+e ,MN)N,

|2 2
} AXeXZCXcﬂEiMN\fi((I’ﬂ

xgi

Then, we focus on the remaining cross-terms in (101). They
can be combined as

Page 12 of 13

24: E{((gil) g') ()" gsz)H}

(109)

and (wl,v1,w2,12) includes four cases, ie., (1,1,3,3),
(1,2,3,4), (2,1,4,3), (2,2,4,4). Then, we calculate these 4
terms in (109) one by one. The first one is given by

- NH
ore{={(8)"8) (80" )" }}
— 24,02 sie, M Re (b @ H "Heh.h; B, |
=2A CX015€X51€X1MR6 {h P aNafjaMa%{) E HHEX}

= 24 e idzie, M2 Re { £(@,) fi( @B, B}

Then, the remaining cross-term is

£ o) e}
(1,2,3,4)
(2,1,4,3)(2,2,4,4)

= 2AXcXci(5€keX1M2 \fx(i’x)|2 + 2Aicxci66X16X2M2N
+2AXCXCi5€i€X1€X2M2 |fi(<I>i)|2. (111)

C. Signal Leakage
In this subsection, we derive the signal leakage term as

E)((leakage) — E{ AHqX‘2} _ |IE {dg

where E {qf qx} has been derived in (88). The remaining
term can be decoupled as

E{ AHqu} (113)

:E{ AHgX|2} —HE{ gfdx|2} +E{‘d§<{Ang|2}
)

(112)

+E{|aald, "} +2re (B (&g, (aA%d,) "}

2
L HNHAH
}+E{‘\/TPXSXN Axex
. 2 H -
:E{‘gfgﬂ }+7XIE{gng}+’7XE{ng Alg}
+'YXM6X3 +7XM2 : +2'YXM6X1]E{gX gX}

1 HnH AH
+E{' s N7Ad

52
+—]E{ng A gx}"' ’VxMexm

where E {gx gx} ,E {gx } E {gHA AHgX} are respec-
tively given in (94), (90), (91).

Finally, the first term E {
ed as

B

gX| } in (113) can be expand-

e e|'} = > iE{ G

w=1¢Y=1

2
9"elh A
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4

o

wl,pl,w2,P2
(w1, 1) #(w2,2)

e { (@) er) (@) e2)" |-

4 4 2
The terms Y > E {‘(g;)H g%’ } can be derived sim-
w=1¢Y=1

ilarly to (102). 1/The remaining terms have 20 non-zero
cross-terms. These terms can be combined into 10 terms,
corresponding to (wl,¥1,w2,¢2) = (1,1,2,2), (1,1,3,3),
(1,1,4,4), (1,2,3,4), (1,3,2,4), (2,1,4,3), (2,2,3,3),
(2,2,4,4), (3,1,4,2), (3,3,4,4).

D. Inter-group interference

Similarly, we can expand this term as
. 2 . 2
IXY:E{ 4y ax| }:E{ &\ &x| }+]E{

+E{|afAle:l" | +E{|al Al ds]]

é‘fdﬂz}
(115)
+ LJE{|SXHNHAng|2} + i}E{|stHAXHdY|2}
TPx TPx
=E { gfgﬂz} +xE{8Y 8} + nE {8f AA gy}
2

o2 o
+ v rxMey, + —E {gijAXAXHgy} + —xMeys,,
TDx TPy

where E {7, }, E {gf A, Al gy} are respectively given in
(90) and (92). The first term can be derived in the same way as
(101), but it is worth noting when it comes to w = 3,% = 3,

we have

\H _3]? 2 el aHs v |°
E{‘(gx) gx} }ZCXCXEXEX6X1M ‘hx P Prhy

+ Ay Axeycxeyexeys MN?. (116)
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