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Abstract—This paper proposes schemes to improve the spectral
efficiency of a multiple-input multiple-output (MIMO) broadcast
channel (BC) with I/Q imbalance (IQI) at transceivers by em-
ploying a combination of improper Gaussian signaling (IGS),
non-orthogonal multiple access (NOMA) and simultaneously
transmit and reflect (STAR) reconfigurable intelligent surface
(RIS). When there exists 1QI, the output RF signal is a widely
linear transformation of the input signal, which may make the
output signal improper. To compensate for IQI, we employ IGS,
thus generating a transmit improper signal. We show that IGS
alongside with NOMA can highly increase the minimum rate of
the users. Moreover, we propose schemes for different operational
modes of STAR-RIS and show that STAR-RIS can significantly
improve the system performance. Additionally, we show that IQI
can highly degrade the performance especially if it is overlooked
in the design.

Index Terms—Improper Gaussian signaling, I/Q imbalance,
MIMO broadcast channels, non-orthogonal multiple access, re-
flecting intelligent surface, spectral efficiency.

I. INTRODUCTION

A main target of the sixth generation of wireless com-
munication systems (6G) is to improve spectral efficiency
(SE) of wireless networks by around 10 times higher than
the SE of 5G networks [1f]. To this end, we have to en-
compass some challenges such as interference and hardware
impairments (HWI), which may highly affect the system
performance. Interference has been always among the main
performance limitations of modern wireless communication
systems [2]]. Hence, interference-management techniques such
as non-orthogonal multiple access (NOMA) and improper
Gaussian signaling (IGS) are expected to continue playing a
key role in such networks. Moreover, devices are never ideal in
practice, and thus, HWI-aware techniques should be employed
to compensate for the non-idealities [3[]-[7].

A source for HWI is an imbalance between the in-phase and
quadrature signals, which is known as I/Q imbalance (IQI) [4],
[6]. In the presence of IQI, the output transmitted/received
signal is a widely linear transformation (WLT) of the input
signal, which means that output digital baseband signal can
be improper even if the input signal is proper. Note that in
a zero-mean improper signal, the real and imaginary parts of
the signal are not independent and identically distributed [8].

To compensate for IQI, we employ IGS, which is shown to be
a powerful interference-management technique to improve the
SE and/or energy efficiency of various systems [4]], [9]-[12].

In addition to interference-management and/or HWI-aware
techniques, 6G should employ some emerging technologies
like reconfigurable intelligent surface (RIS) to fulfill the ever
increasing SE demands. RIS has been shown to be a promising
technology to improve the performance of various interference-
limited and/or interference-free systems [13]—[19]. A regular
passive RIS can provide an additional degree of freedom in
the system design by controlling the reflections, which can be
used to improve the coverage and/or neutralize interference. To
employ a regular RIS, both the transmitter and receiver should
be in the reflection space of the regular RIS, which may restrict
its applicability. To address this issue, simultaneously-reflect-
and-transmit (STAR-) RISs can be employed, which provide a
360° coverage [20]—-[25]. In a STAR-RIS, each component can
not only transmit, but also can reflect at the same time. Thus,
STAR-RIS can cover a wider area and is expected to improve
the system performance especially when a regular RIS cannot
cover all the users.

In this paper, we propose NOMA-based IGS schemes to
maximize the minimum-weighted rate of users in a MIMO
STAR-RIS-assisted BC with IQI. To this end, we extend the
proposed scheme in [[26] to MIMO systems with IQI. Note that
[26] proposed schemes to enhance the SE and EE of a multi-
cell MISO RIS-assisted BC by considering regular RISs and
perfect devices. However, in this work, we study STAR-RIS
and focus on different modes of STAR-RIS with different as-
sumptions regarding the feasibility sets for optimizing the RIS
components. We consider two operational modes for STAR-
RIS. First, we assume that all the STAR-RIS components can
simultaneously operate in both the transmission and reflections
modes, which is known as energy splitting (ES). Second, we
divide the STAR-RIS components into two groups and operate
the components in a group only in the transmission mode,
while the components for the other group operate only in the
reflection mode. This operational mode is known as the mode
switching (MS) scheme.

Our results show that the NOMA-based IGS scheme can
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Fig. 1: A broadcast channel assisted by a STAR-RIS.

significantly outperform the NOMA-based proper Gaussian
signaling (PGS) scheme and/or the IGS scheme with treating
interference as noise (TIN). Moreover, we show that STAR-
RIS can considerably increase the minimum rate of users, even
with a relatively low number of STAR-RIS components per
users. Furthermore, we show that the MS scheme performs
close to the ES schemes with different feasibility sets for
STAR-RIS components. MS schemes have lower computa-
tional and implementation complexities than the ES schemes,
which may make them more practical if their performance
is close to ES schemes. Additionally, we show that IQI can
reduce the minimum rate of users even if it is compensated by
IGS, and neglecting IQI in the design can cause a significant
performance loss.

II. SYSTEM MODEL

We consider a single-cell MIMO STAR-RIS-assisted BC,
consisting of a BS with Npg antennas and 2K users with N,
antennas each, as shown in Fig. [, We assume that there is a
passive STAR-RIS that assists the BS to serve the users. We
further assume that the transceivers suffer from IQI based on
the model in [6]]. We consider a system in which users are
located into two clusters with noticeably different distances
to the BS, similar to [27]]. Indeed, we assume that there are
two types of users in each cell: cell-centric users (CCUs) and
cell-edge users (CEUs), where each cluster has K users. We
randomly divide the users into K pairs (one CCU and one
CEU), as in [27], each pair being served by NOMA. Note
that the proposed scheme in this paper can be applied to other
scenarios with a given user pair/ordering scheme. In this work,
our main focus is on optimizing the transmission parameters
and STAR-RIS components and leave obtaining the optimal
user pairing/ordering for future work.

A. STAR-RIS model

A STAR-RIS can provide a 360° coverage since it can
simultaneously transmit and reflect. In a STAR-RIS-assisted
system, there can be two spaces for each STAR-RIS: trans-
mission and reflection, as depicted in Fig. [I] In the reflection

space, users receive signals through a reflection from STAR-
RIS, while in the transmission space, the STAR-RIS transmits
signals to users. Thus, each user belongs to either a transmis-
sion space or a reflection space of a STAR-RIS. Hence, the
channel between the BS and user k is [22, Eq. (2)]

H,({07,0'}) = G4@"/'G +F), € CN*Nes | (1)

where Fj is the direct link between the BS and user k,
G is the channel matrix between the BS and the STAR-
RIS, G, is the channel vector between the STAR-RIS and
user k, O = diag (071", 0y, --- 797\71315)’ is a diagonal matrix,
containing all the reflection coefficients of the STAR-RIS
and ©' = diag (6,05, 0%, .) is a diagonal matrix,
containing all the transmission coefficients of the STAR-RIS. If
user k is in the reflection (or transmission) space of the STAR-
RIS, its channel can be optimized by @" (or @?). Hereafter, for
notational simplicity, we drop the dependency of the channels
on the RIS components and represent channels as Hy, for all
k.

There are three different assumptions for modeling the
relation between the reflection and transmission coefficients
of each STAR-RIS component. First, the amplitudes of the
reflection and transmission coefficients are related as [23, Eq.
2]

16712 + 167]* < 1, Vi, )

which is a convex constraint. We call the feasibility sets for this
model Ty, given by [25, Eq. (9)]. Second, the amplitudes of
the reflection and transmission coefficients are related as [28|
Eq. (1)]: |07]% +]0¢|> = 1 for all i. This non-convex constraint
can be written as the two constraints: (2) and

|07 + (6%)% > 1, Vi. (3)

Indeed, in this model, there is the additional constraint @
comparing to 7y, which implies that the second model is
more stringent. We call the feasibility set of the second model
Tr, given by [25 Eq. (10)]. Finally, in the third model,
the amplitudes of the reflection and transmission coefficients
are related to as in 77, and the phases are related to as
07 = £07 + w/2 for all i [20], [21]. The phase relation
can be also modeled as the following convex constraint [25]
Lemma 1]

|07 £ 0!|* < 1,Vi. 4)

We represent the feasibility set for the third model by Ty,
given by [25, Eq. (11)]. It is evident that Ty C 77 C Ty.
Thus, 7y should perform not worse than 77, which performs
not worse than Tx. The set Ty is convex; however, 75 and
71 are non-convex because of the constraint (3).

B. Signal model

The BS aims at transmitting the signal
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where xy, is the signal intended for user k. However, due to
IQI, the actual transmitted signal at the BS is a WLT of x as
x! = Ty x + Iy x*, where I'y; = % and Iy =
I—T7, [4]. The matrices A7 and ¢ are diagonal matrices
that correspond to, respectively, the amplitude and phase errors
between the two quadrature signal paths at the transmitter side
[6]. If A7 =1 and ¢ = 0, there is no IQIL. Otherwise, x*
can be improper even if x is proper.

The received signal at user k is y, = Hpx® + n,, where
ny is zero-mean additive white Gaussian noise with variance
o?I. Due to IQI at the receiver of user k, the output signal is a
widely linear transformation of yj as y; = I'1 »yx + T2 y5,
where T, = HALE® and Ty, = T — T, [4]. Similarly,
the matrices A r and ¢ are diagonal matrices, corresponding
to the amplitude and phase errors of each branch at the receiver
side, respectively [6].

We employ the real-decomposition method for modeling
and optimizing improper signals, similar to [4], [16]. The
output signal at the receiver side, using the real-decomposition
method, is

2K
v, =H, > x+n, 6)
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where y, =~ = [ Rye}" IHye}" }T, and x, =
[ R{xi}t I{xx}? ]T for all k. Moreover, n, is the ef-
fective noise at the output of user k, and H,, is the effective
channel in the real domain, given by [29, Lemma 1]. The
signals x, and n,, are zero-mean. We represent the covariance
matrices of x; and n, by, respectively, P, and C,, where

P} is an optimization parameter, while C,, is given by [29,
Lemma 1]. The matrix C,, is equal to ";I if there is no IQI
at the receivers. Otherwise, n,, is improper and its covariance
matrix is not equal to a scaled identity matrix.

C. NOMA

We treat the inter-cluster interference as noise and employ
IGS and spatial dimensions to handle it. However, we employ
NOMA to manage intra-cluster interference. That is, we as-
sume that the CCU £k first decodes the message of its paired
CEU k = K + k and cancels the message from the received
signal. Thus, the achievable rate of user k is

1 _ 1 1

rE = 51og2 I+D;'S;| = §1og2 Dy, + S| — §log2 Dy,
Th,1 Tk,2

(7

where D, = Y3 CHP;H{ + C,. and S, =

ﬂkPkﬂf. On the contrary, the CEU k treats all the received
signals as noise while decoding its own signal. The message
for user & should be transmitted at a rate that is decodable for
both users % and k. Thus, the maximum transmission rate for
user k is

Tk = min (’FEa Fk%f@) ) (8)

where 77, is the maximum decoding rate of x;, at user k treating
all other signals as noise, which is given by
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where D = 3700, i HiP;Hp + C,, and S; =
EEPEEET. Moreover, 7,_,z is the maximum decoding rate
of xj, at user k, while treating all other signals as noise, given

by

Tk,1

1
=1

9 0gy [Dy + Sk

B 1
Tk—k = 5 logy |Dy + Sk + Sy 1| —
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1 _
= 5 logy [T+ (D +Sp) "Sunal (10)

where S, ,; = H, P;H} .

D. Problem statement

In this paper, we aim at maximizing the minimum weighted
rate, which can be written as

max r, st Agrp>r, k=1,--- 2K, (11)

r,@cT {P}eP
where )\ is the corresponding weight for user k, {P} is the
set of covariance matrices, and P is the feasibility set of the
covariance matrices, which is given by [26, Eq. (23)] for IGS
and by [26, Eq. (24)] for PGS schemes.

III. PROPOSED SCHEME

To solve (TI), we employ alternating optimization (AO)
and an MM-based technique. That is, we first fix {@(t’l)},
and optimize over covariance matrices to obtain {P®)}. We
then alternate and optimize over RIS components for fixed
covariance matrices {P(®} to find {@®}. We iterate this
procedure until a convergence criterion is met.

A. Optimizing transmit covariance matrices

Solving (TI) for fixed {@*~Y} is very similar to the
scheme in [26, Sec. III.A]. For the sake of completeness,
we briefly describe the scheme and refer the reader to [26]
for more details. The optimization problem for fixed
{®@#=11 is non-convex. Thus, we employ an MM-based
algorithm to find a solution for this problem. That is, we first
find suitable surrogate functions for the rates. To this end,
we employ [29, Lemma 3] to approximate the convex part of
the rates by an affine function, which results in the following
concave lower bounds

o (t—1)
Th 2Tk =Tkl = Tho

2K T (t—1)y—1
H, (D H
_ZTr H, (D, ) fk(Pj
~ 2In2
J=1j#k.k
- _ _(t—1
7'5} =Tp1— r,%)2 )

—P§-”>)), (12)
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where r,(f;l), r,%t;), ](:_:2)2, S,(f_l), Dg_l), and Dg_l)
are the C(;rrespon’ding initial values at this optimization step.
Note that the concave lower bound for the rate of the CEU
k is #; = min (F%,fiﬁﬁ). Substituting the concave lower
bounds for the rates in the optimization problem (TI) for fixed
{@=1)} results in a convex optimization problem, which can
be efficiently solved by existing numerical tools.

B. Optimizing RIS components

In this subsection, we update the STAR-RIS coefficients by
solving for fixed {P(*)}. Unfortunately, for fixed
{P®} is not convex since the rates are not concave in {©}.
Moreover, the feasibility set for STAR-RIS components is not
convex for the sets 77 and Ty. To update {@}, we propose
a suboptimal scheme based on MM. In the following, we first
consider the ES scheme. Then we mention how the scheme
can be modified to be applied to MS schemes.

To solve for fixed {P ()}, we should first obtain suitable
concave lower bounds for the rates. To this end, we employ
the bounds in [29, Lemma 4], which results in the following
lower bounds

A (t—1) 1 a ~—1 1
k=T~ g T(SkDEY) + 5 Tr(AvHy)
1 = 1 & LT -
— 515 T((D; " = (Sk+ D) ) (Dy + 8y)), (15)
o (t-1) 1 & o1 1 -
=T T oy T (SED) + 5 Tr(AgHy)
1 —~ — Q I —
— 515 T((DF" = (Sg + D) ™) (Dg + 8p)), (16)
A o =1) 1 & o
Tﬁc—ﬂ} =Tk T 21n 2 [ Tr (Sk—)k(Dk} + Sk) 1)

+2 Tr(Ay;Hg) — Tr ((Dg +Sk) ™!
— (St Sk+ D) H(Di+Sk+S,.1)] . A7

where Sz, Sg, Si_z D, and Dy are the corresponding
initial values at this optimization step. Moreover, A, =
P.H!({00-)))D, ", Ay = PiH!({0¢-})D; ", and
A,_; =P:H] ({©#D})(Dy+Sy) . Finally, the concave
lower bound for the CEU k is #; = min (f%, féﬂl—c) Substi-
tuting the concave lower bounds for the rates in the problem

(1), we have

max r, S.t.
r,OcT

AT > T, k=1,--- 2K, (18)
which is convex only for 7;;. However, since the sets 7; and
T are not convex sets (because of (@), the problem (T8) is
not convex for these sets. To convexify for 77 and Ty,

we can apply CCP to the constraint in (3) since |67]? + |6¢]?

for all ¢ is a convex function and should be converted to a
concave function. Additionally, we can relax (@) for a faster
convergence. Thus, can be approximated as

|9£(t—1) ‘2 4 2% (9:“71) (9: . Gf(til))*) +|05(t—1) ‘2
+2m(9,£(t_1)(0§ B Qﬁ(t_l))*)ZI B QVZ', (19)

where € > 0. The constraint (I9) is convex since it is linear
in 0] and 9;‘. Therefore, (I8)) for 7; can be approximated as

IE%X T, S.t. AT >, k=1,---,2K, (20a)
@, [@). (20b)

Moreover, (I8) for Ty can be approximated as
I?ax r, St AR >, k=1,--- 2K, (2la)
@, @, [@. (21b)

The problems and are convex and can be efficiently
solved. However, their solutions may not satisfy the constraint
|67|% 4-16¢|* = 1 due to the relaxation in (T9). Thus, to ensure
a valid solution, we should normalize the solutions of (20) (or

D) as
R Qf(*) . 9:

t_ T__
bi= = B bi= =) 2
* * * *
VAL A b \ 105 12410772

for all 7. Although éf and é{ are feasible, they may not result
in a non-decreasing sequence of the minimum rate of users.
To address this issue, we update @" and @' such that

(%)

(22)

{(:)} if ming {/\ka {é} 2
@) ming, { \ere({@CD)) ) (23)
{@(tfl) } Otherwise,

where {@} = {©",60'} is given by (@2). This updating
step ensures the convergence of the proposed scheme since
the framework generates a non-decreasing sequence of the
minimum rates of the users.

Now we consider the MS scheme in which each STAR-RIS
component either reflects or transmits at a time. In this case, we
set 07 = 0 (or 87 = 0) for STAR-RIS components that operate
in the reflection (or transmission) mode. Then the other steps
remain the same. Specifically, to obtain new {©}, we should
solve for Ty, for 77, and for T. Then we
should normalize the solutions for the feasibility sets 7; and
Tn according to (22) and update {@} based on (23). Note
that the feasibility sets 7; and Ty are equivalent for the MS
scheme since each STAR-RIS component either transmits or
reflects in which the phase relation does not have any impact.

IV. NUMERICAL RESULTS

In this section, we present some numerical results. To
this end, we consider a scenario in which the CCUs are in
the reflection space of the RIS, while the CEUs are in the
transmission space of the RIS. Thus, a regular RIS can assist
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Fig. 2: The average fairness rate versus P for Ngs = N, = 2,
NRIS = 60, and K = 3.

only the CCUs and cannot cover the CEUs. However, a STAR-
RIS can cover all the users due to its 360° coverage. In order
to have a fair comparison, we assume that the number of
RIS components for both the regular and STAR-RISs are the
same. To better investigate the role of IGS, we divide the
numerical results into two subsection. In the first subsection,
we investigate the role of IGS as an interference-management
technique. To this end, we consider perfect devices since 1QI
can increase the benefits of IGS, as shown in [4], [|6]]. Then, we
consider the impact of IQI and the importance of HWI-aware
techniques in Section IV.B.

A. Impact of interference on spectral efficiency

Fig. 2] shows the average fairness rate versus P for Npg =
N, = 2, Nrrs = 60, and K = 3. As can be observed,
the proposed NOMA-based IGS scheme with ES and the
feasibility set 7r; outperforms the other schemes, while the
NOMA-based IGS scheme with ES and 7; performs very close
to the ES scheme with Ty. Moreover, we observe that the
MS scheme performs very close to the ES schemes, and the
performance gap between the MS scheme and the ES scheme
with the feasibility set T is minor, especially at higher SNR
regimes. Note that the computational and/or implementation
complexities of MS schemes are less than ES schemes, which
can compensate the small performance gap, comparing to the
ES schemes.

In Fig. 2] we can also observe that IGS and/or NOMA
can highly improve the system performance. Interestingly,
the NOMA-based IGS scheme without RIS can significantly
outperform the NOMA-based PGS scheme as well as the IGS
scheme with TIN for RIS-assisted systems. This result, indeed,
shows the importance of interference-management techniques
in highly overloaded STAR-RIS-assisted systems. Moreover,
it shows that RIS alone cannot handle interference in over-
loaded systems, and we have to employ powerful interference-
management techniques to fully reap (STAR-)RIS benefits.

1104

s

= 100 —e— STAR w.r.t. No RIS

‘é’ —e& - STAR w.r.t. Regular RIS
s 90

>

£

E 80 |-

§ 70‘5. \'\_

] ~.

5

A~ 50

[

2

s 40 ~.

3 S
~ | | | | | | | | \\' ~ e

Fig. 3: The average performance improvement by employing STAR-
RIS versus K for Ngs = N, = 2, and Nrys = 60.

300 -

—o— IGS w.r.t. PGS

Relative Performance Improvement (%)
—_
w
=)
T

! |
0 2 3 4

K

Fig. 4: 1GS with respect to PGS.

Fig. 5: The average performance improvement by employing IGS
versus K for Npg = N, = 2, and Nrrs = 60.

Fig. [3] shows the benefits of employing STAR-RIS versus
K for Ngg = N, = 2, and Ngrs = 60. As can be observed,
STAR-RIS can significantly improve the system performance
even over a regular RIS. For a fixed number of STAR-RIS
components, the benefits of STAR-RIS decrease with the
number of users. However, the benefits are still significant
when there are less than five components per users, i.e., when
there are 14 users in the network (for K = 7). Note that the
total number of users is 2K.

Fig. 5] shows the benefits of employing IGS versus K for
Nps = N, = 2, and Ngjs = 60. The IGS benefits are
computed by comparing the performance of the NOMA-based
IGS scheme with the NOMA-based PGS scheme for RIS-
assisted systems.As can be observed, IGS can significantly
improve the system performance. Furthermore, the benefits of
IGS and/or NOMA increase with the number of users, which is
in line with our previous studies in [4], [26]. The reason is that,
the higher the number users is, the higher interference exists,
which makes the use of advanced interference management
techniques more necessary and their benefit more significant.
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B. Impact of IQI on spectral efficiency

In this subsection, we consider the impact of IQI on the
system performance. We assume that the IQI parameters at all
users are similar. In other words, we set A7 = Ay and ¢ =
¢ . Similar to [6], we assume that A = a1 and ¢ = @I,
where ¢ = 5°. In the previous subsection, we study the impact
of IGS and NOMA as interference-management techniques.
Moreover, we investigate the performance of STAR-RIS. thus,
in this subsection, we consider only the NOMA-based IGS
scheme for STAR-RIS-assisted systems with MS to study the
impact of IQI.

Fig. [6] shows the impact of IQI on the minimum rate of
users for Ngg = N, = 2, K = 2 and Nrrs = 30. As can
be observed, the minimum rate of users decrease with the 1QI
level, where there is more than around 35% performance loss
for a; = 0.2 even when the IQI is considered and compensated
in the design. Such performance loss can even increase up to
more than 70% if IQI is overlooked in the system design.

V. CONCLUSION

This paper proposed a scheme to improve the minimum rate
of a MIMO STAR-RIS-assisted BC with HWI by employing
IGS and NOMA. We considered three feasibility sets for
STAR-RIS components and proposed different schemes to
optimize STAR-RIS components. We showed that STAR-RIS
can significantly improve the minimum rate of the users.
Furthermore, we showed that the MS scheme can perform
very close to the ES scheme, especially when the phases
of the reflection and transmission coefficients are dependent.
Additionally, we showed that the NOMA-based IGS scheme
can highly outperform the NOMA-based PGS and/or the IGS
scheme with TIN, and the benefits of IGS increases with the
number of users, which is in line with our previous study
in [26]. Finally, we showed that IQI can highly degrade the
system performance even if it is compensated in the system
design.
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