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Abstract—The emerging reflecting intelligent surface (RIS)
technology promises to enhance the capacity of wireless commu-
nication systems via passive reflect beamforming. However, the
product path loss limits its performance gains. Fully-connected
(FC) active RIS, which integrates reflect-type power amplifiers
into the RIS elements, has been recently introduced in response
to this issue. Also, sub-connected (SC) active RIS and hybrid
FC-active/passive RIS variants which employ a limited number
of reflect-type power amplifiers, in order to provide energy
savings, have been proposed. Nevertheless, their flexibility in
balancing diverse capacity requirements and power consumption
constraints is limited. In this direction, this study introduces novel
hybrid RIS structures, wherein at least one reflecting sub-surface
(RS) adopts the SC-active RIS design. The asymptotic signal-to-
noise-ratio of the FC-active/passive and the proposed hybrid RIS
variants is analyzed in a single-user single-input single-output
setup. The transmit and RIS beamforming weights are jointly
optimized in each scenario to maximize the energy efficiency
of a hybrid RIS-aided multi-user multiple-input single-output
downlink system subject to the power consumption constraints
of the base station and the active RSs. Numerical simulation and
analytic results highlight the performance gains of the proposed
RIS designs over benchmarks, unveil non-trivial trade-offs, and
provide valuable insights.

Index Terms—Reflecting intelligent surface (RIS), hybrid RIS,
beamforming, performance analysis, optimization.

I. INTRODUCTION

The disruptive reflecting intelligent surface (RIS) technol-
ogy has been recently proposed as a means to increase the data
rates and the capacity, extend the coverage, and improve the re-
liability of wireless communication systems in a cost-effective
and energy-efficient manner. This goal is accomplished by
dynamically reconfiguring the wireless channel via reflect
beamforming (RB) [1], [2]. Specifically, RIS refers to a planar
surface that is equipped with a massive number of passive
reflecting elements (RE). This intermediary can controllably
reflect the incident radio frequency (RF) signal by jointly
adjusting the phase shifts that the REs independently induce
to it, thereby intelligently shaping the wireless propagation
environment, e.g., to boost the received power at intended
users or/and suppress the interference to other directions.

Nevertheless, the double path loss over the RIS-cascaded
channels between the base station (BS) and the users, which
equals the product of the path losses over the BS—RIS channel
and the corresponding RIS—user channels, limits the capacity
gains of passive RIS [3]. This is particularly apparent when
the respective direct channels are strong. Despite its high RB
gains, which are attributed to the vast volume of REs, RIS
cannot effectively compensate for this multiplicative path loss.

A fully-connected (FC) active RIS alternative has been re-
cently introduced to alleviate this performance bottleneck [4],
[5]. In this RIS variant, a low-cost reflection-type power
amplifier (PA), which is realized with the aid of an active
load (negative resistance), such as a tunnel diode, is integrated
into each RE. Hence, this RIS design supports both amplitude
amplification and phase shifting of the incident signal prior to
reflection, thus effectively mitigating the path loss effect over
the BS-RIS channel without using costly RF chains.

A sub-connected (SC) active RIS structure, which is divided
into disjoint partitions with their own reflection-type PA that
is shared among their REs, constitutes a recent advancement
that has been proposed to further enhance the energy efficiency
(EE) [6]. Likewise, a hybrid RIS realization, consisting of an
FC-active and a passive reflecting sub-surface (RS), represents
yet another recent development, in an attempt to flexibly
combine the advantages of these RIS architectures and strike a
desirable capacity/total power consumption (TPC) balance [7].

A. Related Works

Numerous studies have explored the joint optimization of
the transmit and reflect beamforming schemes in a multitude
of diverse RIS-aided wireless communication scenarios.

Passive RIS: The works [8], [9] deal with capacity maxi-
mization in point-to-point multiple-input single-output (MISO)
and multiple-input multiple-output (MIMO) systems, respec-
tively. The studies [10], [11] address transmit sum-power
(TSP) minimization in the multi-user MISO downlink sce-
nario, whereas [12] extends these works for the case with
discrete reflection coefficients (RC). The study [13] proposes a
respective worst-case robust algorithm under a scenario where
only the RIS—user reflection channels are imperfectly known,
while [14] focuses on outage-constrained robust designs under
spectrum sharing and energy harvesting constraints. Sum-
rate (SR) and EE maximization are investigated in [3], [15],
respectively, under the application of zero-forcing precoding.
The work [16] explores weighted SR (WSR) maximization
and [17] studies a corresponding robust design, assuming the
ability to control the reflection amplitudes as well.

These works corroborate the advantages of RIS-aided com-
munication over benchmarks, such as full-duplex active relays,
and emphasize the importance of optimizing the phase shifts
in order to exploit coherent RB gains, rather than relying on
random phase shifts which solely provide array gains.

FC-active RIS: An optimal power allocation scheme that
maximizes the data rate in a single-user single-input single-
output (SISO) system is presented in [4]. In [18], [19], the
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authors jointly optimize the reflect and receive beamform-
ing or the transmit precoding (TP) and RB schemes in a
single-user single-input multiple-output (SIMO) or a multi-
user MISO downlink system to maximize the received signal-
to-noise-ratio (SNR) or to minimize the TSP, respectively. The
work [20] focuses instead on SR maximization.

According to these studies, this RIS architecture outper-
forms its passive counterpart under the same TPC budget,
provided that the number of REs and, therefore, reflect-type
PAs is relatively small, due to TPC considerations.

SC-active and FC-active/passive RIS: The authors in [6]
develop a joint TP/RB optimization scheme that maximizes
the EE in an SC-active RIS-aided multi-user MISO downlink
system. Numerical simulations unveil that this active RIS
variant provides significant TPC savings in comparison to the
FC-active RIS design, with only a minimal SR deterioration.

The authors in [7], in turn, consider an FC-active/passive
RIS-assisted multi-user MISO downlink system and jointly
optimize the TP and RB schemes, along with the allocation
of active and passive REs, to maximize the ergodic capacity
of the worst-case user under the availability of statistical CSI.
Numerical evaluations indicate that smaller TPC budgets and
stronger direct links benefit active over passive REs. In [21]
the authors consider a corresponding unmanned aerial vehicle-
aided communication system and optimize also the location
of the, static, drone under the max-min fairness objective,
whereas in [22] they extend this work by assuming a moving
drone and optimizing its trajectory. The work [23], on the other
hand, focuses on EE maximization in a cell-free network and
corroborates the superiority of this hybrid RIS design over
passive and active RIS.

B. Motivation and Goal

Nowadays, we notice an urgency to reduce the TPC and the
carbon footprint of wireless networks and enhance their EE,
in view of both their densification, which is dictated by their
ambitious capacity targets, and rising sustainability challenges,
such as the energy crisis and the climate change [24].

Although the SC-active [6] and FC-active/passive [7] RIS
variants correspond to steps in the right direction, their ability
of simultaneously satisfying diverse capacity requirements and
TPC constraints is limited. Motivated by these works, our main
goal is to progress the state-of-the-art by introducing flexible
and energy-efficient RIS designs that combine the hybrid RIS
principle with the degrees-of-freedom offered by SC-active
RIS regarding the number of RIS partitions (i.e., PAs).

C. Contributions

The unique contributions of this study are listed below:

« We analyze the asymptotic SNR of the proposed hybrid
RIS architectures and the FC-active/passive RIS variant
in an IRS-aided single-user SISO downlink system, as
the number of REs grows to infinity.

« We jointly optimize the TP and RB schemes for each
scenario, such that the EE of an IRS-aided multi-user
MISO downlink system is maximized subject to the TPC
constraints of the BS and any active RS. We apply
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Fig. 1. System setup: a RIS-assisted multi-user MISO downlink system,
wherein a hybrid RIS with N REs that is divided into two RSs, RS1 and RS2,
with N1 and N2 REs, respectively, aids a BS with M antennas in serving
K single-antenna users in a single time-frequency resource. The figure also
depicts the direct channel from the BS to user k, the incident channels from
the BS to each RS, and the reflected channels from each RS to user k.

fractional programming (FP) techniques and develop effi-
cient block coordinate ascent (BCA) algorithms based on
the Lagrange multipliers and majorization-minimization
(MM) methods to tackle these challenging non-convex
optimization problems and obtain locally optimal solu-
tions.

« We comparatively evaluate the proposed schemes against
benchmarks in various test scenarios via simulations.

Numerical simulation and analytic results showcase the perfor-
mance gains of the proposed designs over the state-of-the-art
and shed light on the impact of system parameters.

D. Structure, Mathematical Notation, and Abbreviations

The rest of the paper is organized as follows: The considered
hybrid RIS architectures and the system model are introduced
in Section II. Section III is devoted to performance analysis.
In Section 1V, the joint TP/RB optimization problems for each
scenario are formulated and respective energy-efficient designs
are proposed. In Section V, the performance of the proposed
schemes is comparatively evaluated against benchmarks via
numerical simulations. Section VI summarizes the paper and
presents our primary conclusions.

Notation: z: a scalar; x: a column vector; X: a matrix;
[x],, £ 2, the n-th element of x; R : the set of non-negative
real numbers; CN and CN*M: the sets of complex N x 1
vectors and N x M matrices, respectively; BY*M: the set
of binary N x M matrices; j = /—1: the imaginary unit;
|z|, arg(z), and Re{z}: the magnitude, argument, and real
part, respectively, of the complex scalar x; ||x|: the Euclidean
norm of x; X*, X7, X, X! and |X||-: the complex
conjugate, transpose, complex conjugate transpose, inverse,
and Frobenius norm of X, respectively; X = diag(x): a
diagonal matrix with main diagonal x = Diag (X); X =
blockdiag (X1,...,X): a block diagonal matrix; X > 0:
a positive semi-definite (PSD) matrix; Oy and 1y: the NV x 1
null and all-ones vector, respectively; Iy: the N x N identity
matrix; ® and ©: the Kronecker and Handamard matrix prod-
uct, respectively; E {-}: the expectation operator; CN (-, -): the
circularly symmetric complex Gaussian distribution.

Abbreviations: The abbreviations are listed in Table I.
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S 2 {1,2}, such that N; + N, = N. RS s employs the
passive, the FC-active, or the SC-active RIS design, which are

-

PS Control Patch

TABLE I
ABBREVIATIONS
Abbreviation  Description Abbreviation  Description
AF Amplification Factor QCQP Quadratically-Constrained Quadratic Program
AWGN Additive White Gaussian Noise RB Reflect Beamforming
BCA Block Coordinate Ascent RC Reflection Coefficient
BS Base Station RE Reflection Element
CSI Channel State Information RF Radio Frequency
DC Direct Current RIS Reflecting Intelligent Surface
EE Energy Efficiency RS Reflecting Sub-surface
FC/SC Fully-/Sub-Connected SIMO/SISO Single-Input Multiple-/Single-Output
FP Fractional Programming S(HNR Signal-to-(Interference-plus)-Noise-Ratio
MIMO/MISO  Multiple-Input Multiple-/Single-Output TP Transmit Precoding
MM Majorization-Minimization TPC Total Power Consumption
OF Objective Function TSP Transmit Sum-Power
PA Power Amplifier UE User Equipment
PS Phase Shifts UMC Unit Modulus Constraints
PSD Positive Semi-Definite (W)SR (Weighted) Sum-Rate
II. HYBRID RIS STRUCTURES AND SYSTEM MODEL | Fundamental RIS Architectures | | Hybrid RIS Architectures |
Passive 1 1 FC-Active/Passive FC—AcIivefSC-Active:
A. System Setup EEEE rSControl Parch ', ENEN HN I
. . . EEEN ' EEEE ] | |
The con51df:red setup consists of a ES with M antenpas, a EEEE I i ' EEEE T !
hybrid RIS with N REs, and aset £ = {1,..., K} of single- ' HEEN 1 AEEE (] :
antenna terminals, as shown in Fig. 1. The RIS is divided FC-Active |} SC-Active/Passive SC-Active/SC-Active |
. . I
into two RSs with a set NV, = {1,..., N,} of REs each, s € AF Control  PS Control Patch! | == :
!
D i
i '
i 1
1

illustrated in Fig. 2. In the latter case, it is divided into a set
L, = {1,...,L,} of partitions with Ty = N,/L, REs each.
Throughout the paper, we address the members of these sets
via the indexes n € N, | € L, and k,i € K, respectively.

B. Hybrid RIS Architectures and RB Matrix

We consider active/passive and active/active RIS architec-
tures. Specifically, besides the FC-active/passive structure [7],
we propose the SC-active/passive, FC-active/SC-active, and
SC-active/SC-active (with L1 # Lo or/and N7 # N5) variants,
as depicted in Fig. 2. The RB matrix of the hybrid RIS,
® € CN*N and RS s, &, € CN*Ns jg expressed as
® = blockdiag (®1, ®2) and &; = diag (¢1.5,...,PN..5),
respectively, where ¢, s € C corresponds to the RC of the
n-th RE in RS s. Depending on the RS type,

bns = elns = &, 2 @, (Passive RS), (1a)
bns = ap sl = &, 2 @,A, (FC-Active RS)  (1b)
bns = apge??me (1-1)Ty <n <ITs =

= &, £ O, diag (Tsa,) (SC-Active RS), (1c)

where 6, s € [0,27) and o, s > 0 denote the phase shift (PS)
and the amplification factor (AF), respectively, of the n-th RE;
@, € CNs*Ns is referred to as the PSs matrix; A, € RY+*N
stands for the AFs matrix, A, £ diag (a1 5, ..., N, s); O €
Ris represents the AFs vector for the SC-active RS case, &y =
[a1s,--- ,&Lsys]T, with &; o > 0 standing for the AF of the
I-th partition; and T’y € BY+*Z< denotes the coupling matrix,
I, & I,. ® 17, [6]. Note that passive RS is a special case
of FC-active RS with a,, s = 1, Vn € N, e, A; = In,.
Likewise, FC-active RS is a special case of SC-active RS with
Ts =1, such that L, = Ny, i.e., diag (Tsas) = As.

Fig. 2. Fundamental and hybrid RIS architectures. In all fundamental RIS
structures, we have PS control for each RE (patch). In FC-active and SC-
active RS, we also have AF control per RE or disjoint partition (subgroup of
REs), respectively. By combining either active RS design with either a passive
or SC-active RS, we obtain four hybrid RIS variants, i.e., two active/passive
and two active/active ones.

C. Channel Model

We consider quasi-static, flat-fading channels. The baseband
equivalent direct channel from the BS to user k, incident
channel from the BS to RS s, and reflected channel from RS
s to user k is denoted by g;g € CM, G, € CN+*M and

f,Iys € CNs, respectively. The baseband equivalent effective

channel from the BS to user k, h;rC e CM, is given by
hL = glt + ZS€S fli,sq’SGS‘

D. Transmitted Signals

The transmitted signal, x € CM, is x = Zkeic WSk,
where wi, € CM and s, ~ CN(0,1) are the TP vector and
data symbol, respectively, for user k. The TSP is written as

P=E{IxlI*} = 3 lIwll* @)
ke

E. Total Power Consumption

Depending on whether RS s is active or passive, the
amplified and reflected or simply reflected signal, t, € CNs,
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is written as t; = @, (rs +2z;) or ts = P,ry, respectively,
where r; € (CN denotes the incident RF signal given by
r, = Gyx and z, ~ CN (On,,021y,) represents the active
RS’s amplification noise. The TSP of active RS s is given by

Py =E{ 6]} = D [@.Gowi|* + 02 |15 3

ke
The TPC of the BS, user equipment (UE), and RS s is
Pys = &P+ Wes, Poe= > Wug, (4a)
kek
P, = Ny Ppg, (Passive RS) (4b)
P, =, 1PT,S + W, (Active RS) (4c)

where Wgg and W, , respectively refer to the static power
consumption of BS and RS s, £ € (0,1) and (s € (0,1) is
the EE of their amplifiers, Wyg and Pps denote the power
consumption of each UE and PS control circuit, respectively.
If RS s is active, then

W,.s = N (Pps + Ppc), (FC-active RS) (5a)
Wy s = NsPps + (Ns/Ts) Poc, (SC-active RS) (5b)

where Ppc denotes the direct current (DC) bias of each PA.
The TPC constraint of the BS and active RS s is given by
Pgs < g™ and P, < P"®%, respectively, where Pgg*™* > 0
and P{"** > 0 denote the corresponding TPC budgets. By
denoting Pris = Y .5 Ps and P £ Pgs + Py, we can write
the TPC of the system as P = P+ Pgis.

F. Received Signals and SINR

Hybrid Active/Passive RIS: When the RIS adopts the FC-
active/passive design presented in [7] or the proposed SC-
active/passive one, the received signal at user k is given by

e =gix+ Y £l to+m
seES
= hlwksk —i—h; Z w;S; +
M 1€\{k}

f271@1Z1 +ng,

desired signal RS1 amplification noise

multi-user interference
(6)
where ny ~ CN ((), O',%) denotes the additive white Gaussian

noise (AWGN). Hence, the signal-to-interference-plus-noise-
ratio (SINR) of this user is written as

2
1|

Tk = (7)
‘hTwl +52kalq>1H +o?

EK\{k} ’

Hybrid Active RIS: When the RIS adopts the proposed
FC-/SC-active structure or consists of two SC-active RSs with
different partitioning, the received signal at user k is given by

Y =ghx + Z f]I’Sts + ny,
seS

= hkask +h! w,;S; + £ Pszs N
k > >t

desired signal i€ C\{k} SES

. M > : i H
multi-user interference ~ RSs’ amplification noise

®)

4

Therefore, the SINR of this user is expressed as

Ve = )]
HhTwl + 352 +a,§
seS

k, é
GIC\{k}

G. Sum-Rate and Energy Efficiency

The data rate of user k£ and the SR (in bps/Hz) are
respectively given by Ry = logy (1+7x)and R =", _,c Ry
while the EE of the system is written as n = R/P

III. PERFORMANCE ANALYSIS

In this section, we analyze the asymptotic SNR of the
considered hybrid RIS architectures as Ny — oo. We con-
sider a single-user RIS-aided SISO communication setup, i.e.,
M = K =1, with Rayleigh-fading incident BS-RS s channel,
gs; € C"s, and reflected RS s-user channel, fi € Cs,
ic, g ~ CN (On,,0% 1Iy,) and f, ~ CA' (ONS,Q?SINS),
respectively, to foster mathematical tractability and obtain
insights about the respective power scaling laws. For the
same purpose, we also assume that the direct BS-user link
is blocked, such that the effective channel from the BS to the
user, h* € C, is defined as h* £ Zses fq'i'ggs, and assume
that if RS s is active, then all its AFs are equal. This implies
an SC-active RS with a single PA (i.e., L = 1), such that
Qs = &g, VI € L. This configuration has been proven to be
optimal for single-user SISO [6]. The transmit power budget
and the reflect power budget of active RS s are denoted by
Pmax or PM2X for the active/passive or active/active RIS

t,a/p ta/a
case and P;“;‘X, respectively, while the AWGN is denoted
as n ~ CN (0 02). The transmitted signal is denoted by
x = ws, where w > 0 and s ~ CA(0, 1) represent the transmit
power and the transmitted symbol, respectively. Furthermore,
we assume optimal transmit power, AFs, and PSs.

For comparison purposes, we also consider the passive
and single-PA-equipped active RIS designs as N — oo0.
The incident BS—RIS and reflected RIS—user channel are
denoted in these scenarios as g ~ CN (ON,Q?]IN) and

f ~ CN (ON7Q?¢IN), respectively; the transmit and reflect
power budgets are denoted as P}, or ;™ for the passive or
active RIS case and P™#%, respectively; and the amplification
noise of the active RIS is denoted as z ~ CN (O N, 0%1 N)
Throughout this section, we use the numeric example shown
in Table II, which is adapted from [20]. Note that the total
radiated power budget, Pax, is the same in all setups, to
ensure fair comparison. The numerical results regarding the
asymptotic SNR and the minimum RIS size required to meet a
given condition are presented in Tables III and IV, respectively.

A. Asymptotic SNR

First, we present the asymptotic SNR of the considered RIS-
aided single-user SISO system for the different RIS types.

Lemma 1 (Asymptotic SNR for passive RIS): Letting
N — o0, the asymptotic SNR of passive RIS is given by

max -2

Py Qng

Y (N, PP2) — N? oo

(10)
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TABLE II
PARAMETERS OF NUMERIC EXAMPLE

Parameter Value

Notes

AWGN Power 02 = —100 dBm

Amplification Noise Power 62 = —100 dBm (Fundamental RIS Structure)

§2 = —100 dBm (RS s of Hybrid RIS)

02 = —70 dB (Fundamental RIS Structure)
BS-RIS Path Loss g? — 70 dB (RS s of Hybrid RIS)

02 = —70 dB (Fundamental RIS Structure)
RIS-User Path Loss gg = —70 dB (RS s of Hybrid RIS)

PP = Prax (Passive RIS)
Plax — Ppiay /2 (Active RIS)

Transmit Power Budget P — Prax/2 (Active/Passive RIS)
PRAX = Prax/2 (Active/Active RIS)

(1) P{f;ﬂx =2 W, (ii) Pt‘f‘pa" =3W

1) ngg“ =1W, (ii) Ptr?;x =15W

1 max __ 11 max __

@) Pt,a/p =1W, (i) Pt’a/p =15W
(i) Ppmax =1W, (ii)) P™?* =15 W

t,a/a t,a/a

PMaX = Prax/2 (Active RIS)
Reflect Power Budget

P = Pmax/2 (RS1 of Active/Passive RIS)
P2% = Prax /25 (RS s of Active/Active RIS)

O PP =1 W, (i) PP =15 W

(i) PR3 =1 W, (i) PP = 1.5 W

(i) P2 = 0.5 W (S = 2) or P2% = 0.25 W (S = 4),
(i) PP = 0.75 W (S = 2) or P®* = 0.375 W (S = 4)

Total Radiated Power Budget

(1) Pmax =2 W, (ii) Pmax = 3 W (50% increase)

Pmax == Ptrf;ax (Passive RIS)
Phax = Ptr?aax + Pa% (Active RIS)
Prax = P + PP (Active/Passive RIS)

Prax = Pt'f:laxa + 2 ses PR3 (Active/Active RIS)

N = 256 (Fundamental RIS Structures)

Number of REs
Case 2: Ny = Np = N/2 =128.

N = Nj + N2 = 256 (Hybrid RIS structures)
Case 1: Ny = 3N/4 =192, N = N/4 = 64.

Case 3: Ny = N/4 =64, No = 3N/4 = 192.

Cases 1-3 apply to active/passive RIS. In active/active RIS,
Ns = N/S, ie., Ng =128 (S = 2) or Ny = 64 (S = 4).
33% (50%) and 50% (33%) drop (increase)

in active (passive) REs from Case 1 to 2 and then to 3.

Proof: The proof can be found in [10]. O
Remark 1: We notice that passive RIS enables a transmit
power reduction in the order of N? without compromising
the received SNR. This is because it does not only achieve a
beamforming gain of order IV in the RIS-user link, similar to
its massive MIMO counterpart, but it also inherently captures
an aperture gain of order N in the BS—RIS link [10].
Lemma 2 (Asymptotic SNR for active RIS): Letting N —
o0, the asymptotic SNR for the active RIS case is given by
Ya (N, P2, P) —
Ptr:r:laxprmaxﬁ2 Q?c 952;

16 (P;nax(SQQ? + Ptrj:laxo.2g!2] + 0-252) .

N (1)

Proof: The proof can be found in [20]. O
Remark 2: We observe that the asymptotic SNR of active
RIS is only proportional to IV, instead of N2. Also, it depends
on both the transmit power and amplification power budgets.
Remark 3: We note that
Ya (N, P2, PP) —
P;nax 0_2

N (Pres?03 + Piyog2 + 0267

Y (N, P2) (12)
Remark 4: By letting P — oo in Eq. (11), the
asymptotic SNR of active RIS is upper-bounded by

(ool NPm NP;:naXTr2Q?
" ax N
Yot (N, P) TR

By letting P™** — oo in Eq. (11), the asymptotic SNR of
active RIS is upper-bounded by

13)

max, -2 ,2
Pw 04

rYaT(N7Pt7CLX)_>N 1662

(14)

Hence, the negative impact of small BS-RIS channel g and
large RIS noise power 62 or small RIS—user channel f and
large AWGN power o2 on the received SNR can be reduced
by increasing the transmit or the reflect power, as shown in
Eqgs. (13) and (14), respectively [20].

Remark 5: Active RIS achieves about 40 dB higher
asymptotic SNR than passive RIS, as shown in Table III.
This is due to the amplification power in the nominator of
Eq. (11), which implies that active RIS compensates for the
path loss in the BS—RIS channel, and the small multiplicative
terms in the denominator of Eq. (11) that involve path loss
and noise components, e.g., we see that the received RIS
noise terms have been attenuated over the RIS—user channels.
Also, 50% increase of Pp,x results in an SNR gain of
10log4(1.5) = 1.76 dB for both RIS structures, while the
transition of active RIS to the large transmit or reflect power
regime results in an SNR gain of 3.01 dB.

Lemma 3 (Asymptotic SNR for active/passive RIS):
Letting Ny — oo, the asymptotic SNR for the active/passive
RIS case with arbitrary REs’ allocation is given by

’Ya/p (Na ;218‘/);7 TITX) —

Py [Prds, Ny + 63,0, (P, + 1) N3]

16 (P;f‘laxéfgfcl + Pt‘fﬁ;azggl + a%f)
=0 (N, PR, P

(lept]?:za/); + 5%> o’

7 (N 2, tﬁfza/};) :
P (Pressiol, + P otad, +0%57)
5)
Proof: Please see Appendix A. O
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TABLE III
ASYMPTOTIC SNR

Active/Passive RIS Active/Active RIS

Passive RIS Active RIS N1 =3N/4 N1 = N/2 N1 =N/4 S=2 S=4
SNR[dB] Prax =2 W Prax =2 W Prax =2 W Prax =2 W Prax =2 W Prax =2 W Prax =2 W

39.08 78.97 77.72 75.96 72.95 77.21 74.99
Prax =3 W | Pnax =3W | Pnax =3W | Pnax =3 W | Pnax =3 W | Pnax =3 W | Pnax =3 W

40.84 80.73 79.48 77.72 74.71 78.97 76.75
Pmax:2w Pmax:2w Pmax:2w Pmax:2w Pmax:2w Pmax:2w Pmax:2w

SNR for Large % [dB] N/A 81.98 27.04 33.06 36.58 78.97 75.96
Phax =3 W Prax =3 W Prax =3 W Prax =3 W Phax =3 W Prax =3 W Prax =3 W

N/A 83.74 28.81 34.82 38.35 80.73 77.72
Pmax:2w Pmax:2w Pmax:2w Pmax:2w Pmax:2w Pmax:2w Pmax:2w

SNR for Large ;. [dB] N/A 81.98 80.73 78.97 75.96 81.98 81.98
Prax =3 W Prax =3 W Prax =3 W Prax =3 W Prax =3 W Prax =3 W Prax =3 W

N/A 83.74 82.49 80.73 77.72 83.74 83.74

Remark 6: Given that N; = aN, a € (0,1), we note

that 5, /p (N ¥ J,IL%,PSE“) ~ Ya (aN, ppax ,P;jllax) -

e (N, Prex P;.jllaX), ie., the passive RS has negligible
impact on the SNR and active RIS outperforms active/passive

RIS by a factor of 1/a in the standard operation regime.
Remark 7: By letting Py — oo in Eq. (15), the

asymptotic SNR is upper-bounded by 7;7; (N7 Pt“;'d/z) N

7= (an, P, ).: ayee (N, P ). similar to the stan-
dard operation regime. For large values of the transmit power

ppax, on the other hand, given that N> 2 (1 — a)N,

we have 74y (N Ny Pﬁ?ﬁ") ~ Y ((1 — a)N, PP ) -

(1 —a)2'yp N, Ptrf;"‘/’; ,i.e., as we increase Ptrfjj‘/’;, active RS’s

impact is reduced and passive RIS outperforms active/passive
RIS by a factor of 1/(1 — a)?.

Remark 8: For large N, if N; > N, then
Ya/p (N, P ,P;fllaX) - (Nl,P;jgy; ,P;jllaX), while if

Ny > Ny,

max max) _

Ya/p (Na ta/prt Tl
(Ptr,r;a/);ggl + 6%> 02

) (Prr?laxé%é’?ﬂ 4 pmax 02931 +025%)

= (N27 trafp

t,a/p
s e (P05 £ 02) M
= Ya (NQ’Pt,a/zﬂ r,1 ) pmax (16)
r,1

Thus, the active RS impacts SNR, even when Ny > Nj.
Remark 9: In Cases 1, 2, and 3, where ¢ = a; = 3/4,
a=az=1/2, and a = a3 = 1/4, the SNR loss, 10log;,(a),
compared to active RIS in both the standard and large reflect
power regimes, where the active RIS nature dominates, is
1.25 dB, 3.01 dB, and 6.02 dB, respectively, as shown in
Table III. Hence, the SNR loss when a is reduced from 3/4 to
1/2 and then from 1/2 to 1/4, 10log;, (a;) — 10logyq (@it1),
i =1,2,1s 1.76 dB and 3.01 dB, respectively. On the other
hand, in Cases 3, 2, and 1, where 1 —a = b = 3/4,
1—a=0by=1/2,and 1 — a = b3 = 1/4, the SNR loss,
201logo(1 —a), compared to passive RIS in the large transmit
power regime, where the passive RIS nature dominates, is 2.5
dB, 6.02 dB, and 12.04 dB, respectively. Hence, the SNR loss

when 1—a is reduced from 3/4 to 1/2 and then from 1/2 to 1/4,
201logqq (b;) — 201logyg (bit1), ¢ = 1,2, is 3.52 dB and 6.02
dB, respectively. Increasing Pp,,x by 50% or the transition to
the large reflect power regime result in an SNR gain of 1.76
dB or 3.01 dB, respectively, similar to active RIS.

Lemma 4 (Asymptotic SNR for active/active RIS): Let-
ting Ny — oo, the asymptotic SNR for the active/active RIS
case with equal REs allocation, i.e., Ny = N/S, and arbitrary
number of RSs S is given by

Yaja (N, PES, PE) =

o presn?ol o2 (Proel +62)

i 516 | Pmeo203, + 07 (Presed, +02) | (a2, +02)
a7

Proof: Please see Appendix B. [

Remark 10: Given that P"* = P"**/S, we note that
Ya/a (N, trf;a,/xa’ max) N
max 2 pmax 2
Z,y (N ma/x P’r B ) Qgspt,a/a+5s
a 'y ta/ad max
sES S S Pt,a/a (‘Q(le + 63)
N max Prn e max P Tmax
~ S’Ya <S7 t,a/a’ S ) = Ya (Na t,a/a7 S ) :
(18)

Remark 11: By letting Pt”;a/’; — oo in Eq. (17), the
asymptotic SNR of active/active RIS is upper-bounded by

cor (N PPN 2
Vat(ﬁ’ S )Qgs

ek (N, PE) =y

2 2
s€S Q95+55
N Pmax pmax
~ Ot - -r — At N r
s (5 ) = (W )
1
= SVt (N, PP (19)

S

Hence, active RIS outperforms active/active RIS by a fac-
tor of S. Likewise, by letting P’?* — oo in Eq. (17),

7 (VP = s (Rop ) < i (NP ).
Remark 12: As we see in Table III, active/active RIS with
S = S1 = 2 RSs outperforms its counterpart with § = Sy = 4

RSs by 2.22 dB in the standard operation regime, irrespective

Page 6 of 13
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TABLE IV
REQUIRED NUMBER OF RES (IN MILLIONS)
Active RIS Active/Passive RIS Active/Active RIS
) Ni=3N/i | NN=N/2 | Ni =N/4 S=32 [ S5=1
Passive RIS 25 1.90 133 0.72 166 | 1.00

Active/Passive RIS | 40.00 (N1 = 3N/4)
20.00 (N1 = N/2)

13.33 (N1 = N/4)

of Ppax. This is due to the smaller reflect power budget
per RS for larger number of RSs, as shown in Eq. (18). In
the large transmit power regime, where the impact of the
reflect power budget is pronounced, this SNR gain becomes
10logo (S2) — 10logy, (S1) = 10log10(2) = 3.01 dB, as
seen in Eq. (19). On the other hand, in the large reflect
power regime, the performance of these variants is identical,
since the transmit power budget is the same in both cases,
as seen in Remark 11. An increase of Ppax by 50% results
in an SNR gain of 10log,,(1.5) = 1.76 dB in all operation
regimes. Active RIS outperforms active/active RIS by 1.76
dB (S = 2) or 3.98 dB (S = 4) in the standard operation
regime and by 3.01 dB (S = 2) or 6.02 dB (S = 4) (i.e., by
10log;4(S)) in the large transmit power regime, irrespective of
Phax, while in the large reflect power regime, these hybrid RIS
architectures achieve the same performance, regardless of the
TPC budget or the number of RSs, as expected from Remark
11. Active/active RIS outperforms active/passive RIS Cases
1, 2, and 3 by 1.25 dB, 3.01 dB, and 6.02 dB, respectively,
i.e., by 10log;,(a), as expected from Remarks 7 and 11. It
significantly outperforms also these active/passive RIS cases in
the large transmit power regime, as expected. In the standard
operation regime, it outperforms Case 3 by 4.26 dB (S = 2) or
2.04 dB (S = 4); it presents an SNR gain of 1.25 dB (S = 2)
or an SNR loss of 0.97 dB (S = 4) compared to Case 2; and it
presents an SNR loss of 0.51 dB (S = 2) or 2.73 dB (S = 4)
compared to Case 1, irrespective of Py ,x.

B. Impact of RIS Size

Next, we compare the SNR of these RIS designs with
respect to the RIS size.

Lemma 5 (RIS size—passive vs. active RIS): For large
N, passive RIS outperforms active RIS when

max
P;’naxO,Q

N > t,a

A
= Ptr’npax P;naX§2 Q? + Ptrj:laxUQ ‘Qg T 0262 = anin- (20)

Proof: The proof can be found in [20]. [

Remark 13: We notice in Table IV that passive RIS
outperforms active RIS only when N > Ny, = 2.5 X 109,
regardless of P, .x. The deployment of such an extremely large
number of REs is impractical in terms of hardware, channel
estimation, and real-time RB.

Lemma 6 (RIS size—passive vs. active/passive RIS): For
large N and arbitrary REs’ allocation, i.e., Ny = a/N and
Ny =(1—a)N, a € (0,1), such that N7 + No = N, passive
RIS outperforms active/passive RIS when the number of REs
satisfies Eq. (21) at the top of the next page.

Proof: Solve 7, > 7,,, for N. O

Remark 14: As shown in Table IV, approximately N >
1.90 x 105, N > 1.33 x 10%, and N > 0.72 x 10° REs are
required, for passive RIS to outperform active/passive RIS in
Cases 1, 2, and 3, respectively, regardless of P, .x. Hence,
fewer REs are required, compared to the active RIS case, and
this figure is reduced as the number of active REs is decreased.
These results agree with the SNRs in Table III. A simple,
yet quite accurate, approximation, derived by Remark 6 and
Eq. (20), is N > aNpjin. Then, for Cases 1, 2, and 3, where a
equals 3/4, 1/2, and 1/4, N > 1.875 x 10%, N > 1.25 x 105,
and N > 0.625 x 106, respectively.

Lemma 7 (RIS size—passive vs. active/active RIS): For
large N, an arbitrary number of RSs S, and N, = N/S,
passive RIS outperforms active/active RIS when the number
of REs satisfies Eq. (22) at the top of the next page, where
the approximation is derived by Remark 10 and Eq. (20).

Proof: Solve vy, > 74/, for N. O

Remark 15: We notice in Table IV that about N > 1.66 X
10% or N > 1 x 10% REs are required, regardless of Pp,x,
for passive RIS to outperform active/active RIS with S = 2 or
S = 4 RSs, respectively. The reduction in the required number
of REs is due to the negative impact on the SNR of the smaller
reflect power in each RS for higher number of RSs. We note
that more REs are required in the active/passive RIS Case 1
compared to the active/active RIS variants as well as in Case
2 compared to the variant with S = 4. These results are in
agreement with the SNR values listed in Table III.

Lemma 8 (RIS size—active/passive vs. active RIS): For
large N and arbitrary REs’ allocation, i.e., Ny = a/N and
Ny = (1 —a)N, a € (0,1), such that Ny + Ny = N,
active/passive RIS outperforms active RIS when the number
of REs satisfies Eq. (23) at the top of the next page.

Proof: Solve 7, /p > 7, for N. O

Remark 16: We note in Table IV that active/passive RIS
Case 1, 2, and 3 outperforms active RIS when the total number
of REs respectively satisfies N > 40 x 105, N > 20 x 109,
and N > 13.33 x 106, regardless of the value of Pp.y. In
other words, while, as shown in Table III, active/passive RIS
substantially outperforms passive RIS, it needs a much larger
number of REs than passive RIS to achieve the performance of
active RIS. Although this result seems counter-intuitive at first
glance, it is easily explained. Let’s consider an active RIS with
N, REs, a passive RIS with /V,, REs, and an active/passive RIS
with N; active and Ny passive REs, such that N1 + Ny = N.
As we see in Remark 6, active/passive RIS behaves essentially
as an active RIS with N7 < N, REs; therefore, we cannot
reach active RIS performance by increasing /7. In practice,
there is some SNR contribution from the passive RS, as seen in
Eq. (15). Therefore, we will eventually reach the performance
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ta/p

2
a (Pmax ) P;fllaxo—zg?fl 931

8

N >

i 2 .
(Prestas, + Frodh, + %) PP = (1= 0)* Pt (Pisres, + o)

t,a/p

2L

L Pregy of (Pl +62)

pmax 0.2

ta/a

>
— 2 2
SPIS™0105 (25 [Pradiah, + o* (P, + 02)] (e3, + 62)

t,a/a Z P;nax
~ max max 2 max :
SPX; = Pr (5§ng + SPW/GUZQES + So262
(22)

t,a/p

Pg:ﬂﬂau(]);na)(Q?c 93 (P;‘fllaxé‘% g?cl + pmax 0.2 931 + 025%) _ aptﬁa/ngllaxgil 9!2]1 (P;nax52 Q? + Ptrﬁlaxo.Zgg + 0_262)i| pmax

ta/p

v |

t,a/p t,a/p

(1= a)” P 03,02, (P s, + 6% ) (Pmexo203 + Pii<o?o? + 026)

(23)

of active RIS even with N; > Na, but it will require a very
large total number of REs IV, as we see in Table IV, since
the contribution of the passive RS is very small. As we keep
increasing the number of passive REs in the active/passive
RIS, correspondingly reducing at the same time the number
of active REs, the impact of the passive RS increases as well,
until the point where we heavily favor passive REs over active
ones, i.e., No > Njp, which is described by Eq. (16). This
explains why a smaller total number of REs is needed when
there are more passive than active REs. Nevertheless, since
Ny < N,, and there is also a negative impact on the SNR by
amplification noise as shown by the nominator of Eq. (16), a
greater number of REs than in passive RIS case is needed.
Lemma 9 (RIS size—active/active vs. active RIS): For
large N and N, since Pt‘f}f"; = Pt‘f}fx, active/active RIS with
N REs and S RSs outperforms active RIS with N, REs when
P;“a"52g?p + SP;?}?XJQQE + So26?
P;naxé?‘g? + Ptrj}lax02gg2] + 0252
Proof: Set Yaja 2 Ya» 1€ Ya (N, pprax Pﬁ“aX/S) >

t,a >
Ya (Na, PR, Pmax) and solve for N. O
Remark 17: From Lemma 9, it becomes apparent that more
REs are required, for higher number of RSs. Specifically,
assuming N, = 256, N > 384 = 1.5N, for S = 2 and

N > 640 = 2.5N, for S = 4, respectively.

N > N,

(24)

IV. PROBLEM FORMULATION AND SOLUTIONS
A. Hybrid Active/Passive RIS

In the hybrid active/passive RIS case, the optimization
problem of interest is mathematically formulated as follows:

> logy (1 + k)
, R kex
Pl max n=—-==—""—"""—" (25a)

w,{¢s} P B ﬁ+P1 +N2Pps
st Cl: Pps =& 1) [wil” + Was < P>, (25b)
keK
C2: P = Cl_l <Z H(I)llekHQ _|_5% H@l”?«“)
keK
+ W,y < PP (25¢)
C3: |[¢2],| =1, Vn € Ny, (25d)

where we have respectively defined w € CXM and ¢, € CMs
asw= [wi,... ,W%]T and ¢, 2 Diag (®*), y;, is given by
Eq. (7), and W, ; is given by either Eq. (5a) or Eq. (5b).

(P1) is a challenging non-convex optimization problem, due
to the fractional form of the objective function (OF), the
intrinsic coupling of the decision variables in the OF and the
constraints, and the unit modulus constraints (UMC) C3.

1) Fractional Programming: Using Dinkelbach’s algo-
rithm, we convert the OF to f (w,¢) = R — nP [6], where
¢ = [ T (;SQT}T. By applying the Lagrangian dual transform
and the quadratic transform [25], we recast (P1) as:

(P2): max g (w,¢,u,v) st C1-C3, (26)

W, v

where p € CK and v € CX are auxiliary variables and

g(Wa¢aNaV):_77P

+ 3 [0 (14 ) — i+ 20T+ g Re bl |

ke
— 2 <Z ’hzwi
e

Next, we alternately optimize each variable with the others
being fixed in each iteration until we reach convergence to a
locally optimal solution.

2) Optimal Auxiliary Variables: Setting 0g/0ur = 0 and
0g/0v, = 0 with fixed (w, ¢,v) and (w, ¢, i), respectively,

2 t 2o, o
+ka71<1>1“ 52 4 o2 @7)

and defining pp £ Re I/;hLWk , we obtain:

i ?<m+w@+ﬁ, (28a)

VI iph)
Vi = Wk . (28b)
S [nfwi| + ||t @] 03+ 07
e

3) Optimal Transmit Precoding: We note in Egs. (25b)
and (25c) that the TSP budget of the BS and RS1 equal

PRax — ¢ (P — W), (29a)
PRax — ¢ (P W, ). (29b)

Page 8 of 13
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Let us define H, € CM*M a5 H;, £ hkhz and u;, € CM,
ue CEM § e CEMXKM and T ¢ CEMXKM 44

up 2 2¢/1+ ppvphy, u 2 [ulT,...,uTI;]T, (30a)

S£Ik® (775_111\4 +n¢ Gl ®[®1Gy + > | Hk) )
ke

(30b)

T2 (quﬂcblel) : (30¢)

Hence, with fixed (¢, u, V), the TP optimization sub-problem
can be formulated as follows:

(P3): maxRe {uTw} —wiSw (31a)
st Cl: whw < Pyeex, (31b)
C2: wiTw < PP — 62 |®, |, (3lc)

(P3) is a standard convex Quadratically Constrained Quadratic
Program (QCQP), which can be solved by using the Lagrange
multipliers method to obtain [20]

1
w* = 5(s + MIga + ATy, (32)

where the Lagrange multipliers corresponding to the con-
straints C1 and C2, A\; and Ao, are optimized via grid search.

4) Optimal RIS Beamforming: Let «y ; = g,twi. We
define 3,,; € CN as Bs.i £ G,w;. Then, thi £ i +
fli,s diag (Bs.;) ¢s. We also define vs € CNs, Qg € CNexXNs,
Q, > 0, and R € CN1*XN1 g

v, 2 Z diag (fg}s) <2 14 ppvyBs i — |Vk\2 Z ay iBs.i

) interest is formulated as follows:
)

IEEE Transactions on Wireless Communications

With fixed (w, ¢1, p,v), we form the minimization sub-
problem:

(P4-B): min . (¢) = #}Quchr — Re {qs;ug} s.t. C3. (36)

We apply the MM method to handle the UMCs C3. Specifi-
cally, for any given solution ¢} at the ¢-th iteration of the MM
algorithm and any feasible ¢5, we have [26]

P1Qupr <$[X s — 2Re {8} (X — Qo) g4}
+(#4) (X~ Qo) b 2y (dalgh).  (B7)

where X = ApaxIn,, Amax denotes the maximum eigenvalue
of Qa,and X = Qo, X € RfQXN? We replace the OF in (P4-

B) by a surrogate OF, z (¢2|@4) 2 y (¢o|d) — Re (ﬁ;vg}.
The new OF represents an upper bound of the original one
and coincides with it at point ¢%. By removing the constant
terms in this new OF, such as ¢3X @ = N\ ax, We obtain:

(P4-C): max Re{qs;qt} s.t. C3, (38)

where q* € CN2 is defined as q* £ (X — Qy) ¢4 + vz [26].
The optimal solution of problem (P4-C) is given by [26]

¢yt = el erale), (39)

B. Hybrid Active RIS

In the hybrid active RIS case, the optimization problem of

>, logy (1 + k)

; R ek
kek i€k (P5: max n=—="o—— (40a)
(33a) wio P Biy. sP,

Q) (|u,€|2 &7 diag (£.,1 © £ 1) +n¢y diag (Brx © ﬁ;‘,k)) st C5: Pgs=&1 ) [wil® + Was < Bga™,  (40b)

kek kek

Y P diag (BY) i f) | diag (B1) -

;%;:C ;C ot C6: Py = (7 Z H‘PSGkaHQ + 67 HQ)SH;
+ G0N, 33b kK
Lty T (33 + W,y < PP Vs €S, (40c)

Q22 |wf*) diag (85,) fuof] , diag (B2),  (330) _ .

ke ick where 7y, and W, » are given by Egs. (9) and (5b), respectively,

. * hereas W,.; is given by either Eq. (5a) or Eq. (5b).

R2) d Iy, . 33q) WV 118 g y q

’;C a8 <ﬁ1’k ® 61’k) +ortm (33d) 1) Fractional Programming: By using Dinkelbach’s algo-

Hence, by fixing (w, ¢2, pt, ) and dropping the respective
constant terms from the OF, we obtain the following sub-
problem for optimizing ¢;:

(P4-A): maxRe {¢§v1}—¢{ql¢1 st C2: piRepy < Pmox,

(34)
We use the Lagrange multipliers method to tackle this standard
QCQP and obtain a closed-form expression of ¢7:

1 -
¢1 =5 (Q +=R) v, (35)

where the Lagrange multiplier associated with C2, w, is opti-
mized via binary search. Then, ©F = diag (e/2¢(($1)")) and
[Afl,,, = |[#1],] or af = TT diag (e77=((#1)7)) (¢7)"
when RS1 adopts the FC- or SC-active design, respectively [6].

rithm along with the Lagrangian dual and quadratic trans-
forms [25], we equivalently recast (P5) as:

(P6): glax g (w,o,u',v") st C5, C6, 41)
w,p,u’ v’

where p/ € CX and v’ € CK are auxiliary variables and

g (W, p/ V') =—nP+> [In(1+p) — pj,
ke

+2y/1+ i Re { (1) Bjwi}
/12 P2 t 2o, o
— v Z’hkwi +2Hf,€78<1>8 6% + o}
€L SES

Next, we develop a BCA algorithm to alternately optimize the
auxiliary and decision variables.

(42)
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2) Optimal Auxiliary Variables: Setting 0g’/Op), = 0
and g’ /0v,, = 0 with fixed (w,¢,v’') and (w, ¢, p'), and
defining p), £ Re {(z/,’c)ak thk}, we obtain

/
= ”2—’“ (p; +14/ (o))" + 4) : (43a)
NAESTAN)
Yo = L AL . 43b)

2 2
S niwi| + |6 02+ 02
i€ s€S

3) Optimal Transmit Precoding: From Eq. (40c),
Pax = ¢y (PR — W) . (44)

We also set T; = T and respectively define S’ € CEMxKM

and Ty € CEMXKM 44

S 214 @ (ng—llM +) e 'Glele,G,

seS
+ > il hkh;> : (45a)
ke
Ty 215 ® (G;<I>;<I>2G2) . (45b)

Hence, with fixed (¢, u',v’'), the TP optimization sub-
problem can be formulated as follows:

(P7): maxRe {u'w} — wiS'w (462)
st C5:wiw < Pyiex, (46b)
C6: wiTw < P — 52 ||®,[|%, Vs € S.  (46¢)

(P7) is a standard convex QCQP which can be solved by using
the Lagrange multipliers method to obtain:

1
W' = (8" + Mg + > 4, Ty) M, (47)
seS

where )\’ and v represent the Lagrange multipliers that are
associated with constraints C5 and C6, respectively, and are
optimized via grid search.

4) Optimal RIS Beamforming: Let us define Q/, € CNs*Ns
and R, € CN+*Ns a5

Q23" (Ivif 02 diag (fs © F7.)
ke

+n¢s diag (Bs,x © Bi))
£ 3Py ding (87, .o8] diag (8.0

kel 1€
+ 1621y, , (48a)
R, 2" diag (B © BL) + 021y, (48b)
ke

Hence, with fixed (w,p’,v’), we can formulate the RB
optimization sub-problem as follows:

(P8): max > (Re{plv.} — ¢IQ.0s) (49a)

sES
st C6: piR g, < P2, (49b)

10

Fixing (w, ¢s/, u,v) and solving for ¢, s, € S, s’ # s,
we formulate respective standard convex QCQPs. By using the
Lagrange multipliers method, we obtain:

1 -
¢; =5 (Q\ +mR.) v, (50)

where w represents the Lagrange multiplier associated with
the constraints C6 with fixed s = 1 or s = 2 in each case,
respectively, and is optimized via binary search.

C. Complexity Analysis

The complexity of solving a standard convex QCQP hav-
ing m variables and n constraints with an accuracy toler-
ance ¢ is given by O (logy(1/e)v/m +n(1 + m)m?) [20].
In (P3) and P7), m = MK and n = 2 or n = 3,
respectively, while in (P4-A) and (P8-A), m = N; and
n = 1. Likewise, in (P§8-B), m = Ny and n = 1. The
combined complexity of (P3) and (P4-A) is given by C; =
O (logy(1/e) (M*5K*5 + N{5)). The complexity of the
MM algorithm is dominated by the calculation of Ay and g
and is given by Co = O (N3 + Iprar N3 ), where Inyp denotes
the number of iterations required for converge [26]. The com-
plexity of updating the auxiliary variables is dominated by the
computation of complex inner products and equals O (K M)
for pand p', O (K2M + K Ny) for v, and O (K2M + KN)
for v’. Therefore, the overall complexity of the devel-
oped BCA algorithm for the active/passive and active/active
RIS cases is respectively given by O (Ipmax {C1,C2}) and
O (logy(1/e) I (M*PK*5 + N{® + N45)), where Iy, I}
denote the number of iterations required for convergence.

V. NUMERICAL EVALUATIONS

Next, we validate the analytical results of Sec. III and
comparatively evaluate the EE and SR of the proposed joint
TB/RB designs against benchmarks via numerical simulations.
We assume in the latter N =32, M =4, K =2, Wgs =6
dBW, Wyg = Wps = Wpe = 10 dBm, Fgg™* = P*** =9
dBW, ¢ = ¢, = 0.909, and 0} = ¢0? = —80 dBm, and
62 = 62 = —80 dBm, Vs € S, Vk € K. We consider Rician
fading for all channels with Rician factor x = 5 dB and path
loss exponent apr, = 2.2 [20]. The BS and RIS coordinates
are (Om, —20m, Om) and (100m, 5m, Om), respectively.

A. Validation of Analytical Results

Fig. 3(a) plots the asymptotic SNR of the considered RIS
architectures as the number of REs varies from 0.5 x 10° up to
3 x 108, This plot validates the results of Table IV, regarding
the number of REs required, for passive RIS to outperform
these designs. Furthermore, we note that active/passive RIS
with N/4 active REs reaches the SNR of active/active RIS
with 4 RSs when NV = 2.3 x 105 and starts to outperform it
when NV = 2.9 x 106, In Fig. 3(b), the number of REs varies
from 10 x 10° up to 50 x 10°. We notice that passive RIS
outperforms active RIS, as expected. This plot also validates
the results of Table IV, regarding the number of REs required,
for active/passive RIS Cases 1-3 to outperform active RIS. In
Fig. 3(c), we validate that active/active RIS with S = 2 or
S = 4 REs requires 1.5N or 2.5N REs, respectively, to reach
the performance of an active RIS with N REs.

Page 10 of 13
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Fig. 3. Asymptotic SNR for the considered RIS architectures as the number of REs varies.
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B. Optimization Results

In Fig. 4, the users are randomly located in a sphere with
radius of 5 m centered at (L,0,0), L = 25 : 25 : 300. We plot
the performance of the different RIS types vs. the distance of
the user cluster from the BS for various RIS configurations,
assuming that the SC-active RIS and any such RS is equipped
with a single reflect-type PA. Passive RIS achieves much lower
EE and SR than all other RIS variants and its performance
deteriorates quickly with the distance, due to the product path
loss which greatly reduces the SR. Starting from the hybrid
RIS configuration with the highest number of active REs in
RS1, we note that FC-active/passive RIS achieves the highest
EE and SR. SC-active/passive RIS slightly outperforms SC-
active RIS in both cases. FC-active RIS performs slightly
worse than the latter RIS variant and slightly better than the
former one in terms of EE and SR, respectively. The aforemen-
tioned RIS structures significantly outperform the active/active

RIS designs; yet, the latter perform substantially better than
passive RIS. Also, their performance slowly improves with
distance, while the performance of the other RIS variants
slowly decreases. As the number of active REs in RS1 is
reduced, we observe that the EE of the active/passive RIS
variants drops, due to the reduced SR caused by the higher
number of passive REs, and eventually the active RIS designs
start to outperform them. FC-active/SC-active RIS performs
better than hybrid SC-active RIS in terms of EE, when REs’
allocation heavily favors SC-active REs. However, both these
active/active RIS variants are most energy-efficient when REs’
allocation is balanced. We notice the exact same trends for SR,
as the number of active REs in RS1 is decreased.

In Figs. 5(a), 5(d), we divide SC-active RIS/RSs in two
partitions, such as two PAs are used instead of one, and repeat
the previous test. We note that the EE of SC-active RIS slightly
improves due to the slightly higher SR, which compensates for
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the small increase in the TPC, while the EE of the active/active
RIS variants is reduced and slowly drops with distance. In
Figs. 5(b), 5(e), we place the users cluster at (150,0,0) and
vary RIS’s TPC budget. We note similar behavior with Fig. 4.
We also notice that when we double the number of REs in
hybrid SC-active RIS, its EE and SR increase with RIS’s
TPC budget, until they respectively exceed the EE of FC-
active RIS and almost reach the SR of FC-active/passive RIS.
After that point, the performance of the hybrid RIS variants
starts to decrease, due to diminishing returns caused by the
amplification noise which are more pronounced than in the
active RIS cases (e.g., because of the smaller number of active
REs or the smaller reflect power budget per RS which result in
smaller SR). In Figs. 5(c), 5(f), we compare the performance
of the hybrid RIS variants against their equivalent double-
RIS setups as we vary BS’s TPC budget. We notice that
the hybrid active/passive RIS variants and their double-RIS
equivalent setups substantially outperform their active/active
counterparts. The double-RIS active/passive setups perform
slightly better than their hybrid equivalents for moderate BS’s
TPC budget, while for large BS’s TPC budget it is the other
way around due to the combination of the higher path loss for
the remote RIS with limited reflect power budget. Likewise,
the hybrid active/active RIS variants significantly outperform
their double-RIS equivalents.

VI. CONCLUSIONS

In this work, we introduced novel hybrid RIS architectures,
analyzed their asymptotic SNR and proposed energy-efficient
transmission schemes. Numerical simulations showed that FC-
active/passive RIS presents the highest EE, due to its high SR.

10 105 1
RIS/RS TPC (dBW)

1 s 12 9 95 10 105 1
BS TPC (dBW)

(O] ()
(right) TPC budget for different RIS architectures and configurations.

SC-active/passive RIS follows closely, while consuming less
power, and outperforms SC-active RIS. Also, hybrid SC-active
RIS can achieve much higher SR than FC-active RIS.

APPENDIX A
PROOF OF LEMMA 3

The received signal at the user is given by y = h*ws +
ff{)lzl +n = &J’f@lglws -+ f§®2g2ws + &ﬁf@lzl —+ n.
Therefore, the received SNR is written as:

~ -i- 2 T 2
@t @igiu| + |H O8]

Ya/p =

: &2 Hf}@lH 52 1 o
~ T 2 .i. 2
‘Chfl glglw‘ ‘f2 ®2g2w‘ 51)

= +
a?Hf{f®1’5%+02 &%Hf{@l

‘5%+02

(1) (2)
a/p Ya/p

The SNR maximization problem is formulated as follows:

. 1)
SNR1-A): max 52a
( ) waah{en,l} ’ya/p ( )
st CT: Jwl® < PR (52b)
C8: a7 |@ g rw|” + &I N.167 < PME<. (52¢)
Using the Lagrange multipliers method, we obtain [20]:

wt = Ptr,r;a/);’ 9;,1 = arg (fn,l) — arg (gn,1> ) (53a)
a5 Fri” (53b)

1= .

P S gl + Nio?

neN



Page 13 of 13

oNOYTULT D WN =

By substituting Eq. (53) into 7(}) and letting Ny — oo, such

that ZnGNl ol lgnal — N7 S fual?
ngf , and Zne/\/l |gn. 1| — nggl, according to the law

of large numbers, we obtain

pmax max,n_2 92 92
Vg~ Vi el P (54
16 <Pmﬂx 1Qf1 + ;2187};0 991 to 61)

which, not surprisingly, is the corresponding asymptotic SNR
expression for an active RIS with N7 REs.

Next, given the optimal solution of SNRI1-A and based
on Eq. (5§1), we focus on maximizing the nominator of yi /)p
subject to the UMC constraints of RS2:

(SNRI1-B): max

712

‘f2®2g2w ‘ S.LC9: 0 < 0,5 < 2.
(55
It is easy to verify that 0 , = arg(fn2) — arg(gn2w*),

¥n € Ny [10]. Then, L; = Yen, ol [gnsl.
Therefore, substituting this expression, along with Eq. (53),
into %(3),)’ and letting Ny — oo and Ny — o0, we obtain

Ptmax 71' Q Q ( max Q + 52)

,a/p f2€92 t,a/p€a1 1

&), = N22 ’ N 69
16 (PI6303, + PIso?cs, +037)

By adding together Eq. (54) and Eq. (56), as dictated by
Eq. (51), we obtain Eq. (15). This concludes the proof.

APPENDIX B
PROOF OF LEMMA 4

The received signal at the user is given by y =
h*ws + Zéesfé zZs +n o= ) Sagf O,g.ws +
> s€s g f ©®,z, + n. Thus, the received SNR is written as:

Z ’asfgesgswlg
seS
Vafa = —= : (57)
> a3 ito?
seS

The SNR maximization problem is formulated as follows:

(SNR2): max 7, (58a)
w G} {no} 7

st C10: [w]* < PR, (58b)

Cll: &2 |©,gsw|® + a2N,6% < P>, (58¢)

Using the Lagrange multipliers method, we obtain the optimal
solutions, which are given by Eq. (53) by replacing the
transmit power budget with Pma/X and the index of RS1 with
that of RS s. By substituting these expressions into 74/, and
letting N; — oo, we obtain Eq. (17). This concludes the proof.
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