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Active Reconfigurable Intelligent Surface: Fully-Connected or Sub-Connected?

Kunzan Liu

Abstract—To overcome the ‘“multiplicative fading effect”
introduced by passive reconfigurable intelligent surface (RIS),
the concept of active RIS has been recently proposed to amplify
the radiated signals. However, the existing fully-connected archi-
tecture of active RIS consumes high power due to the additionally
integrated active components. To address this issue, we propose
the sub-connected architecture of active RIS. Different from
fully-connected architecture, where each element integrates a
dedicated power amplifier, in the sub-connected architecture,
multiple elements control their phase shifts independently but
share a same power amplifier, which significantly reduces the
number of power amplifiers for power saving at the cost of fewer
degrees of freedom (DoFs) for beamforming design. Fortunately,
our analysis reveals that performance loss introduced by the sub-
connected architecture is slight, indicating that it can achieve
much higher energy efficiency (EE). Furthermore, we formulate
the EE maximization problem in the active RIS-aided system for
both architectures and develop a corresponding joint beamform-
ing design. Simulation results verify the proposed sub-connected
architecture as an energy-efficient realization of active RIS.

Index Terms— Reconfigurable intelligent surface (RIS), sub-
connected architecture, energy efficiency (EE), beamforming
design.

I. INTRODUCTION

ECONFIGURABLE intelligent surface (RIS) has been

envisioned as a promising candidate for future wireless
communications. Composed of massive elements with control-
lable phase shifts, RIS is able to reconfigure wireless chan-
nels by reflecting the incident electromagnetic waves towards
desired directions with high array gains. Benefiting from its
low cost and power consumption, RIS has the potential to
overcome blockages, improve channel capacity, and reduce
transmit power for future communications [1]-[3].

However, RIS introduces the “multiplicative fading effect”,
i.e., the pathloss of the transmitter-RIS-receiver link is the
multiplication (instead of the sum) of that of the transmitter-
RIS link and RIS-receiver link, which makes the gain of
reflection link much smaller than that of the direct link. This
effect will result in a fatal problem that the expected capacity
gain by employing RIS can hardly be achieved in many
scenarios with strong direct links [4]. However, this problem
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is usually bypassed in many existing works by assuming
that the direct link is blocked or very weak [2], which may
not be accurate in practice. To overcome this “multiplicative
fading effect”, a novel concept called active RIS has been
recently proposed, which can substantially improve the capac-
ity regardless of whether the direct link is weak or not [4].
Specifically, in contrast to the existing passive RIS that reflects
the signal only with phase-shift control, active RIS additionally
integrates a power amplifier in each RIS element, which can
actively amplify the reflected signals. Fundamentally, it has
been proved that active RIS can transform the multiplicative
fading into the additive fading [5]. Moreover, an active RIS
element was fabricated and tested to verify its unique sig-
nal model [4]. In addition, the optimization of active RIS
placement was investigated in [6], which indicates that active
RIS can perform better than passive RIS under optimized
placement in most practical scenarios. However, in existing
contributions investigating active RIS, each active RIS element
owns a dedicated power amplifier (we refer to it as the fully-
connected architecture in this letter), which may result in
high power consumption when the number of RIS elements
is large. For instance, if we count the required power for a
power amplifier as 10mW [7], a 1000-element active RIS will
consume 10 W, which approaches the typical transmit power
of a base station (BS) [8].

To reduce the high power consumption of active RIS,
we propose the sub-connected architecture as a novel real-
ization of active RIS in this letter.! In contrast to the exist-
ing fully-connected architecture, where each RIS element is
independently controlled by a phase-shift circuit and a power
amplifier, in the sub-connected architecture, multiple RIS
elements in a sub-array control their phase shifts independently
but only share one power amplifier. In this way, the number of
required power amplifiers can be significantly reduced to save
power, but at the cost of fewer controllable degrees of freedom
(DoFs) for beamforming design. Fortunately, our performance
analysis reveals that, the performance loss of the proposed
sub-connected architecture is slight, which enables the sub-
connected architecture to enjoy a higher energy efficiency
(EE). Furthermore, we formulate the EE maximization prob-
lem for both architectures in an active RIS-aided multiple-
input multiple-output (MIMO) system, and develop a joint
beamforming design to solve this problem by exploiting frac-
tional programming and alternating optimization. Simulation
results verify the benefits of the proposed sub-connected
architecture as an energy-efficient realization of active RIS.?

Notation: C and R denote the set of complex and pos-
itive real numbers, respectively; [L] represents the set of

Simulation codes are provided to reproduce the results in this letter:
http://oa.ee.tsinghua.edu.cn/dailinglong/publications/publications.html

2This kind of sub-connected architecture has also been widely used for
hybrid precoding in millimeter-wave (mmWave) communication system.
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(b) Active RIS with proposed sub-connected architecture.

Fig. 1. Comparison between different architectures for active RIS.

integers {1,2,...,L}; X* X7 X* and X" denote the
conjugate, transpose, conjugate transpose, and pseudo inverse
of matrix X, respectively; || X|| denotes the Frobenius norm
of matrix X; ® and ® denote the Kronecker and Hadamard
product, respectively; diag(-) is the diagonal operation; Of,
and 17 denotes the L x 1 zero vector and all-ones vector,
respectively.

II. SYSTEM MODEL

In this section, we propose the sub-connected architecture
for active RIS. Then, we consider a general signal model to
investigate the EE of the active RIS-aided MIMO system, and
provide analysis on the sub-connected architecture.

A. The Proposed Sub-Connected Architecture for Active RIS

Active RIS has been recently proposed to overcome the
“multiplicative fading effect”. In contrast to existing relays
that integrate RF chains and have the signal processing ability,
active RISs only utilize power amplifiers and phase-shift cir-
cuits that reflect and control the signals [4]. The investigation
of active RIS provides good supports to the general concept
of holographic MIMO surfaces [9].

Specifically, as shown in Fig. 1 (a), for the existing architec-
ture of active RIS, despite the phase-shift circuit for phase-shift
control in passive RIS, each RIS element also independently
integrates a power amplifier to amplify the radiated signals.
Intuitively, we call this architecture as the fully-connected
architecture due to the pairwise appearance of the phase-shift
circuit and the power amplifier. However, when the number of
RIS elements is large, the fully-connected architecture would
consume much power due to the large number of power
amplifiers required. To reduce the high power consumption
of active RIS, we propose the sub-connected architecture
for active RIS, as shown in Fig. 1 (b). Different from the
fully-connected architecture, multiple RIS elements in a sub-
array are served by different phase-shift circuits but a same
power amplifier, and thus these RIS elements can control the
phase shifts independently but share the same amplification
factor.? As another benefit, the sub-connected architecture also
avoids the bulky circuits in practical implementation, since the
hardware components are partially removed.

For comparison, let us assume each power amplifier is used
to serve 7' RIS elements in the sub-connected architecture.

3For hardware implementation, circulators can be used to separately amplify
and reflect the signals from a same power amplifier.
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Then, the existing fully-connected architecture can be inter-
preted as a special case of the sub-connected architecture
when 7' = 1. Moreover, with the same number of RIS
elements, the number of power amplifiers in the sub-connected
architecture becomes only 1/7 of that of the fully-connected
architecture, so the power consumed by power amplifiers can
be significantly reduced. Following the example in Section I
and assuming that 7" = 10, the 1000-element active RIS with
the fully-connected architecture will consume 10W for the
required power of power amplifiers, while the sub-connected
architecture can reduce this value to only 1 W. Meanwhile, as a
trade-off, the number of controllable DoFs of active RIS also
decreases, which may degrade the capability of active RIS to
some extent and will be investigated in the following.

B. Signal Model

Let us consider an active RIS-aided MIMO system, where
an N-element active RIS assists the transmission from an
M-antenna BS to K single-antenna users. Specifically, for
both architectures, we denote L = N/T as the number
of required power amplifiers. Then, the precoding matrix
¥ c CNV*N at the active RIS can be written as ¥ =
diag () = diag(OTa), where ® € CN*Y denotes the
phase-shift diagonal matrix, which is the same as that for
passive RIS [2], and a € Ri“ denotes the amplification
factor vector. Moreover, I' € CV*L is defined as an indicator
matrix representing the connection relationship between the
power amplifiers and the phase-shift circuits. Without loss of
generality, we assume I' = I'; ® 17.

Furthermore, let hy, € CM*l1 @ e CN*M  and
fi € CN*1 denote the channels from the BS to user k, from
the BS to the active RIS, and from the active RIS to user
k, respectively. Then, the signal y; received at user k can be
modeled as

K
ve= (R + FEG) 30wy + Wz, (1)
where sy, is the normalized transmitted symbol for user k& and
wy, € CM*1 is the corresponding beamforming vector at the
BS; z ~ CN (On,02Iy) and ny ~ CN (0,0%) denote the
introduced dynamic noise at the active RIS and the additive
white Gaussian noise (AWGN) at user k, respectively.
From (1), the signal-to-interference-plus-noise ratio (SINR)
at user k£ can be denoted as

2
‘wak‘

SINRj, = 5 5 , (2
K

> etk ‘Hkij‘ + kaH\IIH 0?2402

where HI' = hfl + fE WG is the equivalent channel from

the BS to user k. Then, the spectrum efficiency (SE) of this

system is given by

K
R= Zkzl log, (1 + SINRy) . A3)

As for the power consumption, it comprises the transmit
power of the BS and RIS, as well as the power consumed by
all components of the system, which is expressed as

K K
P=eS ol o (0, WG + ] o2)
+KWy + Wes + NWps + LWpa, (4)

where ¢ and ( are the inverse of energy conversion coefficients
at the BS and the active RIS, respectively; Wy and Wyg
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denote the dissipated power consumed at each user and the
BS, respectively; Wpg and Wp, constitutes the hardware static
power of active RIS, corresponding to phase-shift circuit and
power amplifier, respectively. Note that we adopt an ideal
assumption, that the power amplifier operates in its linear
region with no constraints on the incident signal power.
We also assume that the amplification factor can be any
positive number bigger or smaller than 1, which is independent
of the incident signal power4 [8], [10].

In this letter, we focus on the EE of this system, which
is defined as n = R/P. To illustrate the superiority of the
proposed sub-connected architecture of active RIS, we will
provide theoretical analysis in the following Subsection II-C.

C. Performance Analysis

To observe more insights, similar to [4], we analyze the EE
by considering a simplified single-input single-output (SISO)
system. Focusing on the capability of the sub-connected archi-
tecture, we also adopt the assumptions in [4] and [5] that,
the direct link is neglected and reflection links are line-of-
sight (LoS). Our result is stated in the following Lemma 1.

Lemma 1: The maximum EE of the active RIS-aided
SISO system is achieved by the optimal amplification factors
a1 = ---=ar with any given T

Proof: See Appendix A. [ |

The reason behind Lemma 1 is that, the amplitudes of
channels associated with all RIS elements are the same in
the far-field. Thus, compared with fully-connected architec-
ture, the reduced DoFs in sub-connected architecture has no
impact on beamforming design.’ Particularly, in SISO system,
since the optimal amplification factors are the same for all
elements, only L = 1 power amplifier is sufficient for active
RIS, which can significantly reduce the power consumption
and indicate the practicability of the proposed sub-connected
architecture.

For further investigations on active RIS, based on Lemma 1,
we provide asymptotic analysis stated in Lemma 2.

Lemma 2: As N — oo, let us denote the asymp-
totic signal-to-noise ratio (SNR) in SISO system assisted
by active RIS and full-duplex amplify-and-forward (FD-AF)
relay as Yactive RIS and Yrp_AF, respectively. It holds that
Yactive RIS ¥ g YFD—AF-

Proof: See Appendix B. [ |

Lemma 2 demonstrates that, with the optimal amplifica-
tion factors described in Lemma 1 and the asymptotically
large N ,2the SNR in active RIS-aided system is approxi-
mately 75 of that of the FD-AF-aided system. However, the
FD-AF integrates energy-hungry radio-frequency (RF) chains
(e.g. 250mW per RF chain [11]), which makes active RIS
with the sub-connected architecture more energy-efficient,
since only L = 1 power amplifier and phase-shift circuits
(e.g. 10mW per circuit [8]) are utilized.

III. JOINT BEAMFORMING DESIGN
In this section, we extend our discussions to the
more general MIMO case. Specifically, we formulate the

4“When the amplification factor of active RIS is smaller than 1, active RIS
still has a benefit compared with passive RIS, i.e., it can provide an extra
DoF in amplitude for beamforming design.

5The optimal amplification factors for MIMO system do not have close-form
expressions, and the analysis is left for future work.
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EE maximization problem for both architectures, and then pro-
pose a joint beamforming design to tackle the non-convexity
of the formulated problem.

A. Problem Formulation

For notation simplicity, let us denote W = ['wlT, e ,'w};} ’
and ® = diag(0). Based on the developed signal model
in Subsection II-B, the EE maximization problem can be

formulated as

R
wiea P ©2)
K
st.Cr: €y fwil* +Was < B (5b)
) K 2 2 9

Cz: ¢ (Zk_l | TGwy|* + ||| oz) (50)

+ NWps + LWpa < FRis',
Cs: [0, =1, Vn€[N], (5d)
Cy: a1 >0, Vel (5e)

where C; and Cs guarantee the maximum total power con-
sumed at the BS and the active RIS, denoted by Pgg* and
FRiEs, respectively; C3 and C4 constrain the feasible sets of
the phase-shift matrix ® and the amplification factor vector a,
respectively.

Due to the non-convexity of problem (5), we extend the
algorithm in [2] for joint optimization, where the problem
is firstly reformulated by fractional programming, and then
solved by alternating optimization.

B. Preprocessing

To tackle the fractional objective function (5a), we first
apply the Dinkelbach’s algorithm to transform (5a) into an
equivalent form. Specifically, the optimal EE 7" satisfies

—nP'P) = 6
nax (R —nP) =0, (6)

which indicates that the optimal 7°"

nately optimizing

can be solved by alter-

nax f(W,0,a)=R—-nP
s.t. Cq, Co, C3, Cy4. 7

Since the new objective function f in (7) is still nonconvex,
by applying fractional programming, we can introduce the
auxiliary variables u € CK>! and v € CK*! to equivalently
reformulate the problem (7) as

w Bax g(W,0,a,p,v)
S.t. C17 CQ; C3) C47 (8)

where
g(W,0,a,p,v)
K
=3 [ ) — e+ 2T R {vp Y wy |
K 2 2
— |1/;€|2 (ijl ‘H,{,{wj‘ + kaH\I'H af + 02)} —nP.

Then, according to the convergence proved in [2], the locally
optimal solution to problem (8) can be obtained by alternating
optimization provided in the following Subsection III-C.
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Algorithm 1 Proposed Joint Beamforming Design
Inputs: Channel matrices and system parameters.
Output: EE 7 under optimized variables.

1: Initialize W, ©, a, p, and v;

2: while no convergence of f do

3:  Update p°" and v° by (9a) and (9b), respectively;
4:  Update W by solving (11);

5. Update ¥°"' by solving (13);
6
7
8

Update ©°"" and a® by (15a) and (15b), respectively;
: end while
: Update n by (5a) using optimized W, ©, and a.

C. Proposed Joint Beamforming Design

For clarity, we first summarize the proposed joint beam-
forming design in Algorithm 1, where the variables W, ©, a,
u, and v are alternately optimized with the remained variables
fixed. Specifically, the detailed closed-form expression of the
optimal solution to problem (8) is given as follows.

1) Optimal Auxiliary Variables: For all k € [K], by setting
0g/0uy, and dg/dvy, to 0, we obtain the optimal solution as

= p; (Pk +/p}+ 4) (9a)
V1 Hw,
Vzpl _ + MKk r Wk : (9b)

2 2
S B |+ ||| o2+ 02
where p;, = Re {V;H,CH'wk}
2) Optimal BS Beamforming: Let us denote
Pmax _ 571 ( max WBS)
Py = ¢! (ﬁ? NWps — LWpa)
as the transmit power of the BS and the active RIS, respec-
tively. For the optimal beamforming at the BS, the subproblem
with respect to W can be rewritten as
max Re {uHW} 1
W ~
st. Cp: WHW < pmax
Cy: WHTW < Pi& — | ®|? o2 (11)

where
K
S=Ix® (anM +nC G eGTy” il Hk,H,f),

,’Ug;-]T , U = 21+ /Lkl/ka,
T = I ¢ (G"e"9G)

Observe that the problem (11) is a standard quadratic
constraint quadratic programming (QCQP) problem, and thus
the optimal solution W°" can be solved by existing methods
like alternating direction method of multipliers (ADMM).

3) Optimal Active RIS Precoding: For the optlmal RIS
precoding, for ease of notatlon let us denote ay,; = hk w;
and 8; = Gw;. Then, HY © w; can be rewritten as

Hilw; = oy + fy diag (8,) ¥. (12)
By substituting (12), we can formulate the active RIS
precoding optimization problem as

max Re {w%} — " Qy
st. Cy: T Ry < PO,
C?n C4a

u = [ulT,

13)
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TABLE I

SIMULATION PARAMETERS
Parameters Values
BS position (0m, —20m)
Active RIS position (100 m, 5 m)
Dissipated power of each user Wy 10dBm
Dissipated power of BS Wgg 6 dBW
Hardware static power of phase-shift circuit Wpg 10dBm
Hardware static power of power amplifier Wpa 10dBm
Maximum total power consumption Pgg*, Pgig* 9dBW
Inverse of energy conversion coefﬁc1ents & ¢ 1.1
Noise power o2, ag —80dBm

where

Q
_ ZZ{: (Inf? o2ding (£ © £7) + nédiag (8, © B7) )
+Z WZ *) frof il diag (B;) +nCo?Iy,

isz_ldiag(fﬁI)(Z L+ v By — |Vk|z akj )

= Z | diag (Br © By) + oIy

Again, observe that the problem (13) is also a QCQP prob-
lem, so it can be solved by existing methods. By considering
the constraints Cs and C4, the associated phase-shift matrix
©°" and amplification factor vector a®® are given by

O = diag (exp (jarg (¥*))),
" = I'diag (exp (—jarg (¥7))) ™.

dlag

(15a)
(15b)

IV. SIMULATION RESULTS

For simulations, we consider a 256-element passive
RIS or active RIS with fully-connected/sub-connected archi-
tecture is used for the transmission from a 6-antenna BS
to 4 mobile single-antenna users moving together along the
x-axis. For comparison, we adopt the existing beamforming
design for passive RIS-aided system [8], and assume the
maximum total power consumptions of passive RIS and active
RIS-aided system are the same. We also add a benchmark
by extending the beamforming for the fully-connected active
RIS in [4]. To extend the existing scheme [4] to our proposed
sub-connected active RIS, we can modify it by forcing each
amplification factor to be the average of all amplification
factors in the sub-array that it belongs to. The other key
simulation parameters are summarized in Table I, which is
based on 3GPP propagation environments or experimental
results [7], [8].

We show the SE and EE comparison versus user position
in Fig. 2 (a) and (b), respectively. We can observe that both
passive and active RIS can enhance the system. We also
find that the SE of the proposed sub-connected architecture
decreases by about 11% compared to the fully-connected
architecture [4], while the EE has a 22% increment. We also
depict the relationship between the SE and EE versus the
maximum total power consumption Pge™ with users fixed at
(150 m, 0 m), as shown in Fig. 2 (c) and (d), respectively. The
results also coincide with our previous analysis. In Table II,
we further provide the maximized EE under different values
of T when the users are fixed at (100 m,0m), which shows
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—A— Proposed sub-connected architecture (T’ = 16), proposed beamforming design
—6— Proposed sub-connected architecture (T = 16), beamforming design based on [4]
—&— Fully-connected architecture (T' = 1), beamforming design based on [4]

— = Passive RIS, beamforming design based on [8]

29 354
. (’\E\E—-E——E—-E——(J
= 24 T
= 19 = ~ b E
@0 ~="\
14 S -
0 50 100 150 0 50 100 150
User position (m) User position (m)
(a)
29 a 36 A—»p\
— “/E/E’_B—_T P
£ g % | =a 21%
g4 2 )
g2 Boas, o _ h
P It e 24
10 2 14 16 10 12 14 16
P (ABW) P (ABW)
(©) ()
Fig. 2. SE and EE comparison.
TABLE 11
EE UNDER DIFFERENT VALUES OF T’
Value of T' 1 4 16 64 256
EE (bit/]) 2.638 3.056 3.217 3.252 3.265

that the EE increases as 7' increases, and the optimized 7" in
this simulation setting is 7°"" = 256. Thus, the proposed sub-
connected architecture is preferred to realize a more energy-
efficient active RIS.

V. CONCLUSION

In this letter, we have proposed the sub-connected architec-
ture to reduce the power consumption of active RIS. In the sub-
connected architecture, multiple RIS elements share one power
amplifier to reduce power consumption at the cost of fewer
DoFs for beamforming design, while we have theoretically
demonstrated that this performance loss is slight, which makes
it enjoy a higher EE. Furthermore, we have formulated the
EE maximization problem in the active RIS-aided system,
and developed the corresponding joint beamforming design.
Simulation results have shown that the EE of sub-connected
architecture is 22% higher than the fully-connected architec-
ture, which verifies the proposed sub-connected architecture
as an energy-efficient realization of active RIS.

APPENDIX A
PROOF OF LEMMA 1
In a SISO system, the channel matrices degenerate to
vectors g = G € CV*! and f & f, € CN*X!, and the
beamforming vector degenerates to a scalar w £ wjy,. Thus,
the problem (5) can be reformulated as

Hy w2
log, (1+|::7292|2)
£ ®| o240
max 7= 5 5 5 (16a)
wOa gl + ¢ (Iwgul® + ¥ 0?) + Cr
st Cp: |w]® < B, (16b)
Co: [ Tgul® + | ®]*0? < PR, (16¢)

C?n C4a

where Cr denotes a scalar with respect to 7.
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With the assumption that the reflection links are far-field
and LoS links, the channels g and f can be expressed as

g =l91|1n ©exp(jarg(g)), f=|fil 1y @ exp (jarg(f)).
By exploiting Lagrangian dualities, we obtain

| w°Pt | 2 _ ﬁmax

opt [[2 RIS
BS ||‘I’ H =

|11 P + 02
Finally, using the Cauchy—Schwarz inequality, we arrive at

2 N * 2 2 * 2
[rwg[ =[S figava| <I®IPIF 007, (8)
with the equality holds if and only if
© = diag (exp (jarg (f — g))),

APPENDIX B
PROOF OF LEMMA 2

a7

ar=---=ar. (19

For asymptotic analysis, let us assume g ~ CN (O, §§I N)
and f ~ CN(On,c}In). When N — oo, based on the
amplification factors for RIS in Lemma 1, we have [4]

2 Dmax pmax 2 2
™ BS LRIS SgS¥

—N—= — .
16 P}Q‘Sa"§9202 + P}g}ng]%ag + 0202

As for the FD-AF-aided SISO system, the asymptotic SNR
is provided as [3, Prop. 3]

(20)

“Yactive RIS —

N2 Pénsax l?lgxgsgjg
VFD-AF — ——= = . 2D
NPmaxQ 2 N max -2 2 252
BS Sg0° T RIS Sf0z T 0°0%
Therefore,
yFp-aF 16 14 o?0 (1 -1/N) 16
Yactive RIS~ T PE§*s20? + PRigsio2 + o202 w2
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