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Abstract—Reconfigurable intelligent surfaces (RISs) have
emerged as a candidate technology for future 6G networks.
However, due to the “multiplicative fading” effect, the existing
passive RISs only achieve a negligible capacity gain in environ-
ments with strong direct links. In this paper, the concept of
active RISs is studied to overcome this fundamental limitation.
Unlike the existing passive RISs that reflect signals without
amplification, active RISs can amplify the reflected signals via
amplifiers integrated into their elements. To characterize the
signal amplification and incorporate the noise introduced by the
active components, we verify the signal model of active RISs
through the experimental measurements on a fabricated active
RIS element. Based on the verified signal model, we formulate
the sum-rate maximization problem for an active RIS aided
multi-user multiple-input single-output (MU-MISO) system and
a joint transmit precoding and reflect beamforming algorithm is
proposed to solve this problem. Simulation results show that, in
a typical wireless system, the existing passive RISs can realize
only a negligible sum-rate gain of 3%, while the active RISs can
achieve a significant sum-rate gain of 62%, thus over coming the
“multiplicative fading” effect. Finally, we develop a 64-element
active RIS aided wireless communication prototype, and the
significant gain of active RISs is validated by field test.

I. INTRODUCTION

From the first generation (1G) to 5G wireless communica-
tions, the wireless channel has been considered to be uncon-
trollable. Recently, due to the advances in meta-materials, re-
configurable intelligent surfaces (RISs) have been proposed [1]
for the purpose of intelligently controlling wireless channels
to achieve improved communication performance. Specifically,
an RIS is an array composed of a very large number of passive
elements that reflects electromagnetic signals in a desired
manner so as to reconfigure the propagation properties of
wireless environment. As an important advantage of RIS, the
negligible noise introduced by passive RISs enables a high
array gain. Benefiting from this advantage, RISs are expected
to introduce significant capacity gains in wireless systems [2].

However, in practice, the expected capacity gains are typ-
ically only observed in communication environments where
the direct link between transmitter and receiver is completely
blocked or very weak. By contrast, in many scenarios where
the direct link is not weak, conventional RISs can only
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achieve negligible capacity gains [3]. The reason behind this
phenomenon is the “multiplicative fading” effect introduced
by RISs, i.e., the equivalent path loss of the transmitter-RIS-
receiver link is the product (instead of the sum) of the path
losses of the transmitter-RIS and RIS-receiver links, which is
usually thousands of times larger than that of the direct link
[1]-[3]. As a result, the “multiplicative fading” effect makes
it almost impossible for passive RISs to achieve noticeable
capacity gains in many wireless environments. Therefore,
to advance the practicability of RISs in future 6G wireless
networks, a critical issue for RISs to be addressed is: How to
break the fundamental performance bottleneck caused by the
“multiplicative fading” effect?

To overcome the fundamental physical limitation of con-
ventional passive RISs imposed by the “multiplicative fading”
effect, in this paper, we investigate the concept of active RISs
to overcome the “multiplicative fading” effect. Different from
the existing passive RISs that passively reflect signals without
amplification, the key feature of active RISs is their ability
to actively reflect signals with amplification at the expense
of additional power consumption. Firstly, through the experi-
mental measurements on a fabricated active RIS element, we
verify the signal model of active RISs, which characterizes the
amplification of the incident signal and accounts for the non-
negligible thermal noise introduced by the active elements.
Based on the verified signal model, we further analyze the
asymptotic performance of active RISs and formulate a sum-
rate maximization problem for an active RIS aided multi-
user multiple-input single-output (MU-MISO) system. Then,
a joint transmit precoding and reflect beamforming algorithm
is proposed to solve this problem. Simulation results show
that, in a typical wireless system, the existing passive RISs
achieve only a negligible sum-rate gain of 3%, while the active
RISs are able to achieve a substantial sum-rate gain of 62%.
Finally, we develop a 64-element active RIS aided wireless
communication prototype, and field tests are conducted to
validate the significant gain of active RISs.

The rest of this paper is organized as follows. In Section II,
the concept of RISs and their signal models are introduced.
In Section III, the asymptotic performance of active RISs is
analyzed. In Section IV, a sum-rate maximization problem is
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formulated, and a joint precoding and beamforming design is
proposed to solve the problem. In Section V, simulation results
and experimental measurements are presented to validate the
signal model and evaluate the performance of active RISs.
Finally, conclusions are drawn in Section VI.

II. PASSIVE RISS AND ACTIVE RISS
A. Conventional Passive RISs

The RISs widely studied in most existing works are passive
[1]-[3]. In general, each passive RIS element consists of a re-
flective patch terminated with an impedance-adjustable circuit
for phase shifting. Thanks to the passive mode of operation,
the thermal noise at passive RISs is usually negligible [2].
Thereby, the signal model of an N-element passive RIS widely
used in the literature is given as follows:

y = 0x, D

where x € CV denotes the incident signal, y € C¥
denotes the signal reflected by the RIS, and ® :=
diag (ejol, ceey ejoN) € CV*N denotes the phase shift matrix
of the RIS with diag(-) being the diagonalization operation.
By properly adjusting ® to manipulate the NV signals reflected
by the N RIS elements to coherently add with the same phase
at the receiver, a high array gain proportional to N? can be
achieved, which is expected to significantly increase the signal-
to-noise ratio (SNR) [1] at the receiver.

Unfortunately, this expected high capacity gain often cannot
be realized in practice, especially in communication scenarios
where the direct link between the transmitter and the receiver is
strong. The reason for this negative result is the “multiplicative
fading” effect introduced by passive RISs. Specifically, the
equivalent path loss of the transmitter-RIS-receiver reflected
link is the product (instead of the sum) of the path losses of
the transmitter-RIS and RIS-receiver links, and therefore, it is
thousands of times larger than that of the unobstructed direct
link. Thereby, for an RIS to realize a noticeable capacity gain,
thousands (or even millions) of RIS elements are required to
compensate for this extremely large path loss [3]. The resulting
high signaling overhead for channel estimation and the high
complexity of real-time beamforming make the application
of such a large number of passive RIS elements in practical
wireless networks very challenging.

B. Concept of Active RISs

To overcome the fundamental performance bottleneck
caused by the “multiplicative fading” effect of RISs, we study
the concept of active RISs as a promising solution'. As shown
in Fig. 1, similar to the existing passive RISs, active RISs
can also reflect the incident signals with reconfigurable phase
shifts. Different from passive RISs that just reflect the incident
signals without amplification, active RISs can further amplify
the reflected signals. To achieve this goal, the key component

'Note that active RISs are fundamentally different from relay-type RISs
equipped with RF components and relays. Due to space constraints, we refer
to the journal version of this paper for a more detailed discussion [4, Remark

1].
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Fig. 1. The downlink transmission in an active RIS aided MU-MISO system.

of an active RIS element is the additionally integrated active
reflection-type amplifier, which can be realized by different
existing active components, such current-inverting converters
or some integrated circuits [5].

With reflection-type amplifiers supported by a power supply,
the reflected and amplified signal of an /V-element active RIS
can be modeled as follows:

y= POx + POv + n; |, 2

Desired signal ~ Dynamic noise  Static noise

where P := diag (p1,--- ,pn) € RV*Y denotes the amplifi-
cation factor matrix of the active RIS, wherein each element p,,
can be larger than one thanks to the integrated reflection-type
amplifier. Due to the use of active components, active RISs
consume additional power for amplifying the reflected signals,
and the thermal noise introduced by active RIS elements
cannot be neglected as is done for passive RISs. Particularly,
as shown in (2), the introduced noise can be classified into
dynamic noise and static noise [5]. Specifically, v is related to
the input noise and the inherent device noise of the active RIS
elements [5], while the static noise ng is unrelated to P and
is usually negligible compared to the dynamic noise P®v, as
will be verified by experimental results in Section V-A. Thus,
here we neglect ng and model v as v ~ CN (ON,aglN),
where CA (p, ) denotes the complex multivariate Gaussian
distribution with mean g and variance 3, Iy is an L x L
identity matrix, and Oy, is an L x 1 zero vector.

C. Active RIS Aided MU-MISO System

Consider an active RIS aided downlink MU-MISO system
as shown in Fig. 1, where an M-antenna base station (BS)
serves K single-antenna users simultaneously with the aid
of an N-element active RIS. Let s := [sq,--- ,sx]" € CK
denote the transmitted symbol vector for the K users and let
wy € CMX1 denote the BS precoding vector for symbol sy.
According to (2), signal r, € C received at user k can be
modeled as follows:

K
rme=( hil + fEP@G)Z‘_lesj—i- fiPev
~—~ N—_—— J= N——

Direct link  Reflected link Noise introduced by active RIS
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+ Zk ) (3)
~~~

Noise introduced at user k
where [-] denotes the conjugate-transpose operation; G €
CN*M_ pll ¢ CY*M and f! € C'N characterize the
channels between the BS and the RIS, between the BS and
user k, and between the RIS and user &, respectively; and zj
denotes the additive white Gaussian noise (AWGN) at user k

with zero mean and variance o2.

III. PERFORMANCE ANALYSIS

In this section, we analyze the performance of active RISs to
reveal their notable capacity gains compared to passive RISs.
To this end, in order to make the problem analytically tractable
and get insightful results, in this section, we consider a single-
user single-input single-output (SU-SISO) system with M = 1
BS antenna and K = 1 user, while the general MU-MISO case
is studied in Section IV.

A. Asymptotic SNR for Passive RISs and Active RISs

To illustrate the capacity gain provided by passive/active
RIS aided reflected links, for the moment, we ignore the
direct link by setting hj to zero, as was done in, e.g., [6].
Furthermore, for simplicity, we assume that each active RIS
element has the same amplification factor (i.e., p,, := p). For
a fair comparison with the asymptotic performance of passive
RISs, similar to [6], we assume Rayleigh-fading channels.

We first redefine the BS-RIS channel matrix and the RIS-
user channel vector as G :=g € CV*! and f), :=f € CV*!,
respectively. Then, we recall the following lemma from [6] for
the asymptotic SNR achieved by passive RISs.

Lemma 1 (Asymptotic SNR for passive RISs): Assuming
f~CN (ON,Q?IN . g ~CN (Oy,02Iy) and letting N —
oo, the asymptotic SNR 7pugsive Of a passive RIS aided SU-
SISO system is given by
i) "

1602
where Pzg™* denotes the maximum transmit power at the BS.
Proof: The proof can be found in [6, Proposition 2]. H

For comparison, under the same transmission conditions, we
provide the asymptotic SNR of an active RIS aided SU-SISO
system in the following lemma.

Lemma 2 (Asymptotic SNR for active RISs): Assuming
f~CN (ON,Q?@IN), g~ CN (Oy, 02Iy) and letting N —
00, the asymptotic SNR 7,ive Of an active RIS aided SU-SISO
system is given by

2
Ypassive —7 N

max pmax, .2 2 2
VYactive — N Pos™ PA™m 052
active

)
16 <Pgnaxo,g£)?c + Pénsaxoagg + 0.20.2)

v

where P"®* denotes the maximum reflect power of the active
RIS.
Proof: Please see the journal version [4, Appendix A]. B
Remark 1: From (5) we observe that, the asymptotic SNR
of an active RIS aided SU-SISO system depends on both the
BS transmit power Pgg®* and the reflect power of the active
RIS P®*, When Pgg® — oo, the asymptotic SNR will be

upper-bounded by Yacive — NPR*w?0%/ (1652), which is
independent of the BS-RIS channel g and the noise power at
the active RIS o2. Similarly, if P{"®* — oo, the asymptotic
SNR will be upper-bounded by Yacive — N PRg*7%0% /1607,
which is independent of the RIS-user channel f and the noise
power at the user o2. These results reveal that, to increase the
sum-rate of active RIS aided systems, the negative impact of
small g and large o2 on system performance can be alleviated
by increasing the BS transmit power Pg¢**, and the negative
impact of small f and large o can be reduced by increasing
the reflect power of the active RIS P?*,

B. Comparisons between Passive RISs and Active RISs

We can observe from Lemma I and Lemma 2 that, compared
to the asymptotic SNR for passive RISs passive in (4) which is
proportional to N 2 the asymptotic SNR for active RISs 7yciive
in (5) is proportional to N due to the noises introduced by
the use of active components. At first glance, it seems that the
SNR achieved by passive RISs 7y,5ive always exceeds the SNR
achieved by active RISs 7,.ive. However, this is actually not the
case. The reason behind this counterintuitive behavior is that,
due to the large path loss caused by the “multiplicative fading”
effect and thanks to the use of the reflection-type amplifiers
in active RISs, only when NV is unaffordably large can passive
RISs outperform active RISs.

To illustrate this claim, let us consider two different SU-
SISO systems, which are aided by an active RIS and a passive
RIS, respectively. Then, the following lemma specifies the
condition that has to be met for passive RISs to outperform
active RISs.

Lemma 3 (Case when passive RISs outperform active
RISs): Assuming the number of RIS elements N is large,
the required number of elements N for a passive RIS to
outperform an active RIS has to satisfy

v > PRX Pyo?

Fes% (Pffaxo% g?p + Paixo?0% + 0203)
where Pg$®X denotes the maximum BS transmit power for the
active RIS aided system and Pgg% denotes that for the passive
RIS aided system.

Proof: Please see the journal version [4, Appendix B]. &

Next, we consider a specific setup to compare the user’s
achievable SNRs in the above two systems. For a fair com-
parison, we constrain the total power consumption P™* of
the two systems to 2 W by setting Pgs®y = 2 W for the
passive RIS aided system and Pgg®X = P = 1 W for
the active RIS aided system, respectively. Therefore, when
0% =0} = =70 dBm and ¢} = ¢; = —70 dB, the required
number of elements [V for the passive RIS to outperform the
active RIS is 2.5 x 10° according to (6), which is impractical
to realize with current technology. Conversely, for a more
practical number of elements of N = 256, according to (5)
and (4), the SNR achieved by the passive RIS is Ypassive = 9.0
dB, while the SNR achieved by the active RIS is Yaciive =~ 49.0
dB, which is about 10,000 times higher than 7pasive-

)
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IV. JOINT TRANSMIT PRECODING AND REFLECT
BEAMFORMING DESIGN

To investigate the capacity gain enabled by the use of
active RISs in typical wireless communication scenarios, in
this section, we consider more general MU-MISO systems.
According to the model in (3), the signal-to-interference-plus-
noise ratio (SINR) at user k£ can be obtained as

= biwi G
Zg Lk ‘h Wj| + Hf,}fP@H o2+ 02
wherein hi! = hil + £, POG € C'*M is the equivalent
channel from the BS to user &, which includes both the direct
link and the reflected link. Therefore, the original problem of
sum-rate maximization, subject to the power constraints at the
BS and the active RIS, can be formulated as follows:

K

Po: max Roum(W,P,©) = Zk:
K 2 max

s.t. clzzkzl [wi||? < PR,

K
Cg N Zk:l

where w := [wi, -, wgk| T is the overall transmit precoding
vector for the K users; C; and C; are the power constraints at
the BS and active RIS, respectively. Due to the non-convexity
and the highly coupled variables in problem P, in (8), the
joint design of w, P, and ® is challenging.

To efficiently solve the above problem, we develop a joint
precoding and beamforming algorithm based on alternating
optimization and fractional programming (FP). Note that P
and © always appear in product form in problem P, in
(8). Therefore, P and ® can be merged as ¥ = PO =
diag (p1e?%, -+ ,pnel?™) € CV*N. We refer to ¥ as the
RIS beamforming matrix. Next, to deal with the non-convex
sum-of-logarithms and fractions in (8), we exploit the FP
methods proposed in [7] to decouple the variables in problem
P, in (8). This leads to the following lemma.

Lemma 4 (Equivalent problem for sum-rate maximiza-
tion): By introducing auxiliary variables p := [p1,- -+, pk] €
R and w := [y, -+ ,wk] € CK, the original problem P,
in (8) can be equivalently reformulated as follows

K
Rsum(w v Py T ) - Zk:l In (1 +pk?)_

K K
Zk:l Pr + Zk:l g(W, ‘Ila pk7wk)a
s.t. Cl,CQ, (9)

where function g(w, W, pi, wy) is defined as

9(w, ¥, pr, @) = 2¢/(1 + pp)R {wih}wi} —
K —
ol (S0, i e ).

Proof: Please see the journal version [4, Appendix C]. &
Strong convergence of the FP methods was proved in [7].
Thus, a locally optimal solution to (9) can be obtained by
alternately optimizing the variables. For clarity, we summarize
the proposed joint precoding and beamforming algorithm in

logy (L+3),  (8)
(8b)

IPOGwW|*+|PO|* 02 <P (8c)

P1: max
w,¥,.p,ww

(10)

Algorithm 1, and the specific solutions for variables w, ¥,
p, and wo are given in the following four steps, respectively.

Algorithm 1 Proposed joint transmit precoding and reflect
beamforming algorithm
Input:  Channels G, hy, and i, Vk € {1,--- , K}.
Output:  Optimized BS precoding vector w, amplification
factor matrix of active RIS P, phase shift matrix of active
RIS ©, and sum-rate Rqym.
Randomly initialize w, P and ©;
while no convergence of Ry, do

Update p by (11);

Update = by (12);

Update w by solving problem P5 in (14);

Update ¥ by solving problem Ps in (15);
end while
Obtain P and © from ¥,
return Optimized w, P, ©, and Rqy,.

R AN A >

1) Fix (w,¥, ) and optimize p: After fixing precoding
vector w, beamforming matrix ¥, and aux1hary variable zo,

the optimal p can be obtained by solvmg b:m =0 as
pOPt_M Vi Vke{l,-- K}, (11)

k )
2
where £, = R {w}iﬁgwk}.
2) Fix (w, ¥, p) and optimize wo: After fixing the precod-
ing vector w, beamforming matrix ¥, and aux111ary variable

p, the optimal zo can be derived by solvmg kr“ =0 as
opt __ V 1+Pk hkwk (12)
=

K - 2 2 :
Y [biwy "+ [ [P o? + o2

3) Fix (¥, p,wo) and optimize w: To simplify the nota-
tions, we first introduce the following definitions:

*10 T
byl =2v/(1 + pr)wihyl, b= [bf,by,--- by, (13a)

A:IK®Z::

1|wk\2ﬁkﬁ};}, E=Ix2(G"e"®G), (13b)
Py = PR — || @03 (13¢)
where ® denotes the Kronecker product. Then, problem P; in
(9) can be reformulated as follows:

Ps - max R {bHW} —wlAw,

s.t. Cp: ||W|| < Ped™, (14)

Cy: WiEW < P
Note that P, in (14) is a standard quadratic constraint

quadratic programming (QCQP) problem, which can be solved
by alternating direction method of multipliers (ADMM).

4) Fix (w,p,w™)
[ple-791, coo pNeiON } as the vectorized RIS beamforming
matrix ¥, i.e., diag (¢") := ®. While fixing w and p and
o, problem P; in (9) can be reformulated as follows:

Ps max R {PpTv} — "y,
s.t. Cy: Il < PRox

and optimize W: Define ¢ =

15)

1621

Authorized licensed use limited to: Tsinghua University. Downloaded on January 19,2023 at 15:11:37 UTC from IEEE Xplore. Restrictions apply.



2022 IEEE Global Communications Conference: Signal Processing for Communications

noise source

%ulator
\‘
S . = > SER
LNA

Fig. 2. The experimental devices and environment used for validating the signal model (2) of active RISs.
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Fig. 3. Experimental measurement result for reflection gain G versus signal
frequency f.

2.3605 2.361

wherein
K
v=2%"" I+ p)diag (wpfl!) Gw—
K K
Zk:l i *diag (£') GZJ':1 w;wj hy,
K
Q=3 |w[*diag (£]) diag (f) o2+
K K
Zk:l |wk:|2 ijldiag (f,?) ijw;{GHdiag (fx), (16b)

K
I = Zk:l diag (Gwy,) (diag (Gwy))" + 021y,  (16¢)

Note that problem Ps in (15) is also a standard QCQP
problem. Thus, the optimal solution 1)°P* can be obtained by
adopting ADMM.

(16a)

V. VALIDATION RESULTS
A. Validation Results for Signal Model

To validate the signal model (2), we designed and fabri-
cated an active RIS element with an integrated reflection-
type amplifier for experimental measurements in [8]. Note
that this design can be directly extended to the large-array
case. Particularly, since the phase-shifting ability of RISs has
been widely verified, we focus on studying the reflection gain

-130

—e— f = 2.3591 GHz
135 | |—e— f = 2.3601 GHz
—A— f = 2.3607 GHz

(dBm/Hz)

-140 -

2
s

+ o3

-145 |

2
v

Density of noise power Go?

-150 -

-155 1

-160

-165

170 . I . I .
-15 -10 -5 0 5 10 15 20 25

Reflection gain G (dB)
Fig. 4. Experimental measurement result for the density of noise power
Go2 + o2 versus reflection gain G.

and the noise introduced by an active RIS element. Thus, the
validation of signal model (2) is equivalent to validating
P, = GP, + GU?) + U?,
S~~~ N——

Desired-signal power

a7
noise power

where P, is the power of the signals reflected by the active
RIS element; P, is the power of the incident signal; G := p2 is
the reflection gain of the active RIS element; Go2 and o2 are
the powers of the dynamic noise and static noise introduced
by the active RIS element, respectively.

1) Hardware platform: To validate the model in (17), we
first establish the hardware platform used for our experimental
measurements in Fig. 2. Due to space constraints, we refer
the reader to the journal version of this paper [4, Fig. 4] for
detailed information about the hardware platform.

2) Reflection gain measurement: Using the measurement
system for the reflection gain depicted in [4, Fig. 4 (b)], we
first investigate the reflection gain G of the active RIS element.
Note that the reflection gain G can be reconfigured by the
input power of the pump source F,. By setting the input
power of the vector network analyzer as P, = —50 dBm, the
reflection gain G as a function of the signal frequency can be
directly measured via a vector network analyzer. Then, in Fig.

1622

Authorized licensed use limited to: Tsinghua University. Downloaded on January 19,2023 at 15:11:37 UTC from IEEE Xplore. Restrictions apply.



2022 IEEE Global Communications Conference: Signal Processing for Communications
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Fig. 5. Simulation results for the sum-rate versus total power consumption
P™a% in scenario 1 with a weak direct link..

3, we show the measurement results for reflection gain G as
a function of signal frequency f for different input powers of
the pump source F,,. We observe that the active RIS element
can achieve a reflection gain G of more than 25 dB, when
P, = 18.24 dBm, which confirms the significant reflection
gains enabled by active RISs.

3) Noise power measurement: We further study the noise
power introduced by the active RIS element, i.e., Go2 + o2
in (17), where Go?2 and o2 are the powers of the dynamic
noise and the static noise introduced at the active RIS element,
respectively. Using the noise measurement system in [4, Fig. 4
(c)], we show the measurement results for the spectral density
of noise power Go2 + o2 as a function of G for different
operating frequencies in Fig. 4. We can observe that the noise
power increases nearly linearly with G, which verifies the
noise model Go2 + o2 in (17). Particularly, for f = 2.3601
GHz, the spectral density of Jg is about —174 dBm/Hz, while
that of o2 is about —160 dBm/Hz, which is about 15 dB
higher. The reason for this is that the input noise is amplified
by the noise factor, and additional noises are also introduced
by the other active components such as the DC source used
to power the active RIS.

B. Simulation Results for Sum-Rate

1) Simulation setup: We consider an active RIS aided MU-
MISO system. Particularly, we consider two scenarios with dif-
ferent channel conditions. In scenario 1, the direct link is weak
due to severe obstruction, while the direct link is strong in
scenario 2. To be specific, two different path loss models from
the 3GPP TS 36.814 standard are utilized to characterize the
large-scale fading of the channels: i) PL, = 37.3422.0logd;
ii) PL,, = 41.2 + 28.7log d, where d is the distance between
two devices. Path loss model PL,, is used to generate the weak
BS-user link in scenario 1, while PL; is used to generate the
strong BS-user link in scenario 2. For both scenarios, PL; is
used to generate the BS-RIS and the RIS-user channels. To
account for small-scale fading, we adopt the Ricean fading
channel model for all channels involved and we assume the
Ricean factor as k = 1.

60

—a— Active RIS (P — pux /3, ppax — pmax )
—e—Passive RIS (P = P™)
- — ~Without RIS (P — pm)

50

Sum-rate (bps/Hz)

20 -

-10 -5 0 5 10 15 20 25 30
Total transmit power P"** (ABW)

Fig. 6. Simulation results for the sum-rate versus total power consumption
P™2a% in scenario 2 with a strong direct link.

The BS and the active/passive RIS are located at (0, -60
m) and (200 m, 30 m), respectively. Four users are randomly
located in a circle with a radius of 5 m from the center (200
m, 0). The numbers of BS antennas and RIS elements are set
as M =4 and N = 256, respectively. The noise power is set
as 02 = 02 = —70 dBm. For fair comparison, we constrain
the total power consumption P™#* := Pge®* 4 P"#%, For the
active RIS, Algorithm 1 is employed for joint precoding and
beamforming design, while for the passive RIS, the algorithm
from [2] is adopted.

2) Simulation results: In Fig. 5 and Fig. 6, we plot the
sum-rate versus the total consumed power P™#* for the two
considered scenarios, where the direct link is weak and strong,
respectively. Firstly, in scenario 1 with a weak direct link, the
passive RIS can indeed achieve a performance improvement,
while the active RIS achieves a much higher sum-rate gain.
Secondly, in scenario 2 with a strong direct link, the passive
RIS achieves only a negligible sum-rate gain, while the active
RIS still realizes a noticeable sum-rate gain. For example,
when P™** = 10 dBW, the capacities without RIS, with
passive RIS, and with active RIS in scenario 1 are 5.34 bps/Hz,
7.00 bps/Hz, and 32.41 bps/Hz respectively, while in scenario
2, these values are 19.87 bps/Hz, 20.51 bps/Hz, and 32.18
bps/Hz, respectively. In this case, the passive RIS provides a
31% gain in scenario 1 and a negligible 3% gain in scenario 2.
By contrast, the active RIS achieves noticeable sum-rate gains
of 507% in scenario 1 and 62% in scenario 2, which are much
higher than those achieved by the passive RIS.

C. Field Test for a 64-Element Active RIS Aided Wireless
Communication Prototype

1) 64-element active RIS aided communication prototype:
To validate the significant gain of active RISs, we develop a
64-element active RIS aided wireless communication proto-
type, as shown in Fig. 7. Specifically, the hardware structure
of this prototype consists of three parts including a BS, a 64-
element active RIS, and a user. For the BS and the user, two
horn antennas with 13 dBi antenna gain are used to transmit
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Fig. 7. A photograph of the developed 64-element active RIS aided wireless
communication system.

and receive the signals, and the universal software radio
peripherals (USRPs) are deployed to generate and process the
baseband and RF signals (hardware version: USRP-2953R).
By periodically expanding the active RIS elements designed
in [8], the 64-element active RIS is an 8§x8 plane array, of
which each element has a reflection gain of G = 10 dB.

2) Experimental environment: Based on the developed pro-
totype, we establish the experimental environment for further
validation. To match the transceivers, we configure the oper-
ating frequency of the active RIS to f = 3.5 GHz and the
bandwidth to 40 MHz by adjusting the circuit impedance of
active elements. The polarization of the antenna at the BS
and that at the user are selected as vertical and horizontal,
respectively. The transmit power is set to —10 mW. We fix the
heights of the BS, the RIS, and the user as 1 m. The horizontal
distance of the BS-RIS link and that of the RIS-user link are
set to 2 m and 3.5 m, respectively. The angle of arrival (AoA)
at the active RIS is fixed as 0°, and the angle of departure
(AoD) will be specified to evaluate the performance gain of
active RISs at different orientations. To observe the reflection
gain of the active RIS, we use a metal plate with the same
aperture size as the active RIS for performance comparison.

3) Experimental results: By moving the user at different
AoDs and configuring the phase shift of the active RIS with
discrete Fourier transform (DFT) codebook, we obtain the
experimental results shown in Table I. One can observe that,
compared with the received power for the metal plate, the
active RIS can always achieve a gain of about 10 dB. The data
rate for the active RIS can hold at about 30 Mbps, while that
for the metal plate only ranges from 1 Mbps to 2Mbps. The
reason is that, the beamforming at the active RIS can make the
reflected beam with high array gain and reflection gain, while
the metal plate can only reflect the incident signals randomly
without in-phase combination or amplification, which validates
the significant gain of active RISs.

VI. CONCLUSIONS

In this paper, we have studied the concept of active RISs
to overcome the fundamental limitation of the “multiplicative
fading” effect. Firstly, we have verified the signal model of

TABLE I
EXPERIMENTAL RESULTS FOR THE DEVELOPED PROTOTYPE
AoD Device Received Power | Data Rate
15° Metal plate -110 dBm 1.2 Mbps
Active RIS -100 dBm 28.5 Mbps
30° Metal plate -105 dBm 1.5 Mbps
Active RIS -98 dBm 30.5 Mbps
45° Metal plate -105 dBm 1.5 Mbps
Active RIS -95 dBm 30 Mbps
60° Metal plate -108 dBm 2 Mbps
Active RIS -90 dBm 32 Mbps

active RISs through the experimental measurements on a fab-
ricated active RIS element. Based on the verified signal model,
we have formulated the sum-rate maximization problem for
an active RIS aided MU-MISO system and a joint precoding
and beamforming algorithm has been proposed to solve this
problem. Simulation results have shown that, in a typical
application scenario, the existing passive RIS can realize only
a negligible sum-rate gain of about 3%, while the active RIS
can achieve a substantial sum-rate gain of about 62%, thus
indeed overcoming the “multiplicative fading” effect. Finally,
we have developed a communication wireless communication
prototype aided by a 64-element active RIS, and the significant
gain of active RISs is validated by field test. In the future,
many research directions for active RISs are worth pursuing,
such as hardware design, prototype development, channel
estimation, and energy efficiency analysis.
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