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Abstract—Reconfigurable intelligent surfaces (RISs) have be-
come a candidate for future 6G networks. The concept of active
RISs has been recently proposed to overcome the multiplica-
tive fading of RIS aided reflected links. However, due to the
frequency-selective channels, the narrowband active RISs suffer
from a large performance loss in wideband scenarios. To address
this issue, in this letter, we propose wideband active RISs,
including their architecture, modeling, and beamforming design.
Specifically, the key idea of wideband active RISs is to divide
all subcarriers into several groups and the subcarriers in each
group are configured by a single amplifying and phase-shift
circuit. Based on this architecture, we derive the frequency-
domain channel model and noise model of a wideband active RIS
aided communication system. Then, we formulate a beamforming
design problem for sum-rate maximization, and a joint transmit
precoding and reflect beamforming algorithm is proposed to solve
the problem. Simulation results verify the significant performance
improvement of the proposed wideband RISs in wideband
scenarios.

I. INTRODUCTION

N recent years, the emerging reconfigurable intelligent

surface (RIS) technology has attracted extensive interest
in the wireless communication community [1]. By properly
configuring the phase shifts of passive RIS elements, the
signals from transmitters can be passively reflected toward
flexible directions [2]. Thanks to their high array gain and low
cost, RISs are expected to improve the capacity and increase
the energy efficiency (EE) of wireless networks [3]. Despite
these advantages, due to the “multiplicative fading” effect,
passive RISs can hardly achieve visible gains in scenarios with
strong direct links, and lots of RIS elements are required to
compensate for this loss. To address this issue, the concept of
active RISs has been recently proposed [4]. Different from
passive RISs that only reflect signals passively, the active
RISs can actively amplify the reflected signals by integrating
reflection-type power amplifiers [5]. Currently, active RISs
have been studied in many applications such as cell-free
networks [6] and secure transmissions [7].

Although active RISs have been studied in many applica-
tions, most existing works only focus on narrowband scenar-
ios, where only one narrowband beamformer is designed for
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the single carrier [4]. In wideband scenarios, the amplitude and
phase shift of reflected signals will vary with the frequencies
of incident signals [8], and a new element design is proposed
to achieve broader bandwidth to avoid this effect [9]. However,
since the narrowband beamformer still cannot well match
all subcarriers simultaneously due to the frequency-selectivity
of wideband channel [10], the spectrum efficiency (SE) is
reduced [11]. To increase the SE, an idea is to enable RISs
to adjust the reflection coefficients on multiple subcarriers
independently, i.e., the wideband beamforming. To achieve
this goal, the author in [12] has proposed to integrate multiple
phase-shift circuits working at different frequencies in each
element. In this way, passive RIS is able to use multiple inde-
pendent beamformers to independently reconfigure the phase
shifts on multiple subcarriers [12]. However, since the power
amplifiers of active RISs cannot be adjusted independently for
different frequencies, this method cannot be applied to active
RISs. How to compensate for the performance loss of active
RISs in wideband scenarios is still an open problem.

To solve this problem, in this letter, we propose wideband
active RISs, including their architecture, modeling, and beam-
forming design. Specifically, the key idea of wideband active
RISs is to divide all subcarriers into several groups, and the
subcarriers in each group are configured by a single amplifying
and phase-shift circuit. To achieve this goal, wideband active
RISs integrate multiple amplifying and phase-shift circuits
operating at different frequencies in each of their elements.
Then, we derive the frequency-domain channel model and
noise model of a wideband active RIS aided communication
system. Based on these models, we formulate the beamforming
design problem for sum-rate maximization, and a joint transmit
precoding and reflect beamforming algorithm is proposed to
solve the problem. Simulation results verify the significant
performance improvement of the proposed wideband active
RISs in wideband scenarios.

Notations: C, R, and R, are the sets of complex, real
and positive real numbers, respectively; [K] represents the
set of integers {1,2,..., K}; AT, A*, A", A~! denote the
transpose, conjugate, conjugate-transpose and inverse of A;
Ali, j] denotes the (i, j)-th element of A; diag(-) denotes the
block diagonal operation; || - |r denotes the Frobenius norm;
R{-} denotes the real part of its argument; ® is the Kronecker
product; CN (p, X) denotes the complex Gaussian distribution
with mean g and variance 3; Iy is an N x NV identity matrix.

II. ARCHITECTURE DESIGN AND SYSTEM MODEL

In this section, we introduce the architecture of the proposed
wideband active RISs in Subsection II-A, and present the
system model of a wideband active RIS aided communication
system in Subsection II-B.
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Fig. 1. Comparison between (a) narrowband active RIS and (b) wideband
active RIS.

A. Architecture Design

As shown in Fig. 1 (a), the narrowband active RIS only
integrates an amplifying and phase-shift circuit in each ele-
ment, which means that a single beamformer is applied to all
K subcarriers. This will lead to a large performance loss in
orthogonal frequency division multiplexing (OFDM) system
with frequency-selective channels [11].

To address this issue, we propose the architecture of wide-
band active RISs, as shown in Fig. 1 (b). By integrating mul-
tiple amplifying and phase-shift circuits operating at different
frequencies in each element, the key idea of wideband active
RISs is to divide all subcarriers into L groups (L < K) by
ranking them according to their center-frequency and evenly
dividing them into groups, wherein subcarriers with similar
center-frequency are in the same group and can be configured
by a single amplifying and phase-shift circuit. Since the
subcarriers in real-world OFDM systems are scheduled and
transmitted in independent time-frequency blocks, the working
bandwidth of each circuit is very different. Thus, the proposed
architecture is assumed to be able to avoid cross-interference
between different beamformers. Multiple circuits can work
together independently, each configuring the amplitude and
phase shift of subcarriers in one group, and the response for
other groups is neglected.

Note that, since the number of subcarriers is usually large
in practice (dozens to hundreds), to obtain a compromise
between performance and hardware cost, the number of groups
L is usually much smaller than that of subcarriers K. In
this way, each active element only needs to integrate a few
amplifying and phase-shift circuits so as to reduce costs while
ensuring performance. Particularly, L = K means that the
signal of each subcarrier can be reconfigured independently,
i.e., the maximum control degrees of freedom (DoFs). L =1
means that all subcarriers share the same beamformer, thus
the wideband architecture degenerates to the conventional
architecture of narrowband active RISs.

B. System Model

We consider a wideband active RIS aided multiuser multi-
input single-output OFDM (MU-MISO-OFDM) communica-
tion system with P single-antenna users and K subcarriers
with the same bandwidth. The base station (BS) is equipped

with N, antennas and the RIS comprises M elements. Indices
of users, subcarriers, BS antennas and RIS elements are
denoted by sets [P], [K], [IV] and [M], respectively.
1) Transmit signal: The time-domain transmit signal s is
given by
§= (D ®Iy,)Ws, (1)

where s = [s],...,sL]T € CKT is the overall transmit
symbol and s, = [s14,...,spk]T € CF is the symbol
via the k-th subcarrier with E{s;sll} = Ip,Vk € [K].
W = diag(Wh,..., Wg) where Wy, = [wi,...,wpg] €
CNexP s the BS precoding matrix via the k-th subcarrier;
Dy € CK*K is discrete Fourier transform (DFT) matrix.

2) Channel: Assume OFDM modulation at the BS with a
cyclic prefix (CP) of length L, and the wideband channel is
modeled as a Ly-tap (Lo < Lp) finite impluse response (FIR).
The FIR of the direct link between the BS and the p-th user
is {hpo,...,hpr,—1}, where hy,; € CNt V1 €{0,...,L; —
1} is assumed to follow the exponential power-delay feature,
T 1/2

ie., hy; = ,/Cplifl T
factor and path loss, respectively. v, ~ CN(Oy,, Iy,) is the
small scale fading [13]. Similarly, the wideband channel from
the BS to the RIS is {Gy,...,Gr,—1}, where G; € CM >Nt
and that from the RIS to the p-th user is {f,0,..., fp.L5-1}
where f,; € CM. Ly = max{L1, Ly + L3 — 1}. The time-
domain channels can be efficiently estimated based on RIS
aided wideband channel estimation strategies like [14].

3) RIS beamforming: We let Uy =
diag(pr1€7%1, ... prase?? M) denote the reflection
coefficient matrix of the active RIS for the k-th subcarrier,
where py,, € Ry and 0y, € [—m, 7] are the amplifying
factor and phase-shift of the m-th element for the k-th
subcarrier, respectively, Vk € [K] and Vm € [M]. All K
subcarriers are divided into L groups. Let [L] denote the set
of group indices and /C; denote the indices of subcarriers from
the I-th group, i.e., K;is {({—1)K/L+1,...,lK/L}. Thus,
v 2 W, Vk € K; is the RIS reflection coefficient matrix
for the I-th group, and the overall reflection coefficient matrix
for all the subcarriers is given by ¥ = diag(¥,..., Pg) =
diag(Ix/ ® v Ig)p® W) ¢ CMEXMK 1p time-
domain, it can be expressed as ¥ = (DRE®I )P (Dg@1Iyy).

4) Received signal: In time-domain, the received signal at
the p-th user is given by

U, = (H, + F,9G) (D% @ In,)Ws + F,%% +71,, (2)

vy, where 7 and (;, are decreasing

where the channel ﬁp € CKxKN: @ ¢ CMEXEN: apd
f'p € CHK*EM are block circulant matrices with zero-
padded FIRs [hy0,... Ry, 1] [GE,...,GY _|]" and
[ fpﬁ, ce f:,y s—1]" as their first column block, respectively.
v and n,, denote time-domain dynamic noise and static noise
at the p-th user, respectively. Applying DFT, the frequency-
domain received signal is given by

yp = D (H,+F,9G) (DY @Iy, )W s+ Dy (F,%v+7,).

e
The equivalent frequency-domain channel H, £ Dk (H, +
F,UQG)(D% @ Iy,) can be further simplified as block diag-
onal matrices as shown in [15]. Here we give a general proof.
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Lemma 1. Matrices that have a structure of A =
(Dk ® In)A(DY ® Iy) is block diagonized, ie, A =
diag(Ay,..., Ag), where A € CMEXEN g q block circu-
lant matrix whose first column block is [A%, ... A% wirh
each block being A, € CM*N_ A, € CM*N s defined as
below and Dy € CE*X js the DFT matrix.

Proof: By some algebraic calculations, we obtain
A= (Dk @ I)ADY @ Iy)
W) x (YT (Dk ® In)Yy) x (Tfﬁn) x
(TI(DY & In) ) % 1

Ay, AN
@T1(1M®DK) : . : (IN®D}}§)TF2F
Avy o A
[ DxA, D% Dy A, yDY
=T, : : 12
| Dx Ay, DY Dy Ay yDE
[ A1 AN
(:C)Tl Tl @ diag(Ai,..., Ak),
| At Ay N
4)

where (a) holds by inserting column permutation matrices
TlT? = Igpr and 'I‘NQTQT = IKN§~(b) holds by defining
circulant submatrices A, ,[a,b] = A[m + (a — 1)M,n +
(b — 1)N],Va,b € [K],m € [M] and n € [N]; (c) holds
due to the fact that circulant matrices can be diagonalized
by DFT matrix, and (d) holds by defining A; € CM*N as
Ag[m,n] = Ap, nlk, k], Vm € [M],n € [N] and k € [K]. &
__After expanding the RIS reflection coefficient matrix as
¥ = (DY ® I)¥(Dk ® I,), the equivalent frequency-
domain channel can be simplified as

H, =Dy H,(D% @ Iy,)+ DgF,(D} @ I,) x®

diag(hl |,....hH ) diag(fify . fl )
x (Dg ® IM)(;(DIH< ® Iy,)
diag(G1,...,Gk)

=diag(hy | + i1 ¥1G1, .. .,

h;I){,K + fEK‘I’KGK).

(&)
where the frequency-domain channels h, ., f, 1 and Gy, are
defined similarly as in Lemma 1. The noise model can be
simplified in a similar way:

DKfp{Iv’%:diag(f;{,llIllv"'v ;IJ{,K‘I’K)va (6)

where v = (D g ®1I),)v is the frequency-domain active noise.
Similarly, n, = Dgn, is the frequency-domain static noise
for the p-th user, and both are modeled as additive white
Gaussion noise (AWGN), i.e., {v,n,} ~ CN(0,{c2,o*}I).
Applying the simplification results to (5), the received signal
via the k-th subcarrier for the p-th user can be expressed
concisely as
p
Yok = R > wjksik + FChve + gk, (7)
j=1

wherein hfl, 2 hfl, + I @, G, € CNe is the overall
channel from the BS to the p-th user via the k-th subcarrier,
v € CK is the k-th block of v and n, j is the k-th element
of n,. Therefore, the signal-to-interference-plus-noise ratio
(SINR) via the k-th subcarrier for the p-th user is given by

[Py wp |

SINR,x = —p

Zj:Lj;ép |h kWi, k|? + ”f;{k‘I’kHFUQ +o2

®)

5) Power consumption: The BS transmit power limitation

is given by S5 [|[Wy |2 < P5§™ and the power constraint

for active RIS is expressed as Pa = S 1, [ €,.Gr W% +

22{:1 H\I’k”%ag It should be noted that Pa is the power

constraint of reflected signal from active RIS and the static
power consumption is not considered in this letter.

III. BEAMFORMING DESIGN

In this section, the sum-rate maximization problem is firstly
formulated in Subsection III-A. To solve the problem, a joint
transmit precoding and reflect beamforming design is proposed
in Subsection III-B.

A. Problem Formulation
Under the power constraints at the BS and the active

RIS as well as the grouping settings, the original sum-rate
maximization problem can be formulated as follows:

P; . max log, (1 + SINR,, 1), (9a)
! W{‘I’k} cp ;pzl g2 pk)
st Y[ Wilf < P, (9b)

M 114>

(1 LG W% + [ ®][R07) < PR, (9¢)

<1

w =00 vk e K. (9d)

The objective function of P; in (9) is non-convex with highly
coupled variables. An equivalent problem can be formulated
based on alternating optimization (AO) and fractional pro-
gramming (FP) by introducing auxiliary variables a and 3:

14 g
W,{\Ilk},aﬁR ZZ ( ( o ) + ‘Pp,k) )

max
k=1p=1

s.t. (9b), (9¢c), (9d), (10)
where ¢, . is an auxiliary function defined as
Opk =2¢/1+ ap, L R{B, ,khp,kwp,k} - ‘Bp7k|2><
P
> w4 £ 2elEol + 0% | . (D)
7j=1

B. Beamforming Design

As a result, P;’s equivalent problem P in (10) can be
solved by optimizing the four variables alternatively until
convergence, which is summarized in Algorithm 1.
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Algorithm 1 Proposed joint transmit precoding and reflect
beamforming algorithm
Input: hp,ks fp,k’ Gk, Plgnax’ Pénsax.
QOutput:  Optimal BS precoding matrix W'; Optimal RIS
beamforming matrix {¥;}, Vk € [K].
Initialize W and {¥;} randomly;
while no convergence of R do
Update o by (12);
Update 3 by (13);
Update W by solving (14);
Update ¥ by solving (15);
end while
return W*, {¥,}",

e A A ol S

and R.

1) Optimize o: After fixing the BS precoding matrix W,
the RIS beamforming matrix {®}}, and the auxiliary variable
3, the optimal «v is derived by setting the derivative 07@/ 0oy, i,
to 0 and defining g, x = R{B};  h. w1}

1
=g (1415 60)).

2) Optimize 3: After fixing the BS precoding matrix W,
the RIS beamforming matrix {¥}, and the auxiliary variable
a, the optimal 3 is derived from OR /08, =0

12)

gr VItape  SINR,, 13)
PR wl by, 1+ SINR,,

3) Optimize W : After fixing the RIS beamforming matrix
{W.} and two auxiliary variables, the problem in (11) can be
reformulated as follows

P3: min wlUw — 2R{w'v}, (14a)
st JwllE < PR, (14b)
wlVw < pmax, (14c)

where the following notations are introduced for simplicity:

K
max max 2 2 H _ * pH
Rn PA - E H‘IIRHFO'U Vpk =V 1+O‘p7kﬂp,khp,k7
k=1
T T T T T
V=[V1, s Vp1- Vi VP k|
T T T T
W= [Wy ;. Wpy, e, W s WP K]
P
27 . H :
Us=1Ip® E |ﬁp7k| thghp,k, U:dlag(Ul,...,UK),
p=1
Vi = Ip @ G W[, G, V =diag(V4,..., Vk).

P3 in (14) is a standard quadratically constrained quadratic
program (QCQP) problem and can be solved via CVX tools.

4) Optimize  {¥}: We  define y® =
[prae %1 pp e M) T e CM VE € K as
the vectorized RIS beamforming matrix for the [-th group,

e, ¥ = diag((ypW)H). After fixing 3, W, and « the
problem in (11) can be reformulated as follows:

Py: min Y=Y — 2R{y" ), (152)

s.t. Qe < PRox, (15b)

4
wherein
P
,u(l) = Z Z (w/l + ap pdiag (B;kfgk) Grwp i
kek; p=1
P
|6p,k| dlag Z w;, kw p k ) ;
20 =3 Z |Bp,i|* ( diag(fyh)diag(fp,r)or
ke, p=1
P
+ diag(f Z wj, kw W) Gidiag(fox) ),
i —
D= Z Zdiag(Gk'wp,k) (diag(kapvk))H + U?,IM,
ke, p=1
P =), ")TT, E = diag(2V,...,.EW),
p= (T, ()T, Q= diag(@®),... W),

P4 in (15) is also a QCQP problem which can be solved by
CVX tools.

IV. SIMULATION RESULTS

In this section, we present the simulation results for the
proposed wideband active RISs. The simulation setup is pro-
vided in Subsection IV-A and the numerical results are given
in Subsection IV-B.

A. Simulation Setup

In order to evaluate the effectiveness of the proposed joint
transmit precoding and reflect beamforming design, simulation
results are presented for passive RISs, narrowband active RISs
and wideband active RISs with different numbers of subcarrier
groups aided MU-MISO-OFDM systems, respectively. The pa-
rameters are set according to [15]. The number of subcarriers
and delay taps of time-domain channel are set as K = 64 and
Lc, = 16. The number of RIS elements and antennas at BS
and users are M = 64, N; =4 and P = 3, respectively. Path
loss is set to 30 dB at a reference distance 1 m for all channels.
The decreasing factor is set to 7 = 0.5 and the path loss
exponent for the BS-RIS channel, the RIS-user channel, and
the BS-user channel are set to 2.8, 2.5, and 3.5, respectively.
The BS-RIS distance and the RIS-user distance are fixed as
dgr = 50 m and dry = 5 m, respectively. The distance
between the BS and users ranges uniformly from dggr — dru
to dpr + dru- The active and static noise power are set as
02 = —60 dBm and 02 = —70 dBm, respectively.

B. Simulation Results

The convergence of the proposed algorithm is validated
in Fig. 2. To keep the hardware complexity reasonable, we
consider a limited number of groups, i.e., L = 1,2,4. The
case where L = K = 64, which is too costly to realize, is
considered only as an upper bound of the average sum-rate.
Compared with the passive RIS beamforming algorithm [15]
which converges within less than 5 iterations, the algorithm
we proposed converges relatively slowly.
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Fig. 3 illustrates the relationship between total transmit
power Py, and the average sum-rate. As in [4], the power
constraint for passive RIS is set as Pgg™ = Piyal, and that
for active RIS is set as Pgg™ = 0.99P;ta and Py~
0.01P;ta1. Comparing the active RIS with L = 64 groups
and L = 1 group, we can observe that the loss of narrow-
band active RISs can achieve more than 30%, which verifies
the fact that narrowband beamformer cannot well match all
subcarriers. Besides, it can also be observed that by merely
dividing the subcarriers into L = 2 or 4 groups, about 30%
and 55% of such loss can be compensated, indicating that only
a few additional circuits will suffice to match the subcarriers
to wideband channels.

V. CONCLUSIONS

In this letter, we have proposed wideband active RISs to
compensate for the performance loss of active RISs in wide-
band scenarios. The proposed wideband active RISs divide
all communication subcarriers into several groups and the

subcarriers in each group can be configured by an independent
beamformer. Then, the channel model and noise model of a
wideband active RIS aided communication system is derived.
Here we assume that the response of each circuit is identical
to subcarriers in each group, and will leave the practical model
that considers the limited bandwidth like [8] to future work.
We have also developed a joint transmit precoding and reflect
beamforming algorithm to maximize the sum-rate, while more
metrics such as EE are left for follow-up works, where the
number of groups L can also be viewed as an optimazation
variable and can be designed to achieve the maximum EE.
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