N

N

Cooperative Multi-RIS Communications for Wideband
mmWave MISO-OFDM Systems
Muxin He, Wei Xu, Hong Shen, Guo Xie, Chunming Zhao, Marco Di Renzo

» To cite this version:

Muxin He, Wei Xu, Hong Shen, Guo Xie, Chunming Zhao, et al.. Cooperative Multi-RIS Communica-
tions for Wideband mmWave MISO-OFDM Systems. IEEE Wireless Communications Letters, 2021,
10 (11), 10.1109/LWC.2021.3100479 . hal-03843731

HAL Id: hal-03843731
https://hal.science/hal-03843731v1

Submitted on 8 Nov 2022

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.science/hal-03843731v1
https://hal.archives-ouvertes.fr

Cooperative Multi-RIS Communications for
Wideband mmWave MISO-OFDM Systems

Muxin He, Student Member, IEEE, Wei Xu, Senior Member, IEEE, Hong Shen, Member, IEEE, Guo Xie,
Chunming Zhao, Member, IEEE, and Marco Di Renzo, Fellow, IEEE

Abstract—Reconfigurable intelligent surfaces (RISs) can shape
the wireless environment for enhancing the communication per-
formance. In this letter, we propose a cooperative multi-RIS
assisted transmission scheme for a millimeter-wave multi-antenna
orthogonal frequency division multiplexing system. We first put
forward a delay matching based scheme for simultaneously
estimating the multipath channels and the transmission delays of
distributed RISs, which requires limited training overhead and
feedback. Based on this scheme, we obtain a closed-form solution
for the RIS phase shift. Then, we derive an analytical expression
of the downlink rate, which is proved to increase logarithmically
with the square number of RIS reflecting elements. Simulations
are conducted to verify these observations.

Index Terms—Channel estimation, millimeter-wave, multiple-
input single-output, orthogonal frequency division multiplexing,
reconfigurable intelligent surface.

I. INTRODUCTION

N millimeter-wave (mmWave) systems, the signal propa-

gation suffers from severe attenuation and blockages. RISs
are, therefore, a promising technology for making mmWave
communications more reliable [1]-[5]. In [6], the authors joint-
ly optimized the transmit precoder and the RIS phase shifts
in a mmWave system. The impact of hardware impairments
on an RIS-assisted system was analyzed in [7]. In [8], an RIS
was utilized for improving the channel capacity in a mmWave
environment with no line-of-sight (LoS) path. The authors
of [9] proposed a stochastic-learning based algorithm for the
robust beamforming of an RIS-aided mmWave system.

Most of the currently available research works investigate
RIS-assisted systems based on single-carrier modulation [6]-
[12]. However, the orthogonal frequency division multiplexing
(OFDM) based multi-carrier modulation is commonly used
for combatting the frequency-selective fading in wideband
systems. Recently, a few studies, e.g., [13]-[15], started in-
vestigating multi-carrier RIS-assisted systems, where the same
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RIS phase shift configuration is assumed across the subcarriers
since an RIS cannot provide independent phase control for
each subcarrier. To optimize the channel capacity of OFDM
systems, the authors of [13] developed an algorithm that yields
a locally optimal solution for the joint design of the transmit
covariance matrix and the phase shifts of the RIS. In [14], the
RIS phase shifts were matched with the phase of the strongest
channel path in an OFDM system. In [15], the achievable rate
of an OFDM system was maximized by jointly optimizing
the power allocation and the RIS phase shifts. A grouping
method for the RIS reflecting elements was introduced in [15]
to reduce the training overhead. It was shown in [14] and
[15] that the large overhead for training and feedback poses a
challenge for RIS-aided OFDM communications.

We consider deploying multiple RISs to cooperatively
reconfigure the multipath channel for a mmWave multi-
antenna OFDM system. Inspired by the method of matching
the strongest channel tap in [14], we develop a delay matching
based scheme to configure the phases of the distributed RISs
based on the transmission delays, which requires low training
overhead and limited feedback. The performance enhancement
of matching the strongest channel tap is validated by deriving
an analytical expression of the downlink rate, which, to the
best of our knowledge, has not been provided in the literature.
Despite the lack of independent RIS phase control for multiple
subcarriers, it is proved that, by using the proposed RIS design,
the received power scales with the square of the number of RIS
elements even in multi-carrier systems, as previously observed
in [6], [7], [16] for single-carrier systems.

II. SYSTEM MODEL AND PROBLEM FORMULATION
A. System Model

We consider a multi-RIS aided mmWave multiple-input
single-output (MISO)-OFDM system, where a single-antenna
UE is served by a base station (BS) and Ng RISs. The system
can be extended to the multiuser case by using the time
division multiple access or the orthogonal frequency division
multiple access [17]. Npg antennas are deployed at the BS and
M reflecting elements are deployed at each RIS. For mmWave
channels with high path loss, the signal reflected by the RIS
two or more times is received with negligible power and can
be ignored [6], [13], [15], [16]. In the downlink, the signal
received, in the frequency domain, at the k-th subcarrier is
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where p; is the transmit power, h’[k] € CM*! is the channel
from the s-th RIS to the UE, ®, € CM*M g the diagonal



matrix of phase shifts of the s-th RIS, G[k] € C?¥ss g
the channel from the BS to the s-th RIS, h¢[k] € CVesx! jg
the BS-UE direct channel, w[k] € CVes*! is the BS precoding
vector, s[k] is the transmit signal with E{|s[k]|?} = 1, z[k]
is the additive white Gaussian noise (AWGN) with variance
o2, and h{[k] is the equivalent channel between the BS and
the UE. Assuming the presence of few scatterers around high
height deployed BS and RISs, the mmWave channel between
the BS and each RIS can be assumed to be an LoS channel
[6]. We assume that the array response vectors (ARVs) are
equal for all the subcarriers as in [18]. Accordingly, we have

Gg[k] = NBSMﬁsnsasbz = é37 (2)

where [, is the large-scale fading factor, 7, is the channel
phase, and a, € CM*! and b, € CV3s*! are the ARVs, respec-
tively, of the RIS and the BS, by assuming half-wavelength
element spacing. Note that the frequency-domain and the time-
domain BS-RIS channels share the same form as in (2) since
there exists the LoS path between the BS and each RIS.

In the time domain, a mmWave wideband channel can be
expressed as a summation of multiple spatial paths, which are
independently reflected by separate scatterers [19]. We assume
that the Ng RISs are deployed in Ng spatially separated
locations, which yields the time-domain downlink channel as
follows [20]
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where n is the sampling index, hj € CM*! is the [,-th tap of
the channel from the s-th RIS to the UE, which comprises L
taps, 7' is the sampling period, 7;, is the transmission delay
of the channel hj , and g(t) is the rectangular pulse shaping
filter, i.e., g(t) =1 only for =T <t < 0 [20]. In the second
summation of (3), h? € CNesXl s the [-th tap of the BS-
UE direct channel, which comprises L taps, and 7; denotes
the corresponding transmission delay. By assuming that the
channels are independent and identically distributed and the
scatterers are uncorrelated, we have hj ~ CN(0, %(o} )*I)
and h ~ CN (0, Bo?1), where ,B§ and 3 are the large-scale
fading factors, and (0{5)2 and o7 are the normalized small-
scale tap powers, i.e., Ziié(al )2=1 and Zz oaz =1.

Based on (2), it is apparent that the frequency-domain
channel h{’[k] in (1) and the time-domain channel h” [n] in
(3) are related via the discrete Fourier transform (DFT):
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where N, is the number of subcarriers.

B. Problem Formulation

Based on the signal model in (1), the downlink rate is

R(w(k], ©,)

N1
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In order to maximize R(w
and O, is formulated as

Z (ni[k])"e .G, +(hd[k])F§ [k]ﬂ. (5)
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[k], ©;), the joint design of w[k]
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ITII. TRANSMISSION DESIGN
A. Problem Reformulation

For any given ®, in problem PI1, the optimal precoder
corresponds to the maximum ratio transmission (MRT) [16]:
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Then, by substituting (7) into problem P1, we have
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s.t. @, =diag{e’?, ..., /% M1} =01, ..., Ng—1.

Unfortunately, it is difficult to obtain a simple solution to the
above problem due to the coupled variables in the objective
function. In the following, we provide a low-complexity so-
lution to this problem by transforming the formulation in (8)
from the original frequency domain into the time domain.
By applying Jensen’s inequality to the rate in (8), we obtain
an upper bound of the objective function in problem (8) as
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The bound gets tighter when the channel powers of all subcar-
riers are more uniform, which corresponds to the considered
mmWave band with sparse paths in the time domain. Then,
we obtain the channel power maximization problem as

Ng—1 |, Ng-1 2
P2: max Y [ ) (hi[k)"©.G.+ (hK]) (10)
e = 1= 2
st. O, =diag{e!% 0, ..., e/ 1) s=0,1,..., Ng—1.
By applying Parseval’s theorem, we recast P2 as
N1 \Ns—1L,—1 2
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Since Ls < N, holds for typical OFDM systems, the channel
power is more concentrated in the time domain than in the
frequency domain. This is more pronounced in mmWave
channels that are characterized by spatial sparsity and severe
attenuation. Therefore, we consider matching the RIS phases
with the strongest channel tap h’lis, i.e., the channel tap with the

maximum power whose index is denoted by I,. Then, the other



channel taps can be neglected for obtaining a low-complexity
solution, which reduces the problem in (11) to

P3: max Z H
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where h? is the direct BS-UE channel tap that corresponds
to the delay 7; . Note that g(nT'—7; ) is removed in problem
P3 since g(nT—7; ) = 1 only for nT<Tl <(n+1T.

To solve P3, we need the channels GS, hz , and hr Since
the positions of the BS and each RIS are fixed, the ARVs
ag, bg, and the LoS channel G remain static and can be
measured after the installation of the RISs [12]. We assume
that h; can be estimated at the RIS by integrating low-cost
receiving circuits into the RIS, as discussed in [1], [2], [5],
[16], [21], [22], which can greatly reduce the training overhead
of channel estimation compared to a passive RIS. Since low-
complexity RISs are more vulnerable to channel estimation
errors, we focus on the estimation of hlrs at each RIS while
assume that h? is perfectly obtained at the BS. Note that
the signal reflected by RIS undergoes a different transmission
delay. Hence, we need to perform the delay matching and the
phase design for each RIS individually.

B. Channel Estimation and RIS Delay Matching

As for the estimation of the uplink UE-RIS channel at each
RIS, the UE first transmits a pilot signal x € CNX1 Then, the
received frequency-domain signal at the -th reflecting element
of the s-th RIS is

= /PpNPF hi' 428 £ AThD? 4 2,

where p;, is the transmit power at the UE, P £ diag{x},
F;. comprises the first Ls; columns of the DFT matrix F,
hi# € CL% is the multipath channel at the i-th reflecting
element of the RIS, z' ~ CAN(0,02I) denotes the AWGN.
From (12), the time-domain channel hf;vi can be estimated by
using the linear minimum mean squared error method as

12)

By’ = R.[(AD"AIR, + 021 (AD"YI, (3)
where R is the autocorrelation matrix of h!". We define the
estimation error by e7'=h%"—h’", and have

Eleli(et) ] =02R,[(AL)"ALR +021] (14)

Therefore, the desired channel estimate h; is the /5-th column
of the matrix [A%0 ho' ... ho™-1T  The UE-BS direct
channel is obtained by the BS at the same time.

Since fllr and hf are obtained at different terminals, the
corresponding delays are, in general not aligned, and, there-
fore, need to be matched for solving P3. In other words, it is
necessary to determine the right tap in h? that corresponds to
hr To achieve this goal, we first match the RIS phase shifts to
the strongest path of the UE-RIS-BS channel, which amounts
to maximizing the power of the cascaded channel GOk h!.
To this end, it can be readily verified that the RIS phase matnx
needs to be set to

S (15)

*

where (-)* is the conjugate operation and o is the Hadamard
product [6]. Then, by subtracting the UE-BS direct channel
from the overall UE-BS channel, we obtain the time-domain
UE-RIS-BS cascaded channel at the BS as follows:

Ng—1 Lo—1
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To match the delay of hr and h; , we multiply the sequence
hy[n] with b, and obtain
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where || -||; denotes the 1-norm of a vector, {b}\{l}} denotes
the set of taps excluding the strongest tap I;, and {s}\{j}
denotes the set of RISs excluding the j-th RIS. According to
(17), the CSI of the j-th RIS is extracted from hg[n] due to
the fact that b b% —0 (j#s) as Npg — 0o, which makes the
third term in (17) to vanish. Moreover, by using @;’ in (15),
the ﬁrst term of (17) is dominant. Therefore, the tap index of
h~ . l~], can be obtained at the BS by selecting the tap
that corresponds to the maximum power in (17). Then, the
corresponding tap of the UE-BS direct channel, i.e., h¢, is

employed in P3 for designing the phases of the j-th RIS.

Zh

1s=0

(nT—m,), (A7)

C. Phase Design for Multiple RISs

With the delay matched at the BS and h’r P3 can be
decoupled into Ng subproblems, where each suhproblem is

S

ejes,M—l }

P4: max H (fli )H0 .G, + (hi )

s.t. ©; = diag{eﬁsﬁ’,eﬂ*l7 e

This problem admits a closed-form solution as follows [6]

0, = ¢’**diag{e ™" [ (B, ) 7on ] I3 (19)

where g = farg{bThd} is calculated at the BS using the
matched delay, and arg|- Tdenotes the angle of the input. It can
be readily verified that (19) is also optimal for P3. Note that
the RIS phase shift design in (19) aligns the reflected signal
to the strongest channel tap between the RIS and the UE.

Remark 1: The closed-form solution in (19) accounts for
the impact of multi-carrier modulation and channel estimation,
which encompasses the case study of single-carrier modulation
under perfect CSI considered in [6] as a special case.

Remark 2: 1t is observed from (19) that o, and hr need
to be known at each RIS in order to perform phase matchlng
Since both the estimate and the phase matching of the high-
dimensional channel fllis are obtained locally at each RIS, the
BS only needs to transmit one scalar « to the corresponding
RIS without feeding back the high-dimensional phase matrix.
Moreover, during the channel training, each RIS only needs
to reset the phase matrix twice, respectively in (15) and (19),
which also reduces the control overhead.



IV. PERFORMANCE ANALYSIS

Theorem 1: Given the imperfect CSI at multiple RISs and
the phase matrix ®, in (19), by assuming multipath Rician
fading for each BS-RIS channel with a K-factor K¢, the
downlink achievable rate can be approximated, in a closed-
form expression, as

Ns LK MM —)Nps B, B 67 )
[ Z 4(KG + 1)
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where (67)%=p,NoBi07)*/ [ppNeB (07 +07).
Proof: See Appendix A. ]

Remark 3: In contrast with the design of RISs in single-
carrier systems, matching the phase of the strongest channel
tap in multi-carrier systems results in a mismatch for the
phases of the other taps, i.e., hj (I # l;). Fortunately, the
power of the mismatched channel tap derived in (24) reveals
that there is no loss in the average power since the mismatched
phase shifts provide the same average power as the non-
optimized case with random phase shifts. Therefore, matching
the phase of the strongest channel tap under multipath channels
ensures that a non-zero power increment A+, which is derived
in Appendix A in (25), can be obtained from each RIS.

Remark 4: Although the closed-form design in (19) is de-
rived for a multi-carrier system under imperfect CSI, it yields
the same scaling law as the special case of single-carrier
systems under perfect CSI, e.g., [6], [7], [16]. Concretely,
when M — oo, the derived results of the average channel
power in (23) and the downlink rate in (20) increase linearly
and logarithmically with the square number of RIS reflecting
elements, respectively.

5 p
E[R]~ N.log, {1+N t _
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V. NUMERICAL RESULTS

We assume that the BS with Ngg = 32 antennas is at the
origin point, the UE is at (40,0) m, and Ng =3 RISs are at
(20,20 tan ¢5) m, where ¢pg=—7/6, ¢1=7/8, po=m/4 are
the angles of departure of each BS-RIS channel. We define the
path loss as PL £ PLy+10¢ log;(d), where PLy =30 dB is
the path loss at the reference distance of 1 m, ( is the path loss
exponent (PLE), and d is the distance. Then, the large-scale
fading factor 3=10""'PL_ The PLEs of h%, G, and h are
2.2, 2.5, and 3.5, respectively. The transmit powers of the BS
and the UE are p; =10 dBm and p, =0 dBm, respectively, and
the noise power of the UE is 02 =—100 dBm. The normalized
profiles of h’ and h¢ are assumed to be linear descending with
an attenuation step of —3 dB between adjacent taps. Uniform
profiles with two taps are assumed for the non-LoS BS-RIS
channels. The number of taps of each RIS-UE channel are
Ly=L;=3 and Ly =2. The transmission delay is calculated
by dividing the distance between the communication nodes
by the speed of light, and the delay of one tap is 10 ns.
The rectangular pulse shaping filter is used. The number of
subcarriers is N, = 64 and the length of the OFDM cyclic
prefix (CP) is Lcp =8. In a transmission frame, the first three
symbols are used for the channel estimation at the RISs, the
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delay matching at BS, and the estimation of the equivalent
BS-UE channel h¢[k] that is needed for MRT precoding,
respectively. On the other hand, the remaining symbols are
used for downlink data transmission.

Fig. 1 displays the downlink rate with respect to M. The
coherence block length is Nt =10 OFDM symbols, and the
K-factor of the BS-RIS channel is 5 dB. The noise power at
the RISs 02 = —50 dBm which corresponds to a normalized
mean squared error (NMSE) of 0.43. For the first three curves,
the markers and the lines correspond to the numerical results
and the analytical results in (20), respectively. The numerical
results are averaged over 500 channel realizations by using
the exact expression of the instantaneous rate, where the
proposed delay matching method is applied. It is found that
the analytical results match the numerical results well. By
using the closed-form RIS design in (19), the rate increases
logarithmically with M? when M is large. Specially, from
M = 300 to M = 600, the rate increases by 1.2 bit/s/Hz
N ivicp Nﬁf log,(4). We also simulate the performance
when quantizing the RIS phase shifts with 1-bit and 2-bit
in Fig. 1. The rate of 2-bit RIS phase shifts approaches the
rate without using quantization. Furthermore, we compare the
proposed method with the successive convex approximation
(SCA) method [15] and the manifold method [23], which
consider all the channel taps. In Fig. 2 (a), the performance of
the proposed method approaches that of the SCA method and
the manifold method, even when the K-factor of the BS-RIS
channel is small. In Fig. 2 (b), we simulate the downlink rate
that considers the impact of training overhead, where the SCA
based method in [15] with a grouping ratio of 1/25 is adopted
as the benchmark scheme. It is found that the proposed method
can achieve a higher rate for relatively short coherence block
lengths N, thanks to the reduced training overhead.

~
~

VI. CONCLUSION

We proposed a delay matching based scheme to decouple
the cooperative multi-RIS design in a mmWave MISO-OFDM
system, which results in a reduced overhead and limited
feedback. Despite the lack of independent RIS phase control
for multiple subcarriers, the proposed RIS design was proved
to provide the square scaling law for OFDM systems as well.
Future works include the extension of this work to space
division multiple access (SDMA) based multiuser systems.



APPENDIX A
PROOF OF THEOREM 1

By using pilots of constant modulus, i.e., &P =1, in
(12) and (13), the autocorrelation matrix of hi* is a diagonal
matrix. Each entry of h; has variance equal to

2/ r\4
VI | =Vl -0, = L2 00 1)

’ T ppNefi0)? + o2
where o2, is the estimation error variance of hj based on
(14). Therefore, hi ~CN(0, 3:(67 )2I).

By using [24, Lemma 1] and Parseval’s theorem, we ap-
proximate the expectation of (9) as

Ne—1
B 3 Iniig) ).
n=0
which is tighter as the number of BS antennas increases
[24]. We replace the simplified LoS BS-RIS channel és
in (3) by a multipath Rician channel G, = [C_-‘csyog(nT—
70)s -, Goneg(nT —71)] with Lg+1 taps, where Gy =
«/KG/ KG+1 Gs is the LoS tap and Gy, (Ig>0) follows
N(0, Bsot, /(K +1)) with Zz 101, = 1. Then, we can
rewrite each BS-RIS-UE channel in (3) as (h% )} x ©, x G,
where (h{)? = Y7 j)(hr Yg(nT — 7)) and x denotes the
convolution operation.
By using the RIS phases in (19), hE = hr —|—el , and the

fact that hr e, and h
tap that corresponds to (hr )1©,G, ¢ is calculated as

£8161)%, @D
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are 1ndependent the power of the
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- A(Kg+1) " Kg +1
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For any tap corresponding to (hj, V10,Gs 1 (s £l orlg#
0) that is not aligned by @, in (19), the tap power is
W =c1 M Nps 8585 (07, ) >+ Nps fof =", (24)

where ¢, = Kg/(Ka+1) for lg =0, ¢, = o, /(Ka+1)
for lg#0, and 7" is the tap power with random RIS phase
shifts. Then, the power increment provided by the s-th RIS is

Avs=7;, ="

_KGM(M—I)NBSﬁS@W@i)Q KGNBsﬁsﬁgﬁMﬂ&ist

B 4(Kg+1) +V Kg+1 2
(25)

The total channel power based on random RIS phase shifts is

Ng—1

=" MNggsfB.S; + Npsp.

s=0
Therefore, we use the term -y
term A~ in (25) to derive (22) as

fmE)

s=0

(26)

a1 in (26) and the increment

N.o2 @7)

c¥n

E[R]~ N log, <1

from which we obtain (20).
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