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Channel Customization for Limited Feedback in
RIS-assisted FDD Systems

Weicong Chen, Graduate Student Member, IEEE, Chao-Kai Wen, Senior Member IEEE, Xiao Li, Member,
IEEE, Michail Matthaiou, Fellow, IEEE and Shi Jin, Senior Member, IEEE

Abstract—Reconfigurable intelligent surfaces (RISs) repre-
sent a pioneering technology to realize smart electromagnetic
environments by reshaping the wireless channel. Jointly de-
signing the transceiver and RIS relies on the channel state
information (CSI), whose feedback has not been investigated
in multi-RIS-assisted frequency division duplexing systems. In
this study, the limited feedback of the RIS-assisted wireless
channel is examined by capitalizing on the ability of the RIS
in channel customization. By configuring the phase shifters
of the surfaces using statistical CSI, we customize a sparse
channel in rich-scattering environments, which significantly
reduces the feedback overhead in designing the transceiver
and RISs. Since the channel is customized in terms of singular
value decomposition (SVD) with full-rank, the optimal SVD
transceiver can be approached without a matrix decompo-
sition and feeding back the complete channel parameters.
The theoretical spectral efficiency (SE) loss of the proposed
transceiver and RIS design is derived by considering the limited
CSI quantization. To minimize the SE loss, a bit partitioning
algorithm that splits the limited number of bits to quantize the
CSI is developed. Extensive numerical results show that the
channel customization-based transceiver with reduced CSI can
achieve satisfactory performance compared with the optimal
transceiver with full CSI. Given the limited number of feedback
bits, the bit partitioning algorithm can minimize the SE loss by
adaptively allocating bits to quantize the channel parameters.

Index Terms—Channel customization, channel feedback,
FDD, limited quantization, reconfigurable intelligent surfaces

I. INTRODUCTION

Reviewing the history of wireless communication, the
system design techniques usually emerge from the trans-
mitter (Tx) and receiver (Rx) sides because the channel
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itself is modeled as an uncontrollable exogenous entity [1].
Driven by the ever-increasing data rates, future communi-
cation systems are envisioned to leverage massive multiple-
input-multiple-output (MIMO), millimeter wave (mmWave),
and cell-free massive MIMO, and incubate revolutionary
technologies, such as integrated sensing and communication,
wireless artificial intelligence, and reconfigurable intelligent
surfaces (RISs) [2]–[5]. Among these technologies, low-cost
RISs are envisaged to realize smart radio environments [6]
by manipulating the electromagnetic waves in the channel.
Motivated by the limited customization of the radio channel
and the substantial development of metamaterials over the
past decades [7], RISs, which provide one more degree-of-
freedom for optimizing wireless communications systems,
have recently received widespread attention.

As a cost-effective solution for future wireless commu-
nication, RISs integrated in various promising applications
have been investigated in recent studies [8]–[18]. In a single-
user scenario, the downlink performance of RIS-assisted
wireless communication was studied in [8] by deriving a
tight upper bound on the ergodic spectral efficiency (SE),
when the short-term and long-term channel state information
(CSI) are exploited to design the beamforming vector at the
base station and the phase shifters at the RIS, respectively. In
[9], a RIS was introduced in a single-cell wireless system,
and passive beamforming was first proposed by adjusting
the phase shifters of the surface to minimize the total
transmit power. Considering that the RISs consume less
energy than the conventional amplify-and-forward relays,
the energy efficiency maximization problem was investigated
in [10], where two effective algorithms that jointly design
the transmitting power allocation and the phase shifters of
RIS were proposed to tackle the non-convex optimization
problem. A sparse array of subsurface (SAoS) deployment
that splits a large piece of RIS into small tiles was proposed
in [11] to enhance the coverage of mmWave communication
networks. Considering the visible region of the RIS, [12]
showed that when the size and distance of RIS tiles are
properly optimized, the SAoS can achieve higher SE than
the compact deployment with the same number of elements.
RISs have been introduced to achieve specific optimization
objectives in diverse application scenarios, such as non-
orthogonal multiple access [13], spatial modulation [14],
cognitive radio [15], unmanned aerial vehicles [16], simulta-
neous wireless information and power transfer [17], and cell-
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free massive MIMO [18]. The success of RIS applications
relies on the availability of CSI. Channel estimation is indis-
pensable for most wireless systems, and channel feedback
is an inherent requirement in frequency division duplexing
(FDD) to acquire CSI.

In RIS-assisted wireless systems, channel estimation is a
challenging task due to the large number of RIS elements
that are passive and lack baseband processing capabilities.
Numerous studies have addressed the channel estimation
problem in RIS-assisted systems. Utilizing the sparse char-
acteristics of mmWave channels, several research teams
have attempted to reconstruct the channel by extracting
the channel multipath parameters with fibers-missing ten-
sor completion tools [19], atomic norm minimization [20],
compressive sensing [21], and the Newtonized orthogonal
matching pursuit algorithm [22]. Utilizing the RIS config-
uration encoding [23] to separate signal components from
different RISs, the channel estimation algorithms [19]–[22]
developed for single-RIS-assisted systems can be applied to
the multi-RIS-assisted counterpart. The authors in [24] de-
veloped an optimal channel estimation protocol utilizing the
Bayesian technique to tackle the channel estimation problem
for a distributed RIS-assisted MIMO system. Four channel
estimation algorithms were proposed in [25] to reduce the
training overhead for channel estimation, where the effective
channel parameters were estimated at the base station (BS)
to reconstruct the cascaded mobile station (MS)–RIS–BS
channel. Considering the existence of estimation error, the
imperfect CSI obtained from channel estimation was taken
into account to design robust and secure transmission for
RIS-assisted systems in [26]. More studies on channel esti-
mation for RIS-assisted systems can be found in [27] and
[28].

Although channel estimation has received intensive atten-
tion, channel feedback for RIS-assisted FDD systems is still
in its infancy and should be explored because the RIS is
an integral component of the channel itself. In single-user
scenarios, a novel cascaded codebook and a bit partitioning
strategy were developed in [29] to adaptively quantize and
feed back the CSI that has been divided into two parts by
the RIS. This process was performed to reduce the rate
loss caused by the limited feedback ability of the MS. In
multi-user systems assisted by an RIS, overhead reduction
feedback schemes exploiting the single-structured sparsity
of BS–RIS–MS cascaded channel and the specific triple-
structured sparsity of the beamspace cascaded channel were
proposed in [30] and [31], respectively, considering that dif-
ferent MSs share the same sparse BS–RIS channel but have
their respective RIS–MS channels. Moreover, [32] proposed
to feed back the signal strength of the intended receiver to
reconstruct the channel at the BS rather than feeding back the
CSI directly. The proposed channel reconstruction formula-
tion was addressed by efficient proximal distance algorithms
and simultaneously exploiting the low-rank property and
sparse beamspace representation of the unknown effective
channel. The feedback for RIS configurations was investi-

gated in [33] and [34]. A novel codebook-based protocol was
proposed in [33] to realize adaptive RIS control with limited
feedback considering the angle-dependent behavior [35] of
the RIS, where the codebook is a set of capacitance values
for the RIS configuration. The feedback of the quantized
phase shifters was studied in [34], where a convolutional
autoencoder-based scheme was proposed to compress the
quantized phase shifter at the Rx side and reconstructed on
the RIS side. All the aforementioned studies have focused on
channel feedback in single-RIS-assisted systems. To the best
of our knowledge, no existing studies have investigated the
feedback problem in the multi-RIS-assisted counterpart. In
particular, how the customization capability of RISs affects
the channel feedback has not been considered.

In multi-RIS-assisted sub-6 GHz FDD systems, the mul-
tiple high-dimensional individual channels and abundant
propagation paths result in prohibitive feedback overhead.
Motivated by the potential of RISs in customizing radio
channels, we study feedback overhead reduction by configur-
ing RISs with limited CSI to customize the wireless channel.
The SE loss minimization under limited quantization is
investigated via a bit partitioning strategy. The contributions
of our work are summarized as follows.

• An efficient channel customization scheme for reducing
transceiver complexity and feedback overhead under
sub-6 GHz systems. Different from [36], which aims
to transform the spatially sparse mmWave channel
into a well-conditioned channel that has the minimum
truncated condition number, our study proposes to tailor
the rich scattering environment in sub-6 GHz FDD
systems for reducing the feedback overhead. Utilizing
the statistical CSI, the composite channel can be cus-
tomized in the form of singular value decomposition
(SVD) by path selection and phase shifters’ design.
On the basis of channel customization, the optimal
SVD transceiver can be easily designed without a
matrix decomposition and feeding back the complete
channel parameters, which is necessary for existing
feedback schemes. Thus, the computational complexity
and feedback overhead are reduced.

• Efficient channel feedback scheme with limited quan-
tization. We analyze the theoretical SE loss incurred
by the limited quantization of the statistical CSI and
develop a bit partitioning strategy to reduce it. Al-
though the limited singular values and statistical CSI
are required to be fed back for designing the channel
customization-based SVD transceiver, we properly set
the size of RISs so that the equal power allocation can
be asymptotically equivalent to the optimal water-filling
algorithm. This setting normalizes the effect of singular
values and further reduces the feedback overhead at
the cost of an acceptable performance loss. On this
basis, the SE loss caused by the limited quantization
of the statistical CSI is investigated. A bit partitioning
strategy is proposed to split the limited feedback bits for
separately quantizing the statistical CSI and minimizing



3

the SE loss.
• Comprehensive simulations combined with insightful

discussions about the channel customization scheme.
Numerical simulations are conducted to show the ef-
fectiveness of the proposed channel customization and
bit partitioning in reducing the feedback overhead and
SE loss, respectively. The rich-scattering channel of the
multi-RIS-assisted system can be reshaped into a full
rank channel that is dominated by sparse orthogonal
paths by using the proposed channel customization.
Utilizing the perfect limited CSI of the orthogonal
paths, the proposed transceiver achieves comparable
performance with the optimal SVD transceiver. When
limited quantization is considered for feedback, the
SE loss is verified to be efficiently reduced with the
proposed bit partitioning algorithm.

The remainder of this paper is organized as follows:
Section II presents the underlying system model. Sections III
and IV investigate the channel customization-based feedback
reduction and the ergodic SE loss incurred by limited
quantization, respectively. Section V discusses the numerical
results. Section VI provides our most important conclusions.

Notations: A vector and a matrix are denoted by the
lowercase and uppercase of a letter, respectively; | · |
and ∥ · ∥F are used to indicate the absolute value and
Euclidean norm, respectively. Superscripts (·)T and (·)H
denote the transpose and conjugated-transpose operations,
respectively; ⌈·⌉ is the integer ceiling; Ca×b denotes the
set of complex a × b matrix; Z+ represents the set of
positive numbers; E{·} calculates the statistical expecta-
tion. The notation blkdiag{X1,X2, . . . ,XN} represents a
block diagonal matrix with matrices Xi, i = 1, . . . , N ,
and diag(a1, a2, . . . , aN ) indicates a diagonal matrix with
diagonal elements ai, i = 1, . . . , N .

II. SYSTEM MODEL

We consider a multiple RIS-assisted sub-6 GHz FDD
MIMO system, as shown in Fig. 1, where a blind coverage
area A appears, when some skyscrapers that obstruct the
transmission links from the Tx to the intended area exist.
In the blind coverage area caused by blockage, the Rx loses
the direct transmission link from the Tx. Then, K RISs are
coated on the facades of of skyscrapers to establish cascaded
reflection/refraction links that enable data transmission be-
tween the Tx and the Rx rather than setting up another Tx
to compensate for the blind coverage area. For the downlink
transmission in FDD systems, the downlink CSI is estimated
at the Rx and then fed back to the Tx via the feedback link
that is independent of the transmission link. When channel
feedback is completed, the Tx uses the quantized downlink
CSI to design the precoder and configure the RIS through the
control link. For clear and concise description, the Tx, RIS,
and Rx are equipped with uniform linear arrays1 (ULAs)

1This work can be easily extended to systems with uniform planar arrays
(UPAs), as will be discussed in the following.

Fig. 1. RIS-assisted sub-6 GHz FDD system where the
downlink CSI is fed back via the feedback link.

with the inter-element spacing being half wavelength. The
number of antennas at the Tx and Rx are denoted by NT

and NR, respectively. The RISs should be equipped with a
sufficient number of elements to combat the diverse path loss
among different transmission links built by RISs. Following
[36], we denote the number of elements in RIS k as NS,k.

A. Channel Model

Given that the direct transmission link from the Tx to the
Rx is severely blocked, the channel between the Tx and Rx
consists of K components provided by RISs as [37]

H =

K∑
k=1

ρkHk,RΓkHT,k, (1)

where Γk = diag(ejωk,1 , . . . , ejωk,NS,k ) ∈ CNS,k×NS,k is
the phase shifter response of RIS k, ρk = λ

4πdT,k

λ
4πdk,R

is the path loss2 for the Tx–RIS k–Rx link with λ being
the wavelength, and dT,k and dk,R being the distances
from the Tx and Rx to the RIS k, respectively. In (1),
HT,k ∈ CNS,k×NT and Hk,R ∈ CNR×NS,k denote the Tx–
RIS k and RIS k–Rx channel, respectively. By extending
the channel estimation studies in [19]–[22] for multi-RIS-
assisted systems or applying the channel estimation algo-
rithm in [24], HT,k and Hk,R are assumed to be perfectly
estimated at the Rx. Although channel estimation error is
unavoidable, it will be mixed together with quantization error
when the limited channel feedback is considered. We begin
our study with limited feedback and save the research on
joint channel estimation and limited feedback as our future
work.

2This model shows that the Tx–RIS k–Rx channel has a path loss that
is the product of the path losses of the Tx–RIS subchannel and the RIS–
Rx subchannel, which has been theoretically proved in [38, Eq. (6)] and
[39, Eq. (18)] and verified by the experimental results in [38]. Due to this
severe path loss cascaded by the RIS, we only consider the transmission
link cascaded by one RIS and ignore links cascaded by more than one RIS.
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In a typical system deployment, where the Tx and RISs
are installed at high-rise buildings to guarantee stable trans-
mission, a line of sight (LoS) link exists in the Tx–RIS k
channel. Therefore, considering the multipath environment,
we introduce a deterministic component to the statistical
multipath model, that is developed and verified by measure-
ments in [40], to describe the Tx–RIS k channel as

HT,k =
√
NTNS,k

(√
κT,k

κT,k + 1
aS,k

(
ΘA

T,k,0

)
aHT
(
ΘD

T,k,0

)
+

√
1

κT,k + 1
HNLoS

T,k

)
,

(2)
where κT,k is the Rician factor, and aS,k(·) and
aT(·) are the array response vectors determined by
the directional parameters ΘA

T,k,0 = π cos θAT,k,0

at the RIS k and ΘD
T,k,0 = π cos θDT,k,0 at the Tx,

respectively, where θAT,k,0 is the angle-of-arrival (AoA),
and θDT,k,0 is the angle-of-departure (AoD). The non-LoS
(NLoS) component of HT,k can be expressed as the
superposition of scattered wavefronts, that is, HNLoS

T,k =

1/
√
LT,k

∑LT,k

l=1 βT,k,laS,k

(
ΘA

T,k,l

)
aHT

(
ΘD

T,k,l

)
, where

LT,k is the number of NLoS paths and βT,k,l ∼ CN (0, 1).
The propagation paths for the Tx–RIS k channel are
denoted by LT,k = {0, 1, . . . , LT,k}. Thus, the Tx–RIS k
channel can be rewritten as

HT,k =
∑

l∈LT,k

αT,k,laS,k
(
ΘA

T,k,l

)
aHT
(
ΘD

T,k,l

)
, (3)

where αT,k,0 =
√

NTNS,kκT,k

κT,k+1 and αT,k,l =√
NTNS,k

(κT,k+1)LT,k
βT,k,l (l > 0) are the effective path

gains for the LoS path and the l-th NLoS path, respectively.
Considering that the Rx is close to the ground, where the
propagation environment is more cluttered due to scatterers,
the LoS path may not be the dominant component for the
RISs–Rx channel, which is different from the Tx–RIS k
channel. Therefore, omitting the Rician factor and following
(3) we express the RIS k–Rx channel as

Hk,R =
∑

l∈Lk,R

αk,R,laR
(
ΘA

k,R,l

)
aHS,k

(
ΘD

k,R,l

)
, (4)

where Lk,R = {1, . . . , Lk,R} is the set of propagation
paths, Lk,R is the number of propagation paths, aR(·)
represents the array response vector at the Rx, and αk,R,l =√

NRNS,k

Lk,R
βk,R,l with βk,R,l ∼ CN (0, 1) is the effective path

gain for the l-th path in the RIS k–Rx channel. Similarly,
ΘA

k,R,l = π cos θAk,R,l and ΘD
k,R,l = π cos θDk,R,l are the

directional parameters with θAk,R,l and θDk,R,l being the AoA
and AoD at the RISs–Rx channel. In (2)–(4), the array

response vectors of the ULA3 at the Tx, RISs, and the Rx
can be uniformly expressed as

aX(Y ) =
1√
NX

[
1, ejY , . . . , ej(NX−1)Y

]T
, (5)

where X ∈ {{T}, {R}, {S, k}}, and Y is the corresponding
directional parameter.

B. Downlink SE
In the downlink transmission, the received signal at the

Rx can be expressed as

y = WHHFs+WHn, (6)

where s = [s1, s2, . . . , sNR
]
T ∈ CNR×1 satisfying

E{ssH} = INR×NR
is the transmitted signal from the Tx;

n ∈ CNR×1 ∼ CN (0, σ2INR×NR
) is the additive white

Gaussian noise with noise power σ2; F ∈ CNT×NR and
W ∈ CNR×NR are the precoder at the Tx and the combiner
at the Rx, respectively. The power constraint is ∥Fs∥2F ≤ E,
where E is the total power at the Tx. Given the received
signal, the downlink SE can be expressed as

R = log2 det

(
INR×NR

+
1

σ2
WHHFFHHHW

)
. (7)

In conventional wireless communication systems, when the
channel H is fixed, the optimal precoder and combiner that
maximize the SE can be obtained by the SVD of H. The
SVD of H with NT > NR is expressed as

H = U
[
Λ,0NR×(NT−NR)

]
V̂H = UΛVH , (8)

where U ∈ CNR×NR and V̂ ∈ CNT×NT are unitary
matrices, and Λ = diag(

√
λ1, . . . ,

√
λNR

) is a NR ×NR

diagonal matrix with
√
λi being the i-th largest singular

value. Note that V is formed by the first NR columns of
V̂. With the SVD of H, the optimal precoder and combiner
can be expressed as

F = VP1/2,

W = U,
(9)

where P = diag(p1, . . . , pNR) is the water-filling power
allocation matrix, whose i-th diagonal element is expressed
as

pi = max

(
0, µ− σ2

λi

)
, (10)

where µ is the water lever that satisfies the power constraint∑NR

i=1 pi = E. With the optimal precoder and combiner, the
SE can be maximized as

R =

NR∑
i=1

log2

(
1 +

λipi
σ2

)
. (11)

3The array response vector of an UPA can be generated by the array
response vectors of the vertical and horizontal ULA. Thus, the UPA scenario
will introduce another directional parameter to be quantized for channel
feedback. However, the resolution of directional parameters of an UPA is
lower than that of an ULA when the number of antenna elements are the
same, which means fewer quantization bits are required for each parameter.
Note that the channel customization with UPA has been investigated in
spatially sparse mmWave systems in [36].
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The acquisition of H is the precondition for the optimal
SVD transceiver in (9). In FDD systems, the Tx obtains H
through channel feedback. Although channel feedback has
been widely investigated in concurrent wireless communica-
tion systems [41], [42], the analysis is different in the RIS
space. As observed in (1), the phase shifters of RISs are
encapsulated in the composite channel H. Thus, the first
difference is that the Rx cannot feed back H directly to the
Tx because the design of {Γk}Kk=1 will accordingly alter
the channel. In other words, acquiring the current H from
a previous feedback realization, when the phase shifters are
to be redesigned, is meaningless. The second difference is
that the optimization of RISs for creating a favorable com-
posite channel requires the segmented individual channels
{Hk,R,HT,k}Kk=1. However, given that the RISs are planned
to be equipped with a massive number of elements, directly
feeding back these high-dimensional individual channels is
impractical due to the unbearable feedback overhead. On
the basis of the geometric channel models (3) and (4),
{Hk,R,HT,k}Kk=1 can be reconstructed at the Tx via the
channel parameters

{(
αT,k,l,Θ

A
T,k,l,Θ

D
T,k,l

)
, l ∈ LT,k

}K
k=1

, (12)

{(
αk,R,i,Θ

A
k,R,i,Θ

D
k,R,i

)
, i ∈ Lk,R

}K
k=1

. (13)

Considering that the total number of channel parameters∑K
k=13(1 + LT,k + Lk,R) is less than that of channel ma-

trices, feeding back the channel parameters rather than the
channel matrices in RIS-assisted systems is meaningful.
Although this scheme can reduce the feedback overhead,
the substantial number of scatterers in the electromagnetic
propagation environment of the sub-6 GHz systems create a
high number of paths. These channel parameters cannot be
perfectly fed back to the Tx because the feedback ability of
the Rx is limited and parameter quantization is necessary.

Given the above challenges, finite CSI with limited quanti-
zation should be utilized to approach the SVD transceiver in
RIS-assisted FDD systems. To achieve this goal, we propose
to customize the composite channel with limited CSI in
the forthcoming sections so that the feedback overhead can
be greatly reduced. The SE loss resulting from limited
quantization is evaluated.

III. CHANNEL CUSTOMIZATION WITH LIMITED CSI

In this section, the structure of the composite channel is
first analyzed for channel customization-oriented RIS design
with limited CSI. We then proceed to customize the channel
in the form of SVD. The SVD transceiver can be easily
designed without a matrix decomposition and feeding back
the complete channel parameters by harnessing the channel
customization.

Substituting (3) and (4) into (1), the composite channel
can be rewritten as

H =

K∑
k=1

Lk,R∑
lk=1

LT,k∑
jk=0

ρkαk,R,lkαT,k,jkaR
(
ΘA

k,R,lk

)
aHS,k

(
ΘD

k,R,lk

)
× ΓkaS,k

(
ΘA

T,k,jk

)
aHT
(
ΘD

T,k,jk

)
.

(14)
We denote

ξk,lk,jk
∆
= ρkαk,R,lkαT,k,jka

H
S,k

(
ΘD

k,R,lk

)
ΓkaS,k

(
ΘA

T,k,jk

)
(15)

as the effective path gain of the cascaded path from the jk-th
path of the TX–RIS k channel to the lk-th path of the RIS
k–Rx channel. Equation (14) can be expressed as

H =

K∑
k=1

Lk,R∑
lk=1

LT,k∑
jk=0

ξk,lk,jkaR
(
ΘA

k,R,lk

)
aHT
(
ΘD

T,k,jk

)
=

K∑
k=1

Ak,RΞkA
H
T,k,

(16)

where Ak,R = [aR(Θ
A
k,R,1), . . . ,aR(Θ

A
k,R,Lk,R

)] ∈
CNR×Lk,R and AT,k = [aT(Θ

D
T,k,0), . . . ,aR(Θ

D
T,k,LT,k

)] ∈
CNT×(LT,k+1) are the array response matrices at the Rx
and Tx for the Tx–RIS k–Rx channel, respectively; Ξk ∈
CLk,R×(LT,k+1) is the effective cascaded path gain matrix for
the Tx–RIS k–Rx channel with the element in the lk row and
the jk column being (Ξk)lk,jk = ξk,lk,jk−1. Combining all
the channel components provided by K RISs, the channel
can be rewritten as

H = ARΞAH
T , (17)

where AR = [A1,R, . . . ,AK,R] ∈ CNR×LR with LR =∑K
k=1 Lk,R, AT = [AT,1, . . . ,AT,K ] ∈ CNT×LT with

LT =
∑K

k=1(LT,k + 1), and Ξ = blkdiag(Ξ1, . . . ,ΞK) ∈
CLR×LT .

For the raw composite channel, where the RISs are not
designed, that is, Γk = INS,k×NS,k

, ∀k ∈ K, the effective
cascaded path gain can be reduced to

ξk,lk,jk = ρkαk,R,lkαT,k,jka
H
S,k

(
ΘD

k,R,lk

)
aS,k

(
ΘA

T,k,jk

)
.

(18)
Considering the asymptotic orthogonality of array response
vectors in the large array regime [29], where NS,k → ∞,
when ΘD

k,R,lk
̸= ΘA

T,k,jk
, we will have

aHS,k
(
ΘD

k,R,lk

)
aS,k

(
ΘA

T,k,jk

)
→ 0. (19)

This asymptotic orthogonality implies that if all RISs are
not controlled, Ξ → 0, and the rank of H will be 0. In such
a case, the Rx has no sustainable connection with the Tx.
To reap the maximal spatial multiplexing gain at the Rx so
that NR data streams can be effectively received from the
Tx, we will focus on tuning the phase shifters to shape a
NR-rank channel.

Assumption 1: In all propagation paths between the Tx–

RISs channel, a path set
K
∪

k=1
L⋆
T,k (L⋆

T,k ⊆ LT,k and
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∑K
k=1 |L⋆

T,k| = NR) exists, where the corresponding array
response vectors at the Tx are pair-wisely orthogonal, that
is,

aHT
(
ΘD

T,m,im

)
aT
(
ΘD

T,n,in

)
= 0, (20)

that holds for in, im ∈
K
∪

k=1
L⋆
T,k and in ̸= im. Similarly, an-

other path set
K
∪

k=1
L⋆
k,R (L⋆

k,R ⊆ Lk,R and |L⋆
k,R| = |L⋆

T,k|)
exists in the RISs–Rx channels, where the corresponding
array response vectors at the Rx are pair-wisely orthogonal.

On the basis of Assumption 1, the active RISs that
contribute at least one orthogonal path are represented as
K⊥ = {k, |L⋆

T,k| ≥ 1}. We then split the composite channel
into non-orthogonal and orthogonal parts as

H = ARΞ∥A
H
T +AR,⊥Ξ⊥A

H
T,⊥, (21)

where Ξ∥ is the counterpart of Ξ by replacing ξk,lk,jk
with 0 for k ∈ K⊥, lk ∈ L⋆

k,R, and jk ∈ L⋆
T,k;

Ξ⊥ = blkdiag{Ξ1,⊥, . . . ,Ξ|K⊥|,⊥} ∈ CNR×NR is a
block diagonal matrix with (Ξk,⊥)lk,jk = ξk,lk,jk−1 for
k ∈ K⊥, lk ∈ L⋆

k,R, and jk ∈ L⋆
T,k. In (21), AR,⊥ =

[A1,R,⊥, . . . ,A|K⊥|,R,⊥] ∈ CNR×NR , where the columns
of Ak,R,⊥ are {aR(ΘA

k,R,lk
), lk ∈ L⋆

k,R}, and AT,⊥ =

[A1,T,⊥, . . . ,A|K⊥|,T,⊥] ∈ CNT×NR , while the columns of
AT,k,⊥ are {aT(ΘD

T,k,jk
), jk ∈ L⋆

T,k}. We point out that NR

orthogonal departure paths and NR orthogonal arrival paths
are extracted at the Tx and Rx by representing the composite
channel as (21), respectively.

When the phase shifters of RISs in K⊥ are rigorously
designed to shape Ξk,⊥ as a diagonal matrix satisfying
Ξ∥ → 0, AR,⊥Ξ⊥A

H
T,⊥ in (21) can be approximated as

the SVD of H. A full row rank channel is customized,
and the SVD transceiver can be easily obtained without a
matrix decomposition. Motivated by the above observations,
we aim at channel customization by appropriately selecting
paths to construct AR,⊥ and AT,⊥, and designing RISs to
modify Ξk,⊥ and Ξ∥ with limited CSI. The feedback over-
head required for channel customization-based transceiver is
analyzed.

A. Path Selection

Considering that the Tx and RISs are stationary, we follow
[36] by assuming that the RISs have been installed at dif-
ferent DFT directions4 of the Tx during system deployment,
that is,

ΘD
T,k,0 ∈

{
2πn

NT
+∆, n = 1, 2, . . . , NT

}
,∀k, (22)

where ∆ can take an arbitrary value in [0, 2π]. Under this
deployment, all LoS paths of the Tx–RISs channel can
be selected as orthogonal paths to satisfy (20), indicating
L⋆
T,k = {0}, k ∈ K. Deploying RISs at the DFT directions

4It is worth noting that the proposed channel customization is extendable
to the scenarios where the RISs are not at the DFT directions of the Tx. In
such cases, path selection required for AT,⊥ is similar to that for AR,⊥.

of the Tx simplifies the path selection for constructing AT,⊥
and reduces the feedback overhead, as will be discussed in
Section III-C.

Given that AT,⊥ can be determined by picking NR LoS
paths from the Tx–RISs channel, we first consider path
selection for AR,⊥. Considering that |L⋆

k,R| = |L⋆
T,k| = 1,

only one path will be selected in the RIS k–Rx channel.
Therefore, constructing AR,⊥ with mutually orthogonal
columns should individually pick up NR paths from NR

RIS–Rx channels, which can be straightforwardly formu-
lated as

AR,⊥ = argmin
A

∥∥AHA− INR×NR

∥∥2
F

s.t. [A]:,i = aR

(
ΘA

ki,R,lki

)
, i = 1, . . . , NR

ki ∈ K⊥, K⊥ ⊆ K, |K⊥| = NR

lki
∈ L⋆

ki,R, L
⋆
ki,R ⊆ Lki,R,

∣∣L⋆
ki,R

∣∣ = 1.

(23)

The optimal solution for the combinational problem (23)
requires an exhaustive search, where its computational com-
plexity is

ZK,NR∑
n=1

K∏
k=1

L
In,k

k,R , (24)

where the coefficient of combinatorial optimization is
defined as

ZK,NR =

(
K
NR

)
=

K!

(K −NR)!NR!
. (25)

In (24), In,k ∈ {1, 0} indicates whether RIS k is selected in
the n-th combination or not, which satisfies

∑K
k=1 In,k =

NR (only NR RISs will be selected for the n-th combination)
and

∑ZK,NR
n=1 In,k = ZK−1,NR−1 (RIS k will be selected in

ZK−1,NR−1 combinations).
Solving problem (23) by exhaustively searching all paths

produces AR,⊥, whose columns are approximately orthog-
onal to each other. However, the search complexity is huge.
For example, when K = 6, NR = 4, and ∀Lk,R = 10, the
search complexity is 1.5× 105. Weak paths that have small
gain αk,R,lk are likely to be selected, which will decrease
the SE. Path pruning is introduced to reduce the search
complexity while increasing the SE. Before exhaustively
searching for (23), the weak path lk is omitted from Lk,R

when
|αk,R,lk |

max
nk∈Lk,R

|αk,R,nk
|
< τ, (26)

is satisfied, where τ is a threshold. Considering that weak
paths are not involved in the path selection process, the
proposed path pruning also reduces the channel estimation
complexity since only strong paths need to be accurately
estimated. Although the optimal solution of (23) cannot
be achieved with path pruning since the searchable space
is squeezed, the sub-optimal solution with stronger paths
can increase the SE as will be shown in Fig. 9 and the
search complexity can be reduced from 1.5 × 105 to 9375
if half paths are weak and omitted. Then, AR,⊥ and K⊥
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are obtained, and AT,⊥ can be determined by selecting the
LoS path that connects the Tx and RIS k ∈ K⊥ after path
pruning (26) and selection (23) in the RISs–Rx channel are
completed.

B. RIS Design

Assumption 1 can be realized and the composite channel
split in (21) is achieved by utilizing path selection. We now
focus on designing the phase shifters to enhance the diagonal
element of Ξ⊥ while maintaining Ξ∥ → 0.

Given that |L⋆
k,R| = |L⋆

T,k| = 1 for k ∈ K⊥, Ξ⊥ is a
diagonal matrix, whose element is

ξk,lk,0 = ρkαk,R,lkαT,k,0a
H
S,k

(
ΘD

k,R,lk

)
ΓkaS,k

(
ΘA

T,k,0

)
,

(27)
for k ∈ K⊥ and lk ∈ L⋆

k,R. The phase shifters that maximize
ξk,lk,0 can be expressed as [36]

ωk,n = (n− 1)
(
ΘD

k,R,lk
−ΘA

T,k,0

)
, (28)

where n ∈ {1, . . . , NS,k} and lk ∈ L⋆
k,R. The sin-

gular values of AR,⊥Ξ⊥A
H
T,⊥ can be maximized as

{|ξ⋆k,lk,0| = |ρkαk,R,lkαT,k,0|, k ∈ K⊥, lk ∈ L⋆
k,R} by de-

signing the phase shifters of the RISs in K⊥ in accordance
with (28). For the remaining effective cascaded path gains
ξk,lk,jk (k ∈ K⊥, lk ∈ Lk,R\L⋆

k,R, and jk ∈ LT,k\L⋆
T,k),

the RIS design in (28) yields

ξk,lk,jk = ρkαk,R,lkαT,k,jka
H
S,k

(
ΘD

k,R,lk
−ΘD

k,R,l⋆k

)
×aS,k

(
ΘA

T,k,jk
−ΘA

T,k,j⋆k

)
,

(29)

where l⋆k ∈ L⋆
k,R and j⋆k ∈ L⋆

T,k. In accordance with the
asymptotic orthogonality of the array response vectors, we
have

aHS,k

(
ΘD

k,R,lk
−ΘD

k,R,l⋆k

)
aS,k

(
ΘA

T,k,jk
−ΘA

T,k,j⋆k

)
→ 0,

(30)
when NS,k → ∞ and ΘD

k,R,lk
−ΘD

k,R,l⋆k
̸=

ΘA
T,k,jk

−ΘA
T,k,j⋆k

. For RIS k ∈ K\K⊥, we keep them
undesigned5, that is, Γk = INS,k×NS,k

. Therefore, Ξ∥ → 0
still holds with the RIS design (28), and the composite
channel H can be approximately customized in the form of
SVD as

H ≈ AR,⊥Ξ⊥A
H
T,⊥. (31)

The essential channel parameters to accomplish channel
customization are{(

ΘA
T,k,jk

,ΘD
k,R,lk

)
, k ∈ K⊥, jk ∈ L⋆

T,k, lk ∈ L⋆
k,R

}
.
(32)

5In this study, NR RISs are activated to customize a sparse channel for
the Rx while the remaining RISs are left undesigned because we consider
the single Rx scenario. By developing proper RIS–Rx association and
RISs scheduling strategies to select and design all RISs for interference
elimination, this work can be extended to multi-Rxs case.

C. Feedback Overhead for the Channel Customization-
based SVD Transceiver

Compared with the conventional SVD transceiver that
requires an SVD process for the composite channel, the
channel customization-based SVD transceiver can be ob-
tained without matrix decomposition, that is,

F = AT,⊥P
1/2,

W = AR,⊥,
(33)

where P is a diagonal matrix, where its non-zero elements
are {pk, k ∈ K⊥}, and pk = max

(
µ− σ2

|ξ⋆k,lk,0|
2 , 0
)

is the

water-filling power allocation coefficient. Considering that
the additional water-filling power allocation is determined by
the singular values, the amount of CSI required for channel
customization-based SVD transceiver is limited, that is,{(

|ξ⋆k,lk,jk |,Θ
A
T,k,jk

,ΘD
k,R,lk

)
, k ∈ K⊥, jk ∈ L⋆

T,k, lk ∈ L⋆
k,R

}
.

(34)
The SE with perfect limited CSI in (34) can be expressed
as

RPL = log2 det

(
INR×NR

+
1

σ2
WHHFFHHHW

)
(a)
≈ log2 det

(
INR×NR

+
1

σ2
AH

R,⊥AR,⊥Ξ⊥A
H
T,⊥AT,⊥

× PAH
T,⊥AT,⊥Ξ

H
⊥AH

R,⊥AR,⊥
)

(b)
≈
∑

k∈K⊥

log2

(
1 +

∣∣ξ⋆k,lk,0∣∣2pk/σ2
)
.

(35)
where (a) and (b) are due to H ≈ AR,⊥Ξ⊥A

H
T,⊥ and

AH
R,⊥AR,⊥ ≈ INR×NR

, respectively.
In FDD systems, the limited CSI in (34) has to be fed back

to the Tx for enabling the design of the phase shifters and
the Tx precoder. As mentioned in Section III-A, deploying
the RISs at different DFT directions produces orthogonal
LoS paths and reduces the feedback overhead. Note that
L⋆
T,k = {0} for k ∈ K because the LoS paths are selected

to construct AT,⊥; {ΘA
T,k,0, k ∈ K⊥} in (34) are available

at the Tx without feedback by availing of the constant AoAs
in the LoS path. Hence, the limited CSI that should be fed
back to the Tx is expressed as{(

|ξ⋆k,lk,0|,Θ
D
k,R,lk

)
, k ∈ K⊥, lk ∈ L⋆

k,R

}
. (36)

Compared with existing works that design the SVD
transceiver with full CSI {Hk,R,HT,k}Kk=1 constructed by
all channel parameters given by (12) and (13), the feedback
overhead in our proposed scheme is reduced from 3K +
3
∑K

k=1(LT,k + Lk,R) to 2NR. Considering that K ≥ NR

and that the number of paths is usually large in the sub-6
GHz band, this overhead reduction is significant.

Although the SVD transceiver is optimal with a given RIS
design, we do not claim the optimality of our RIS design
in terms of SE maximization. The optimal RIS design that
maximizes the SE can be obtained by utilizing full CSI.
However, this strategy is impractical because the feedback



8

overhead and optimization complexity will be prohibitively
high. The channel rank cannot be guaranteed as well. As
a suboptimal solution, the proposed channel customization-
based SVD transceiver reduces the feedback overhead and
simplifies the system design (RIS design with statistical CSI
and SVD transceiver without a matrix decomposition). The
composite channel with full row rank can be customized to
provide the spatial multiplexing.

Although the feedback overhead is greatly reduced, the
limited CSI in (36) should be further quantized at the
Rx before feeding back to the Tx because of the limited
feedback ability of the former. On this basis, we study
channel feedback with limited quantization and its effects
on the ergodic SE in the following section.

IV. CHANNEL FEEDBACK WITH LIMITED QUANTIZATION

In this section, we first investigate the effect of limited
CSI on the channel customization-based SVD transceiver
design. We show that the water-filling algorithm can be
approximately replaced by equal power allocation and the
effect of singular values’ feedback is averaged out by prop-
erly selecting the number of RIS elements. On this basis,
the ergodic SE loss incurred by the limited quantization
of directional parameters is investigated. A closed-form
approximation of the ergodic SE loss is derived, and a bit
partitioning strategy is then developed for SE loss reduction.

A. Effect of Singular Values

Equal power allocation is asymptotically optimal in the
high SNR regime [43]. In multi-RIS assisted systems, care-
fully selecting the number of elements in each RIS to combat
the path loss can degenerate the water-filling algorithm into
equal power allocation even in the low SNR regime. We
denote ξ⋆0 as a constant and ξrk,lk,0 = ρrkαT,k,0αk,R,lk as the
reference cascaded path gain in the Tx–RIS k–Rx channel,
where ρrk = λ

4πdT,k

λ
4πdr

k,R
with drk,R being the constant

distance from RIS k to the center of the blind coverage area.
Given that ρrk and αT,k,0 are constants, the average value of
|ξrk,lk,0|

2 is expressed as

E
{
|ξrk,lk,0|

2
}
= (ρrkαT,k,0)

2 E
{
|αk,R,lk |2

}
= (ρrkαT,k,0)

2 NRNS,k

Lk,R
E
{
|βk,R,lk |2

}
(a)
= (ρrkαT,k,0)

2 NRNS,k

Lk,R
,

(37)

where (a) is due to βk,R,lk ∼ CN (0, 1). To obtain compa-
rable cascaded path gains for all RISs, we let

E
{
|ξrk,lk,0|

2
} ∆
= ξ⋆0 ,∀k. (38)

The number of elements for RIS k by expanding ρrk and
αT,k,0 in E{|ξrk,lk,0|

2} is approximately given as

NS,k =

⌈
16π2dT,kd

r
k,R

λ2

√
(κT,k + 1)Lk,Rξ⋆0

κT,kNTNR

⌉
, (39)

where ⌈·⌉ is included because NS,k is an integer. Once
the communication system is finalized so that the environ-
ment and system parameters remain unchanged, the size of
RISs can be flexibly determined by the constant ξ⋆0 . Now,
{|ξ⋆k,lk,0|, k ∈ K⊥} in (34) will be in the same order of
magnitude by combining (39) and path pruning (26) that
omits weak paths. Thus, pk = max(µ− σ2/|ξ⋆k,lk,0|

2
, 0)

can be approximately replaced by equal power allocation
pk ≈ E/|K⊥| and the superiority of water-filling power
allocation will become negligible. Although the equal power
allocation underperforms the water-filling allocation in terms
of SE, we will show in the numerical results that the
performance deterioration is acceptable due to the RIS size
constraint in (39) that seeks to provide homogenous singular
values.

B. Effect of Directional Parameters’ Quantization

Considering that singular values have insignificant effects,
in the following, they are assumed to be known at the
Tx to better characterize the effect of quantization for the
following directional parameters{(

ΘD
k,R,lk

)
, k ∈ K⊥, lk ∈ L⋆

k,R

}
. (40)

Considering that |L⋆
k,R| = |L⋆

T,k| = 1, the subscript lk for
the limited statistical CSI in (40) can be omitted for the
sake of presentation. Similarly, ξ⋆k,lk,0 is simplified as ξ⋆k .
We concentrate on the feedback of the directional parameters
{ΘD

k,R}
NR

k=1, since the RISs set K⊥ containing the finite RISs
indices can be easily and precisely fed back to the Tx.

With the perfect limited CSI {(|ξ⋆k|,ΘD
k,R)}

NR
i=1, by per-

forming the water-filling algorithm6 to obtain the power allo-
cation coefficients {p⋆k}

NR

k=1 and applying Jensen’s inequality
on (35), an upper bound on the ergodic SE can be derived
as7

E {RPL} ≤
NR∑
k=1

log2

1 +
E
{
|ξ⋆k|

2
p⋆k

}
σ2

 ∆
= RPL,upper.

(41)
When {ΘD

k,R}
NR

k=1 are quantized, the RIS design (28)
with quantized directional parameters {Θ̃D

k,R}
NR

k=1

will produce the actual singular values as
{|ξk| = |ρkαk,RαT,k,0a

H
S,k

(
ΘD

k,R − Θ̃D
k,R

)
aS,k (0) |}NR

k=1.
Hence, the upper bound ergodic SE with quantized limited
CSI {(|ξ⋆k|, Θ̃D

k,R)}
NR
i=1 can be expressed as

RQL,upper
∆
=

NR∑
k=1

log2

1 +
E
{
|ξk|2p⋆k

}
σ2

. (42)

6The water-filling power allocation is used as a benchmark while its
performance gain over equal power allocation is demonstrated in the
numerical results.

7In the following, the subscripts “PL” and “QL” are used to indicate the
perfect and quantized limited CSI cases, respectively.
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We define the ergodic SE loss as

∆R = RPL,upper −RQL,upper =

NR∑
k=1

log2

σ2 + E
{
|ξ⋆k|

2
p⋆k

}
σ2 + E

{
|ξk|2p⋆k

} .
(43)

Assume that the transmit power at the Tx is sufficient to
guarantee the transmission of NR data streams, that is, p⋆k >
0, ∀k ∈ {1, 2, . . . , NR}. In this case, p⋆k = µ⋆ − σ2/|ξ⋆k|

2,
where the water level that satisfies

∑NR

k=1 pk = E can be
obtained as

µ⋆ =
E

NR
+
∑NR

i=1

σ2

NR|ξ⋆i |
2 . (44)

Substituting p⋆k into (43) yields

∆R =

NR∑
k=1

log2

 1 + E {Ck}

1 + E
{
Ck

∣∣∣aHS,k (ΘD
k,R − Θ̃D

k,R

)
aS,k (0)

∣∣∣2}
,

(45)
where

Ck = |ξ⋆k|
2

(
E

NRσ2
+
∑NR

i=1

1

NR|ξ⋆i |
2 − 1

|ξ⋆k|
2

)
, (46)

is a function of Gaussian variables {βk,R}NR

k=1.
Utilizing the independence between the parameters
{βk,R}NR

k=1 and {ΘD
k,R}

NR

k=1, and the equality

|aHS,k(ΘD
k,R − Θ̃D

k,R)aS,k(0)|
2

=
sin2(NS,k(Θ̃

D
k,R−ΘD

k,R)/2)

N2
S,ksin

2((Θ̃D
k,R−ΘD

k,R)/2)

[29], (45) can be further rewritten as

∆R =

NR∑
k=1

log2

 1 + E {Ck}

1 + E{Ck}E
{

sin2(NS,k(Θ̃D
k,R−ΘD

k,R)/2)
N2

S,ksin
2((Θ̃D

k,R−ΘD
k,R)/2)

}
.

(47)
The expectation of Ck, denoted as C̄k = E {Ck}, is a finite
constant that indicates the average link quality of the k-th
data streams and can be approximated as (Appendix A)

C̄k ≈ E

NRσ2

(
dr2,kξ

⋆
0

d2,k

)2

. (48)

The SE loss is determined by the limited quantization errors
{Θ̃D

k,R −ΘD
k,R}

NR

k=1. Without loss of generality, the number
of feedback bits, which affect the quantization error, is
denoted by B.

C. Approximation of the SE Loss

To characterize the explicit effect of feedback bits, a
closed-form expression for the SE loss is derived in this
subsection by approximating the expectation of trigonomet-
ric functions.

When the size of the RISs increases, a higher spatial res-
olution will be achieved. To avoid the beam deviation when

designing the RIS with quantized CSI, the number of feed-
back bits is proportional to the number of elements per RIS.
As shown in (47), a larger value for

sin2(NS,k(Θ̃
D
k,R−ΘD

k,R)/2)

N2
S,ksin

2((Θ̃D
k,R−ΘD

k,R)/2)

shrinks the SE loss. The function
sin2(NS,k(Θ̃

D
k,R−ΘD

k,R)/2)

N2
S,ksin

2((Θ̃D
k,R−ΘD

k,R)/2)

monotonically decreases when
Θ̃D

k,R−ΘD
k,R

2 ∈ [0, π
NS,k

]. Start-
ing from this property, we assume that a minimal number
of feedback bits, bmin,k, is required so that the maximum
quantization error will not exceed the first null π

NS,k
, that is,∣∣∣Θ̃D

k,R −ΘD
k,R

∣∣∣
max

2
≤ π

NS,k
. (49)

With ΘD
k,R = π cos θDk,R ∈ [−π, π], bmin,k-bits quantization

for ΘD
k,R generates uniform grids of size 2π/2bmin,k . Thus,

the maximum distance between Θ̃D
k,R and ΘD

k,R will be∣∣∣Θ̃D
k,R −ΘD

k,R

∣∣∣
max

=
2π

2bmin,k+1
. (50)

Combining (49) and (50), the minimum number of feedback
bits is then given as

bmin,k =

⌈
log2

NS,k

2

⌉
. (51)

With the minimum feedback bits, we have x
∆
=

|Θ̃D
k,R−ΘD

k,R|
2 ∈ [0, π

NS,k
]. In this interval, the trigonometric

function sin2(NS,kx)

N2
S,k sin2(x)

can be approximated by the linear

function 1 − NS,k

π x when NS,k increases, as shown in
Fig. 2. Utilizing this approximation, the expectation of the
trigonometric function inside ∆R can be expressed as

E

 sin2
(
NS,k

(
Θ̃D

k,R −ΘD
k,R

)
/2
)

N2
S,ksin

2
((

Θ̃D
k,R −ΘD

k,R

)
/2
)


≈E

1− NS,k

π

∣∣∣Θ̃D
k,R −ΘD

k,R

∣∣∣
2

 .

(52)

Given that NR directional parameters should be fed back,
we allocate bk = bmin,k + xk (xk ∈ Z+) bits for quantizing
ΘD

k,R with
∑NR

k=1 bk = B. The quantization error then
satisfies

Θ̃D
k,R −ΘD

k,R

2
∈
[
−2−xkπ

NS,k
,
2−xkπ

NS,k

]
. (53)

In the quantization error interval, the expectation of of the
linear function can be easily calculated as

E

1− NS,k

π

∣∣∣Θ̃D
k,R −ΘD

k,R

∣∣∣
2

 = 1− 2−1−xk . (54)

Thus, the SE loss can be approximated as

∆R ≈
NR∑
k=1

log2

(
1 + C̄k

1 + C̄k (1− 2−1−xk)

)
. (55)
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Considering that 1− 2−1−xk < 1, the SE loss can be upper
bounded as

∆R ≈
NR∑
k=1

log2

(
1 + C̄k

1 + C̄k (1− 2−1−xk)

)

<

NR∑
k=1

log2

(
1

1− 2−1−xk

)
.

(56)

Therefore, when the minimum number of feedback bits is
allocated, that is, xk = 0, each data stream experiences 1
bps/Hz SE loss at most. Increasing the feedback bits reduces
the SE loss. For fixed-size RISs, xk → ∞ holds, and
∆R → 0 can be achieved when the number of feedback bits
goes to infinity, which is consistent with the ideal case that
perfect limited CSI is available. However, the total number
of feedback bits is limited in practice. Given a fixed number
of feedback bits that satisfy the minimum requirement, that
is, B > Bmin =

∑NR

k=1 bmin,k, a bit partitioning strategy for
the extra feedback bits (B − Bmin) should be developed to
reduce the SE loss.

D. Bit Partitioning
To minimize the SE loss, we first rewrite (55) as

∆R ≈
NR∑
k=1

log2
(
1 + C̄k

)
−

NR∑
k=1

log2
(
1 + C̄k

(
1− 2−1−xk

))
.

(57)
Given that {C̄k}NR

k=1 are constants and independent of the
quantization for directional parameters, the bit partitioning
that minimizes the SE loss can be formulated as

max
{xk}

NR
k=1

NR∑
k=1

log2
(
1 + C̄k

(
1− 2−1−xk

))
s.t. xk ∈ Z+

NR∑
k=1

xk = B −Bmin.

(58)

The maximization process is a combinational problem,
whose optimal solution through exhaustive search has a
complexity of NB−Bmin

R . To reduce the search complexity,
we resort to greedy search. Given that the objective function
in (58) is the sum of increasing functions of xk, every
additional bit will increase its value. Therefore, the origi-
nal problem can be equivalently decoupled into B −Bmin

sequential 1-bit assignment sub-problems and solved by
greedy search. For the i-th sub-problem, i− 1 extra bits are
allocated, that is,

∑NR

k=1 xk = i−1. The 1-bit assignment in
the i-th sub-problem can be expressed as

max
{nk}

NR
k=1

NR∑
k=1

log2

(
1 + C̄k

(
1− 2−1−(xk+nk)

))
s.t. nk ∈ Z+

NR∑
k=1

nk = 1.

(59)

For the k-th data stream, one additional bit on xk, that is,
nk = 1, can obtain a SE increase, which can be expressed
as

fk (xk) =log2

(
1 + C̄k

(
1− 2−1−(xk+1)

))
− log2

(
1 + C̄k

(
1− 2−1−xk

))
=log2

(
1 +

1

22+xk

(
1/C̄k + 1

)
− 2

)
.

(60)

With the definition of SE increase, we explore insights into
reducing the SE loss with bit partitioning.

Note that fk (xk) ≥ fm (xm) should hold for any m ∈
{1, 2, . . . , NR} \ {k} to obtain the largest SE increase for
the k-th data stream with one more feedback bit. Expanding
fk (xk) ≥ fm (xm) for ∀m ∈ {1, 2, . . . , NR} \ {k}, the
current number of extra bits xk should satisfy

xk + log2

(
1

C̄k
+ 1

)
≤ xm + log2

(
1

C̄m
+ 1

)
. (61)

The condition (61) provides a general criterion to address
the sub-problem in (59). With NR − 1 comparisons in (61),
obtaining the optimal bit partitioning by greedy search has
a search complexity of (NR−1)(B−Bmin), which is much
less than NB−Bmin

R entailed by exhaustive search. When the
extra feedback bits {xk}NR

k=1 are the same, (61) reduces to

C̄k > C̄m,∀m ∈ {1, 2, . . . , NR} \ {k} , (62)

indicating that the k-th data stream with the largest link
quality has priority in the one extra feedback bit.

Also fk (xk) is a decreasing function of xk and is upper
bounded as

fk (xk) < log2

(
1 +

1

22+xk − 2

)
= fk,upper (xk) . (63)

This property indicates that the SE increase provided by one
more bit decreases with the increase in feedback bits and
the largest SE increase is upper bounded by fk,upper(0) =
log2(

3
2 ) bps/Hz. Considering that the upper bound of fk (xk)
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Fig. 3. Top view of the multi-RIS-assisted system deploy-
ment.

can be approached by increasing C̄k, (63) reveals that when
the extra feedback bits {xk}NR

k=1 are the same and {C̄k}NR

k=1

are sufficiently large (which can be achieved by increasing
the transmit power E or the constant ξ⋆0 that determines
the number of RIS elements), the SE increase is equal
for each data stream. In this case, the optimal extra bit
partitioning for the original problem (58) is equal allocation,
that is, xk = B−Bmin

NR
. When B−Bmin

NR
is not an integer,

xk = ⌊B−Bmin

NR
⌋ and the rest (B−Bmin−

∑NR

k=1 xk) can be
randomly allocated to (B−Bmin−

∑NR

k=1 xk) data streams.

V. NUMERICAL RESULTS

In this section, we present the numerical results to illus-
trate the effectiveness of the proposed channel customization
in reducing the feedback overhead of multiple RIS-assisted
sub-6 GHz FDD MIMO systems. The SE loss introduced
by the limited feedback ability of the Rx is investigated.
The system carrier frequency is set as fc = 3.5 GHz. The
numbers of antennas at the Tx and Rx are NT = 16 and
NR = 4, respectively. As shown in Fig. 3, we assume
that the Tx is fixed at the original Cartesian coordinates
and the Rx is randomly distributed in a blind coverage area
denoted by a circle, whose center and radius are [200, 0]T

and 50, respectively. A series of DFT directions for the
Tx antenna array are represented by rays emitted from
[0, 0]T . Four RISs are deployed between the Tx and Rx to
establish the transmission link. All RISs are mounted on
the DFT directions with x-coordinate being 150 to create
orthogonal LoS paths for the Tx–RISs channel and to reduce
the feedback overhead, as discussed in Section III. Unless
otherwise specified, the number of elements for each RIS
is determined by (39) with ξ⋆0 = 2.27 × 10−11. In other
words, NS,1 = NS,4 = 416 and NS,2 = NS,3 = 338 will be
set in accordance with the considered system deployment.
Considering that the Tx and RISs are typically installed at
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Fig. 4. Propagation paths between the Tx and the Rx in a
channel realization.

high-rise buildings, the Rician factors are set to κT,k = 10
dB, ∀k. The number of NLoS paths for the Tx–RISs and for
the RISs–Rx channels are LT,k = 2 and Lk,R = 10, respec-
tively. The AoA and AoD of NLoS paths are determined by
the random scatterers between the Tx/Rx–RIS channel. For
the path pruning, we set τ = 10 dB. The noise power is
−100 dBm.

A. Feedback Overhead Reduction with Channel Customiza-
tion

Figure 4 visualizes all cascaded propagation paths be-
tween the Tx and Rx before and after RIS design in a channel
realization to intuitively present the concept of channel cus-
tomization that reduces feedback overhead. Considering that
3 paths between the Tx–RIS k channel and 10 paths between
the RIS k–Rx channel are found, 30 cascaded paths can
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realizations.

be built for each Tx–RIS k–Rx channel. Figure 4(a) shows
that the raw composite channel without RIS design has 120
meshed and weak paths, which entails a huge overhead
for the feedback of channel parameters. Four orthogonal
paths are first selected to reduce this overhead, as shown
in Fig. 4(b). We configure the phase shifters to enhance
the corresponding path gains so that the composite channel
can be dominated by the four orthogonal paths. Figure 5
presents the CDF of the ratio between the power of the
orthogonal paths over the power of the overall paths in 1000
channel realizations. We can observe that before channel
customization, four paths with considerable path power can
be picked through the path pruning and selection. However,
these paths are inadequate to reconstruct the composite
channel. With the proposed RIS design, the path power
ratio is rapidly converging to approximately 1 in all channel
realizations, indicating that the composite channel can be
well approximated by the orthogonal components that are
made up of four dominant paths. The overhead is reduced
by feeding back the parameters of the dominant paths only.

B. SE Loss Reduction with Limited Feedback Bits

In this subsection, we assess the SE loss incurred by the
limited feedback ability of the Rx. The minimum number
of feedback bits Bmin =

∑NR

k bmin,k is determined by (51),
and the total feedback bits B can be embodied by the extra
bits B−Bmin. These extra bits are partitioned in accordance
with (61) to reduce the SE loss. Figure 6 compares the upper
bound in (56), approximation in (55), and Monte Carlo result
of the SE loss versus the transmit power when the extra
feedback bits are increasing from 1 to 8. A performance gap
is observed between the approximation and the Monte Carlo
result. This condition is because the SE loss approximation
is defined by the upper bound of the ergodic SE, and the
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Fig. 6. Theoretical analysis and Monte Carlo result of the
SE loss as a function of the transmit power for an increasing
number of extra feedback bits B −Bmin.

Monte Carlo result is calculated by averaging the difference
in the instantaneous SE in (7) with the perfect and quantized
CSI. Despite this performance gap, the approximation has
the same tendency as the Monte Carlo result, which is
helpful for reducing the SE loss. Figure 6 shows that when
the transmit power increases, the SE loss approximation
will approach its upper bound, which coincides with our
analysis in (63). The SE loss can be continuously reduced
by providing more extra feedback bits. Equation (63) reveals
that in the high transmit power regime, the bit partitioning
for extra bits will be simplified to equal allocation. Thus, Fig.
6 shows that when the transmit power is sufficiently large,
the SE loss approximations are close to the upper bounds
3+ log2(

4
3 ) ≈ 3.42, 2+2log2(

4
3 ) ≈ 2.83, 4log2(

4
3 ) ≈ 1.66,

and 4log2(
8
7 ) ≈ 0.77 when the extra bits are set to 1, 2, 4,

and 8, respectively.
In the following, the legends P-CSI, PL-CSI, QL-CSI,

PLS-CSI, and QLS-CSI refer to the scenarios where the
Perfect CSI, Perfect Limited CSI ({(|ξ⋆k|,ΘD

k,R)}
NR
i=1), Quan-

tized Limited CSI ({(|ξ⋆k|, Θ̃D
k,R)}

NR
i=1), Perfect Limited Sta-

tistical CSI ({(ΘD
k,R)}

NR
i=1), and Quantized Limited Statistical

CSI ({(Θ̃D
k,R)}

NR
i=1) are available at the Tx, respectively.

Figure 7 compares the ergodic SE, which is the aver-
age of (7) over the channel realizations, of different SVD
transceiver designs. The RISs are designed with different
CSI levels to customize the composite channel. The SVD
transceiver and channel customization-based (CC-based)
SVD transceiver are designed in accordance with (9) and
(33), respectively. From Fig. 7, the ergodic SE of the CC-
based SVD with PL-CSI is inferior to that of the SVD
with P-CSI in the low transmit power regime. However,
this ergodic SE gap is squeezed, and the performance of
the two transceivers becomes gradually equivalent with the
increase in the transmit power. Considering that the CC-
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based transceiver requires only limited CSI and does not rely
on channel reconstruction and matrix decomposition, this
result is extremely promising because feedback overhead and
computational complexity are significantly reduced. When
the feedback bits are limited, quantization error appears in
the directional parameters that are fed back from the Rx and
then used to design the phase shifters of RISs. The quanti-
zation error decreases the singular values of the customized
channel. Therefore, the ergodic SE deteriorates. Given the
minimum feedback bits, we can see that eight additional
bits are sufficient to achieve a comparable performance
compared with the infinite quantization case. When the RISs
are not designed, the ergodic SE reduces intensively, as
shown in Fig. 7. This huge performance gap emphasizes
the importance of the proposed channel customization that
provides an essential tool for transceiver design.

The ergodic SEs under water-filling and equal power
allocation are compared in Fig. 8 to reveal the effect of
singular values’ feedback on the transceiver design. Here,
the singular values are assumed to be perfectly fed back to
the Tx in PL-CSI and QL-CSI while completely unknown
at the Tx for PLS-CSI and QLS-CSI. Hence, the optimal
water-filling algorithm can be executed for PL-CSI and QL-
CSI, and equal power allocation will be carried out for PLS-
CSI and QLS-CSI. The transmit power is confined from
−20 dBm to −15 dBm to avoid the high SNR regime,
where equal power allocation is inherently asymptotically
optimal. As anticipated, the water-filling algorithm achieves
a higher ergodic SE compared with equal power allocation.
However, considering that this SE gain is at the cost of
accurate feedback of singular values, the tradeoff between
performance gain and feedback overhead should be eval-
uated. Starting from the QLS-CSI with B − Bmin = 2,
two methods are used to implement this evaluation when
more spare feedback bits are available, (a) feeding back
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Fig. 8. Comparison of the ergodic SE with water-filling and
equal power allocation.

singular values for water-filling power allocation at the Tx
and (b) increasing the quantization accuracy of directional
parameters for channel customization at the RISs. When
the transmit power equals −19 dBm, increasing the extra
bits B − Bmin to 4 can achieve the same performance as
the QL-CSI with B − Bmin = 2, which requires accurate
feedback for singular values. In other words, two more
bits for directional parameters’ quantization in the QLS-
CSI with B − Bmin = 2 can yield a SE gain equivalent
to infinite feedback for singular values. The benefit of
directional parameters’ quantization is more pronounced
with the transmit power. As discussed in Section IV-A,
the singular values of the customized channel are in the
same order of magnitude by configuring the RISs’ size and
path pruning. Therefore, the superiority of the water-filling
algorithm is compressed, and the equal power allocation can
be asymptotically optimal. In this case, feedback overhead
for singular values can be mitigated, which is especially
critical when the Rx has limited feedback ability.

Figure 9 demonstrates the ergodic SE of the proposed
channel customization-based SVD transceiver when orthog-
onal paths are selected with and without path pruning. The
singular values of the composite channel determine the
ergodic SE because it is customized in the form of SVD
by the selected orthogonal paths. Thus, the paths with larger
cascaded gain are selected to increase the singular values due
to path pruning that omits weak paths, further improving the
ergodic SE.

The effects of extra feedback bits and corresponding bit
allocation schemes on the SE loss are illustrated in Fig.
10. With the guarantee of minimum feedback bits, random
bit allocation is used as the baseline. The proposed bit
partitioning algorithm can effectively reduce the SE loss
when extra bits are limited. The narrower gap of SE loss
indicates that the proposed bit partitioning strategy is robust
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against an increasing transmit power.
The numerical results in Figs. 5–10 are obtained with the

RIS size constraint in (39), thereby ensuring that the singular
values are of the same order of magnitude. To show the effect
of the RIS size on the ergodic SE, we relax this limitation
by setting NS,k = NSk

2 with NS increasing from 16 to
128. Figure 11 shows the ergodic SE versus NS when the
transmit power is E = −10 dBm. As shown in Fig. 8, the
ergodic SEs of PL-CSI and PLS-CSI are approximately the
same at E = −15 dBm. However, they have approximately
1 bps/Hz gap when NS,k = 16k2 (NS = 16) even at
E = −10 dBm, as presented in Fig. 11. From another point
of view, this difference verifies that the RIS size setting
in (39) helps to create a well-conditioned channel with
homogeneous singular values. Therefore, the simple equal
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Fig. 11. Ergodic SE versus the number of RIS elements.

power allocation can replace the water-filling algorithm in
the low SNR regime. Figure 11 also shows that the ergodic
SE increases with NS, and the performance gap between
water-filling and equal power allocation is squeezed. This
condition is because the received SNR can increase with
NS when the transmit power remains constant. However,
the SE gap caused by the limited quantization is expanded
with a larger NS. The underlying reason can be found in
(55) because the SE loss is an increasing function of C̄k

that grows with NS,k. The significant performance gain
over the P-CSI when the RISs are not designed emphasizes
the substantial potential of channel customization via RIS
configuration.

VI. CONCLUSION

In this study, limited channel feedback was investigated
for RIS-assisted FDD systems, where the Tx and Rx estab-
lish reliable transmission channels through multiple RISs.
Given that large-scale RISs are deployed in the propagation
environment between the Tx and Rx, directly feeding back
the low-dimensional composite channel matrix or the high-
dimensional individual subchannel matrices is impractical.
Channel parameters’ feedback is a feasible solution but
entails huge overhead due to the rich-scattering environment.
To reduce the feedback overhead, we proposed a channel
customization scheme that reshapes the composite channel
to be sparse. On the basis of channel customization, the
optimal SVD transceiver can be obtained with limited CSI.
Considering the limited feedback ability of the Rx, the
effect of the parameter quantization on the SE loss was
assessed. To reduce the SE loss, a bit partitioning strategy
that allocates bits to quantize directional parameters was
developed utilizing the derived closed-form expression of
the SE loss. The numerical results illustrated the potential
of the channel customization in cutting down the feedback
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overhead and verified the efficiency of the proposed bit
partitioning for reducing the SE loss.

This work is an early attempt on the limited channel
feedback for multi-RIS-assisted systems. We moved away
from existing works, which aim to feed back the complete
channel parameters of every paths. Instead, we tailed the rich
scattering environment into a sparse form and fed back only
the dominant paths, which significantly reduces the feedback
overhead. Moreover, utilizing the limited CSI to customize
the composite channel in terms of SVD, we simplified the
SVD transceiver by removing the matrix decomposition. We
note that in the context of customizing channel characteris-
tics, more research directions can be identified. For example,
by using the statistical CSI that is spatially reciprocal for
the uplink and downlink to successively enhancing paths,
the downlink channel estimation problem can be simplified
with more distinguishable paths. Moreover, by reshaping
a block diagonal channel, the user interference can be
mitigated without complicated transceiver design in RIS-
assisted multi-user systems.

APPENDIX A
The constraint for the RIS size in (39) enables the singular

values to be in the same order of magnitude. Thus, we have
the following approximation:

NR∑
i=1

1

NR|ξ⋆i |
2 ≈

NR∑
i=1

1

NR|ξ⋆k|
2 =

1

|ξ⋆k|
2 . (64)

Then, the expectation of Ck can be expressed as

E {Ck} = E

{
|ξ⋆k|

2

(
E

NRσ2
+
∑NR

i=1

1

NR|ξ⋆i |
2 − 1

|ξ⋆k|
2

)}

≈ E

NRσ2
E
{
|ξ⋆k|

2
}
.

(65)
Expanding ξ⋆k and using the property of complex Gaussian
variables, we have

E {Ck} ≈ E

NRσ2
E
{
|ξ⋆k|

2
}
=

E

NRσ2
E
{
|ρkαk,RαT,k,0|2

}
=

E

NRσ2
E

{
NTNRN

2
S,kρ

2
kκT,k

Lk,R (κT,k + 1)
|βk,R|2

}

=
E

NRσ2

NTNRN
2
S,kρ

2
kκT,k

Lk,R (κT,k + 1)
.

(66)
With the expressions of NS,k and ρk, we obtain

E {Ck} ≈ E

NRσ2

(
dr2,kξ

⋆
0

d2,k

)2

. (67)
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