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Low Complexity Optimization for Line-of-Sight
RIS-Aided Holographic Communications

Juan Carlos Ruiz-Sicilia, Marco Di Renzo, Merouane Debbah, H. Vincent Poor

Abstract—The synergy of metasurface-based holographic sur-
faces (HoloS) and reconfigurable intelligent surfaces (RIS) is
considered a key aspect for future communication networks.
However, the optimization of dynamic metasurfaces requires the
use of numerical algorithms, for example, based on the singular
value decomposition (SVD) and gradient descent methods, which
are usually computationally intensive, especially when the num-
ber of elements is large. In this paper, we analyze low complexity
designs for RIS-aided HoloS communication systems, in which
the configurations of the HoloS transmitter and the RIS are given
in a closed-form expression. We consider implementations based
on diagonal and non-diagonal RISs. Over line-of-sight channels,
we show that the proposed schemes provide performance that is
close to that offered by complex numerical methods.

Index Terms—Reconfigurable intelligent surfaces, holographic
multiple-antenna systems, degrees of freedom.

I. INTRODUCTION

The paradigm of smart radio environment (SRE) has gained
considerable attention in the wireless research community [1]–
[3]. This new concept refers to the use of intelligent (metama-
terial) surfaces to manipulate the electromagnetic waves with
high flexibility, leading to higher bit rates and a larger number
of supported devices compared with current wireless networks
[4]. The SRE paradigm is based on two technologies: the
holographic surface (HoloS) and the reconfigurable intelligent
surface (RIS). A HoloS is an active dynamic metasurface that
is employed as a flexible antenna. An RIS is a nearly-passive
dynamic metasurface capable of shaping the electromagnetic
waves [5], [6]. For example, the waves that reach an RIS can
be intelligently reflected to optimize the end-to-end channel.

Despite the potential benefits of utilizing dynamic metasur-
faces in wireless communications, the optimization of RIS-
aided HoloS systems is an open problem. In [7], the authors
optimize the transmitter and the RIS iteratively, by using a
projected gradient method. In [8], a simplified method to
optimize an RIS-aided system is presented. The approach is
based on the concept of focusing function for optimizing the
RIS [9]. Also, the transmitter is optimized by computing the
singular value decomposition of the channels and the water-
filling power allocation [10]. In [11], the authors analyze

J. C. Ruiz-Sicilia and M. Di Renzo are with Université Paris-Saclay,
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Fig. 1: Top view of the considered system model.

different strategies to optimize RIS-aided HoloS systems as
a function of the channel state information.

In general, the schemes reported in the literature rely on
complex numerical algorithms, whose scalability is compro-
mised when the size of the surfaces becomes too large. In
this paper, we show that, in line-of-sight channels, the optimal
designs of RISs and HoloSs can be formulated in closed-form
expressions, which are simple to compute. Also, the obtained
analytical formulations give insights on the achievable system
performance and how it depends on, e.g., the size of the
surfaces and the geometry of the setup.

The rest of the present paper is organized as follows. In
Section II, we present the system model. In Section III, we
introduce the proposed schemes. In Section IV, we illustrate
numerical results and compare the performance of the consid-
ered schemes. Finally, conclusions are given in Section V.

Notation: Bold lower and upper case letters represent vec-
tors and matrices. Ca×b denotes the space of complex matrices
of dimensions a× b. (·)† denotes the Hermitian transpose. IN
denotes the N ×N identity matrix. diag(x) denotes a square
diagonal matrix whose diagonal elements are x. Tr(X) is the
trace of matrix X, and E{·} is the expectation operator. The
notation A ⪰ (≻)B means that A−B is positive semidefinite
(definite). A(i, k) denotes the k-th element of the i-th row
of matrix A. ak denotes the k-th column of matrix A. j is
the imaginary unit. CN (µ, σ2) denotes the complex Gaussian
distribution with mean µ and variance σ2.

II. SYSTEM MODEL

Consider the RIS-aided HoloS communication system
sketched in Fig. 1. The transmit and receive surfaces are



deployed parallel to the xz plane, and the RIS lies on a wall
that is parallel the yz plane. The distances from the plane that
contains the transmitter and from the plane that contains the
receiver to the center of the RIS are dt and dr, respectively.
The distance between the center of the transmit HoloS and
the plane containing the RIS is lt, and the distance between
the midpoint of the receive HoloS and the plane containing
the RIS is lr. The three surfaces are deployed at the same
height. For simplicity, we assume that the direct link between
the transmitter and the receiver is blocked by an obstacle.

Each HoloS is modeled as a uniform rectangular array
(URA). The transmitter and receiver are equipped with L =
LxLz and M =MxMz antenna elements, respectively, where
Lx (Mx) and Lz (Mz) are the number of antenna elements on
the x-axis and z-axis. The RIS consists of N = NyNz unit
cells, where Ny and Nz are the number of antenna elements on
the y-axis and z-axis. In all surfaces, the separation between
the centers of two adjacent elements is δ = λ/2, where λ is
the wavelength, in order to avoid the mutual coupling.

The positions of the l-th transmit element, m-th receive
element, and n-th unit cell of the RIS are denoted by rlt =
(xlt, y

l
t, z

l
t), rmr = (xmr , y

m
r , z

m
r ) and rnris = (xnris, y

n
ris, z

n
ris),

respectively. They can be formulated as
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(
lt + δlx − δ

2
(Lx + 1), dt, δlz −

δ

2
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)
(1)

rmr =(
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2
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δ
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)
(2)

rnRIS =

(
0, nyd−

δ

2
(Ny + 1), nzδ −

δ

2
(Nz + 1)

)
(3)

where l = (lz − 1)Lz + ly , m = (mz − 1)Mz + my and
n = (nx−1)Nx+ny , and lz (mz), with ly (my) denoting the
indices of the URAs along the z-axis and y-axis, respectively.
Similarly, nx and ny denote the indices of the unit cells of
the RIS along the x-axis and y-axis, respectively.

The RIS is modeled as a matrix Φ that contains N × N
reflection coefficients. Considering that the RIS is nearly-
passive, the matrix needs to fulfill the condition ΦΦ† = IN .
We refer to this general RIS as a non-diagonal RIS. If Φ is
a diagonal matrix with unit-modulus coefficients, the RIS is
referred to as a diagonal RIS [8].

The channels from the transmitter to the RIS and from the
RIS to the receiver are denoted as H ∈ CN×L and G ∈
CM×N , respectively. The channel between the l-th radiating
element of the transmitter and the n-th element of the RIS is
expressed as

H(n, l) =
ejk0d1(n,l)

4πd1(n, l)
(4)

where k0 = 2π/λ and d1(n, l) is the distance between the two
elements. Similarly, the channel from the n-th element of the
RIS to the m-th receiving antenna is formulated as

G(m,n) =
ejk0d2(m,n)

4πd2(m,n)
(5)

where d2(m,n) is the distance between the two elements.
Hence, the received signal y ∈ CM is given by

y = GΦHx+ n (6)

where n is the additive white Gaussian noise with n ∼
CN (0, σ2IN ) and x ∈ CL is the transmitted signal. The end-
to-end channel is denoted as Z(Φ) = GΦH. The symbols in
x are distributed according to a circularly symmetric complex
Gaussian distribution with E{xx†} = Q, where Q is the
covariance matrix. The matrix Q needs to fulfill the constraint
Tr(Q) ≤ PT , where PT is the transmit power budget.

Then, the achievable rate can be computed as

R(Φ,Q) = log2

∣∣∣∣IM +
(GΦH)Q(GΦH)†

σ2

∣∣∣∣ (7)

III. CONSIDERED SCHEMES

This section presents four schemes that maximize the rate
in (7), by optimizing the RIS configuration and the transmit
covariance matrix, i.e., the matrices Φ and Q.

A. Non-Diagonal RIS Based on Numerical Methods

In this case study, we consider a non-diagonal RIS and we
optimize Φ and Q by using numerical methods. This case
study constitutes, therefore, the benchmark scheme [8].

The optimization problem can be formulated as follows:

maximize
Φ,Q

R(Φ,Q) (8a)

subject to Tr(Q) ≤ Pt;Q ⪰ 0; (8b)

ΦΦ† = IN (8c)

By applying the singular value decomposition (SVD) to the
channel matrices H and G, we obtain

H = UHSHV
†
H, G = UGSGV

†
G (9)

where UH ∈ CN×N , VH ∈ CL×L, UG ∈ CM×M and VG ∈
CN×N are unitary matrices, and SH and SG are given by

SH = diag{λH,1, λH,2, ..., λH,K1} ∈ CN×L (10)

SG = diag{λG,1, λG,2, ..., λG,K2
} ∈ CM×N (11)

where K1 = min(L,N), K2 = min(M,N), and λH,k and
λG,k are the k-th largest singular values of H and G.

Hence, the end-to-end channel Z(Φ) can be written as

Z(Φ) = UGSGV
†
GΦUHSHV

†
H (12)

According to [8, Proposition 1], the solution of the opti-
mization problem in (8) is given by

ΦND−NUM = VGU
†
H (13)

QND−NUM = VHP
ND−NUMV†

H (14)

where PND−NUM is a diagonal matrix containing the power
allocated to each communication mode.

The methodology to compute PND−NUM is presented in
Subsection III-E, where the signal-to-noise ratio (SNR) of the
k-th communication mode is defined as

sND−NUM
k =

|λH,k|2|λG,k|2

σ2
(15)



B. Non-Diagonal RIS Based on Analysis

The scheme summarized in the previous subsection requires
the numerical computation of the precoding and decoding
matrices through an SVD, which is the typical approach
adopted in the literature. In this sub-section, we present an
approximated closed-form expression for the optimal Φ and
Q that are solutions of the problem in (8).

To this end, we introduce the matrices UPSWF
G , VPSWF

G ,
UPSWF

H and VPSWF
H , which are defined, similar to [8], as

VPSWF
H = FTx,RISNTx,RIS (16)

UPSWF
H = FRIS,TxNRIS,Tx (17)

VPSWF
G = FRIS,RxNRIS,Rx (18)

UPSWF
G = FRx,RISNRx,RIS (19)

where FTx,RIS ∈ CL×L, FRIS,Tx ∈ CN×N , FRIS,Rx ∈
CN×N and FRx,RIS ∈ CM×M are unitary diagonal matrices,
and NTx,RIS ∈ CL×L, NRIS,Tx ∈ CN×N , NRIS,Rx ∈ CN×N

and NRx,RIS ∈ CM×M are unitary non-diagonal matrices.
The matrices FA,B for A,B = {Tx,Rx,RIS} are referred

to as focusing functions [9]. The matrices NA,B determine,
on the other hand, the spatial multiplexing capabilities of the
scheme. In [8], the authors have analyzed the case study in
which the surfaces A and B are parallel to each other. In the
present paper, we consider the setup in which the two surfaces
are deployed as depicted in Fig. 1, i.e., they are orthogonal
to each other. The details of the derivation are available in
companion journal version of the present paper.

Similar to [8], the matrices FTx,RIS, FRIS,TX and FRIS,RX

are focusing functions, which can be expressed as follows:

FTx,RIS = diag{e−jk0dTx,RIS(1),

e−jk0dTx,RIS(2), ..., e−jk0dTx,RIS(L)} (20)

FRIS,Tx = diag{ejk0dRIS,Tx(1),

ejk0dRIS,Tx(2), ..., ejk0dRIS,Tx(N)} (21)

FRIS,Rx = diag{e−jk0dRIS,Rx(1),

e−jk0dRIS,Rx(2), ..., e−jk0dRIS,Rx(N)} (22)

where dTx,RIS(l) is the distance from the l-th element of
the transmitter to the center of the RIS, and dRIS,Tx(n) and
dRIS,Rx(n) are the distances from the n-th element of the RIS
to the center of the transmitter and receiver, respectively.

Also, the columns of the matrix NA,B correspond to
sampled versions of the basis functions that are used at A.
Let {φk(x, z)}, {ψk(y, z)} and {ϕk(x, z)} be the set of
continuous basis functions that correspond to the matrices
NTx,RIS, NRIS,Tx and NRIS,Rx, respectively. Let us assume
that the following conditions hold:

r1 ≫ ∆xT ,∆zT ,∆yRIS,∆zRIS (23)

where r1 =
√
l2t + d2t , 2∆xT = δLx, 2∆zT = δLz ,

2∆yRIS = δNy and 2∆zRIS = δNz . Then, the basis functions

of the link between the transmitter and the RIS are approxi-
mately

φk(x, z) = αkx

(
x− lt
∆xT

, c(1)xy

)
αkz

(
z

∆zT
, c(1)zz

)
(24)

ψk(y, z) = αky

(
y

∆yRIS
, c(1)xy

)
αkz

(
z

∆zRIS
, c(1)zz

)
(25)

where αku
(u, c) is the ku-th prolate spheroidal wave function

(PSWF) with bandwidth parameter c in the Flammer notation
[12]. The parameters c(1)xy , and c

(1)
zz depend on the network

geometry. Considering the setup depicted in Fig. 1, we have

c(1)xy =
∆xT∆yRISk0

r1

sin 2γ1
2

c(1)zz =
∆zT∆zRISk0

r1
(26)

where γ1 = sin−1 lt/r1 is the angle depicted in Fig. 1. In
practice, the PSWFs can be approximately computed by utiliz-
ing the Legendre polynomial expansion. To obtain the results
illustrated in Section IV, we have used the implementation
provided in [13].

The functions αkx
(x, cx) and αkz

(z, cz) correspond to the
eigenvalues νkx

and νkz
, respectively. The coupling intensity

of the k-th communication mode supported by the RIS-aided
channel is |νk|2 = |νkx |2|νkz |2 for any kx and kz . As usual
practice, we assume that the basis functions are ordered in
a decreasing order as a function of |νk|2. Although any
combination of kx and kz results in a feasible basis function,
only the communication modes whose coupling intensity |νk|2
is sufficiently high are relevant for data transmission. Specif-
ically, the number of highly-coupled modes, i.e., the degrees
of freedom (DoF), of the considered system model is

N1 ≈ STxSRIS

λ2r21

sin 2γ1
2

(27)

where STx = (2∆xT )(2∆zT ) is the area of the transmit
HoloS and SRIS = (2∆yRIS)(2∆zRIS) is the area of the RIS.

As far as the link from the RIS to the receiver is concerned,
a similar line of thought can be applied. Specifically, let us
assume that the following conditions hold:

r2 ≫ ∆xR,∆zR,∆yRIS,∆zRIS (28)

where r2 =
√
l2r + d2r , 2∆xR = δMx and 2∆zR = δMz .

Then, the optimal basis functions at the RIS are

ϕk(y, z) = αky

(
y

∆yRIS
, c(2)xy

)
αkz

(
z

∆zRIS
, c(2)zz

)
(29)

where the parameters c(2)xy and c(2)zz are

c(2)xy =
∆xT∆yRISk0

r2

sin 2γ2
2

c(2)zz =
∆zT∆zRISk0

r2
(30)

with γ2 = sin−1 lr/r2 defined in Fig. 1.
Similar to the transmitter-RIS link, the k-th basis function

ϕk(y, z) corresponds to the k-th largest coupling intensity
coefficient |µk|2. Thus, the number of DoF of the RIS-receiver
link is

N2 ≈ SRxSRIS

λ2r22

sin 2γ2
2

(31)



where SRx = (2∆xR)(2∆zR) is the area of the receiving
surface.

The columns of NTx,RIS, NRIS,Tx and NRIS,Rx are com-
puted by sampling the continuous basis functions according to
the positions of the radiating elements. Also, the eigenvalues
must be scaled after the sampling. In particular, the continuous
eigenvalues for both links are |λPSWF

H,k |2 = |νkδ2|2 and
|λPSWF

G,k |2 = |µkδ
2|2.

Based on the obtained precoding and decoding matrices, the
optimal RIS configuration is obtained as follows:

ΦND−PSWF = VPSWF
G

(
UPSWF

H

)†
(32)

and the transmit covariance matrix is

QPSWF = VPSWF
H PPSWF

(
VPSWF

H

)†
(33)

Also, PPSWF is the power allocation matrix defined in
Subsection III-E, where the SNR of the k-th communication
mode is given by

sND−PSWF
k =

|λPSWF
H,k |2|λPSWF

G,k |2

σ2
(34)

C. Diagonal RIS Based on Numerical Methods

To reduce the implementation complexity, we analyze the
typical case study in which the RIS is characterized by a
diagonal matrix. The corresponding optimization problem can
be formulated as follows:

maximize
Φ,Q

R(Φ,Q) (35a)

subject to Tr(Q) ≤ Pt;Q ⪰ 0; (35b)

ΦΦ† = IN ;Φ(n, k) = 0 ∀ n ̸= k (35c)

In general, the formulated problem is non-convex and
requires computationally intensive numerical algorithms to
be solved. However, a closed-form sub-optimal solution was
recently proposed in [8] under the assumption that the surfaces
are parallel to each other. By using a similar line of thought
as that in [8], an approximated expression of Φ for the system
model in Fig. 1 is

ΦFOC = FRIS,RxF
†
RIS,Tx (36)

Inserting (17), (18), and (36) into (12), the end-to-end
channel can be written as follows:

Z(ΦFOC) = UGSGN
†
RIS,RxNRIS,TxSHV

†
H (37)

since F†
RIS,RxFRIS,Rx = IN and F†

RIS,TxFRIS,Tx = IN .
The approximation for ΦFOC in (36) is optimal only

when N†
RIS,RxNRIS,Tx = IN , since the end-to-end channel

Z(ΦFOC) is diagonalized as in Subsection III-A. In Section
IV, we analyze the accuracy of this approximation for system
setups for which N†

RIS,RxNRIS,Tx ̸= IN .
Given the matrix ΦFOC, the RIS-aided end-to-end channel

boils down to a conventional multiple-input multiple-output
channel with matrix ZFOC = Z(ΦFOC). Therefore, the
transmitter can be optimized by applying the SVD to it, which

Scheme RIS configuration Input Covariance Matrix
ND-NUM ΦND−NUM (13) QND−NUM (14)
ND-PSWF ΦND−PSWF (32) QPSWF (33)
FOC-NUM ΦFOC (36) QFOC−NUM (39)
FOC-PSWF ΦFOC (36) QPSWF (33)

TABLE I: Summary of the considered schemes. Legend:
Non-diagonal RIS (ND), Diagonal RIS (FOC), Numerical
computation (NUM), Closed-form expression (PSWF).

yields ZFOC = USV† with S = diag{λ1, λ2, ..., λK}. Then,
the SNR of the k-th stream is

sFOC−NUM
k =

|λk|2

σ2
(38)

The computation of the power allocation matrix
PFOC−NUM is discussed in Subsection III-E. Therefore,
the input covariance matrix is

QFOC−NUM = VPFOC−NUMV† (39)

D. Diagonal RIS Based on Analysis

This scheme is obtained using the same line of thought as
the scheme in Subsection III-B. Specifically, Φ is set to ΦFOC

as in Subsection III-C, and the covariance matrix Q is obtained
by sampling PSWFs as described in Subsection III-B.

For completeness, the matrices Φ and Q corresponding
to the four schemes considered in the present paper are
summarized in Table I.

E. Power Allocation

The performance of the four schemes considered in the
present paper depends on the power allocated to the com-
munication modes. The optimal performance is achieved by
applying the water-filling algorithm [10].

More precisely, the matrix P is defined as

P = diag{P1, P2, ..., PK} (40)

where K = min(L,M) and Pk is given by

Pk = max

(
0, µ− 1

sk

)
(41)

where sk is the SNR of k-th communication mode, as defined
in the previous subsections, and µ is chosen to fulfill the
condition

∑K
i=1 Pi = PT .

IV. NUMERICAL EXAMPLES

In this section, we illustrate some numerical results to
analyze and compare the performance of the four considered
case studies. In the analyzed setup, the transmitter and receiver
are equipped with 8 × 8 elements, and the RIS consists of
32 × 32 elements. Also, we set lt = 5 m, dt = 5 m,
f = 3.5 GHz, PT = −20 dBm, and σ2 = −97 dBm. The
four schemes considered in Subsections III-A, III-B, III-C,
and III-D are denoted as ND-NUM, ND-PWSF, FOC-NUM,
and FOC-PWSF, respectively.

Figure 2 illustrates the ratio between the achievable rates
of the schemes ND-PWSF, FOC-NUM, FOC-PWSF, and the
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Fig. 2: (top) Ratio of the achievable rates between ND-PWSF
and ND-NUM. (center) Ratio of the achievable rates between
FOC-NUM and ND-NUM. (bottom) Ratio of the achievable
rates between FOC-PWSF and ND-NUM.

benchmark scheme ND-NUM. The transmitter and the RIS are
represented by black and red segments, respectively. The low
complexity schemes ND-PWSF and FOC-PWSF provide rates
similar to those obtained with the aid of numerical methods.
Also, Fig. 3 confirms that an RIS that is configured as a ran-
dom scatterer or as a specular reflector largely underperforms
the considered schemes where the RIS is optimized.

Finally, Fig. 4 shows the complementary cumulative distri-
bution function (C-CDF) of the considered four schemes. The
C-CDF confirms that the proposed closed-form expressions
for the RIS configuration and input covariance matrix offer
rates that are very close to those obtained with computationally
intensive numerical methods. Some differences are noticeable,
in the considered case study, only for large values of the rates.

V. CONCLUSIONS

We have analyzed low complexity designs for RIS-aided
HoloS communication systems, in which the configuration of
the HoloS transmitter and the RIS are given in a closed-form
expression. We have considered implementations based on
diagonal and non-diagonal RISs. Over line-of-sight channels,
we have shown that the proposed schemes provide rates similar
to those obtained through complex numerical methods.
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