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Abstract—The conventional reconfigurable intelligent surface
(RIS) assisted far-field communication systems can only imple-
ment angle beamforming, which actually limits the capability for
reconfiguring the wireless propagation environment. To overcome
this limitation, this paper proposes a newly designed frequency
diverse RIS (FD-RIS), which can achieve joint distance-angle
beamforming with the assistance of the time modulation tech-
nology. The signal processing model for FD-RIS-aided wireless
communications is first derived. Then, an optimization problem
aimed at maximizing the achievable rate is formulated where
the frequency-time modulations are jointly optimized to achieve
distance-angle beamforming. Furthermore, a novel iterative algo-
rithm based on the cross-entropy optimization (CEO) framework
is proposed to effectively handle the non-convex optimization
problem. The numerical results validate that the proposed
FD-RIS assisted communication scheme can achieve a notable
performance improvement compared with the baseline scheme
utilizing traditional RIS. In addition, the effectiveness of the
proposed CEO algorithm is further verified by comparing with
the benchmark using the genetic algorithm (GA).

Index Terms—Frequency diverse RIS (FD-RIS), time modu-
lation, distance-angle beamforming, cross-entropy optimization

(CEO)

I. INTRODUCTION

Currently, the spectral efficiency of mobile communication
systems is steadily approaching its limitation. “How to further
improve the spectral efficiency and system capacity?” is the
key challenge that the next-generation wireless communication
technologies need to address. As a pivotal technology of the
5G and 6G, massive multiple-input multiple-output (MIMO)
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technique exhibits the enormous potential in enhancing spec-
tral efficiency, security, and reliable connectivity [1]. However,
as the size of antenna arrays continues to expand, the MIMO
systems based on phased arrays will encounter numerous
challenges such as high costs, high cimplexity, high power
consumption and significant insertion losses, which will hinder
the large-scale deployment of massive MIMO systems in
5G and 6G networks [2]. The technology of reconfigurable
intelligent surface (RIS) offers a cost-effective and hardware-
efficient solution to overcome the obstacles encountered by
the massive MIMO systems. Actually, RIS as an affordable
two-dimensional metasurface has the capability to control the
electromagnetic properties of the incident signals [3]. It is
verified that RIS exhibits significant application potentials and
has been incorporated into various communication systems for
performance enhancement [4].

In fact, even with the assistance of RIS, the enhancement of
system capacity for far-field communications is still severely
limited, primarily due to the following reasons: (i) For far-
field communications, the signal undergoes large-scale path
loss during transmissions especially with blockages. Although
RIS can reconfigure the propagation environment, energy loss
remains an unavoidable factor. (ii) RIS can only manipulate the
angle-dependent beamforming in far-field communication sce-
narios, and lacks the capability to directly control the distance-
dependent beamforming compared to near-field communica-
tion scenarios [5]. Based on the above reasons, it is important
to improve the energy efficiency of far-field communications,
so as to further augment the system capacity. Actually, by
introducing the control of distance dimension for incident
signals is highly beneficial for RIS’s passive beamforming.
However, “How to integrate the distance dimension into RIS’s
beamforming design? ” poses a significant challenge.

Fortunately, the frequency diverse array (FDA) exemplifies
effective distance-angle beamforming control for the far-field
communications [6]. This is achieved by applying frequency
offsets across the array elements, enabling the array to produce
a coupled distance-angle pattern. Inspired by the intrinsic
mechanism of the FDA antennas, it is possible for RIS to
generate joint distance-angle beamforming if it can incorporate
frequency diversity into the incident signals. Nevertheless,
unlike FDA antennas, RIS as a passive device does not have
the capability to achieve signal frequency diversity through
radio frequency (RF) links. Authors in [7] indicate that by
implementing time modulation on RIS, the incident signal



can be dispersed into a series of harmonic signals, each of
which has a frequency offset from the central carrier frequency.
Therefore, RIS with time modulation may be capable of en-
abling frequency diversity for the incident signals and further
achieve joint distance-angle beamforming.

In this paper, we name the newly designed RIS with the
function of frequency diversity as “Frequency Diverse RIS
(FD-RIS)”. Although it is possible for FD-RIS to achieve the
distance-angle control for the incoming signals, the systematic
analytical framework for FD-RIS is unclear which may hinder
its applications in wireless communication systems. Hence, the
contributions of this paper are summarized as below:

o We initially establish the general signal processing model
and the equivalent channel model of the FD-RIS assisted
communication systems.

o The system capacity maximization problem is formulated,
and we design an effective algorithm based on the cross-
entropy optimization (CEO) framework.

o The effectiveness of the designed FD-RIS as well as the
proposed algorithm is verified through simulation results.

II. SIGNAL PROCESSING MODEL FOR FD-RIS

In this section, we first illustrate the rational of the FD-RIS
and derive its signal processing model. The time modulation
technology introduced in [7] is essential for implementing the
function of FD-RIS, through which the reflected signals from
the FD-RIS have the property of frequency diversity as the
FDA, and thus can achieve distance-angle beamforming.

First, we introduce a periodic square wave function V'(t)
with period 7 and its expression in the g-th (¢ € Z) period,
ie., t € [gT0, (g + 1)To], is given by

Vi) = {1, gTo <t < gTy+, 0
0, glo+7<t<(g+ 1)t

It is assumed that the FD-RIS is installed with S = M x N

passive elements with indexes m € M £ {1,--- M}, n €

N £ {1,---  N}. For the (m,n)-th element of the FD-RIS,

the time-modulated reflection coefficient can be expressed as

ZT

where Y!  denotes the reflection coefficient in the I-th time
slot of each time modulation period 7j, with slot length 7 =
Toand 1 € A £ {1,---,L}. Here, L is the length of time
modulation sequence coding within a period.

According to the Fourier series expansion theory of the
periodic function, V (¢t — (I — 1)7) can be derived as
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is the Fourier series coefficients and f, = T% is the time-
modulated frequency.

Next, we will describe the signal processing model for the
FD-RIS. Assuming that the signal emitted by the base station
(BS) is denoted as v/Ps(t)e??7fet, where P is the transmitting

power, s(t) indicates the narrow-band complex envelope, and
fe represents the carrier frequency. Once the transmitted signal
approach the FD-RIS, the reﬂected signal can be expressed as

o o(t) = VPs(t)n(dpr) Z Z G2l =Sy, (0),

m=1n=1
where 7(dy, ) represents the large-scale path loss of the signal

with dy,, being the distance between the BS and the FD-RIS.
Also, d™ is the spatial distance between the BS and the
(m,n)-th element of FD-RIS, given as d\" = dp, — (m —
1)d sin(0y,) cos(dpr) — (n — 1)dsin(Oy,) sin(dp, ), where Oy,
and ¢y, are the elevation and azimuth angles of arrival from
the BS to the FD-RIS, d is the distance between two adjacent
elements of the FD-RIS, and c is the speed of light.

According to the derivations in (2)-(3), the signal reflected
by the FD-RIS can be further modeled as

o a(t) = VPs(On(de) Y-y Snsy
ZzL:1 YL apei?m(fetzfolt,

from which we can observe that the FD-RIS can transform the
incident signal into a series of harmonic signals with frequency
(fe + 2f0),z € (—00,4+00). Hence, the FD-RIS introduces
frequency diversity for the incident signal, indicating that it has
the ability to achieve the distance-angle coupling beamforming
by exploring the concept of the FDA antenna.

Based on the expression of Fourier series coefficients a;,,
it is easy to note that the maximum amplitude of the the
harmonic signals decreases as the harmonic order |z| increases.
To facilitate the practical manipulations, we can utilize the
set of harmonic signals with orders in z € [-Z,Z] to
approximately represent the reflected signal.
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III. SYSTEM MODEL AND PROBLEM FORMULATION
A. System Model

Fig. 1 shows a basic system model of the FD-RIS-assisted
wireless communication networks, which comprises a single-
antenna BS, a single-antenna legitimate user (Bob), and a FD-
RIS with S = M x N elements. It is assumed that the line
of sight (LoS) connection between the BS and the user is
obstructed by buildings or trees, which commonly occurs in
far-filed urban communication scenarios.
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Fig. 1. The system model of FD-RIS-assisted wireless networks.

On the basis of the analysis above, the received signal at
the user located at (d.y, 0y, ¢u) can be expressed as

Yy = n(dru)x(t -

mn

h) +n, “4)
C



where 7)(d,,) is the large-scale path loss of the signal from the
FD-RIS to the user with spatial distance d,,. n ~ CN (0, 0?)
represents the additive noise with o2 being the noise power. In
addition, d]"* indicates the distance between the user and the
(m,n)-th element of the FD-RIS, which is given by dJ\" =
dyy — (M —1)dsin(fry) cos(¢ry) — (n — 1)d sin(fry) sin(dry ),
with 6., and ¢,, being the elevation and azimuth angles of
departure from the FD-RIS to the user. Thus, the energy of
the received signal is given by

T
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where IV = (m — 1)d sin(6py) cos(Pbr) + (n — 1)d sin(6p,)
sin(gpr), ™" = (m — 1)dsin(0y,) cos(¢r,) + (n — 1)d
sin(f,y) sin(¢yy, ). From the expression of the received signal
energy, we observe that due to the presence of frequency
diversity, the energy of the received signal is influenced not
only by the angles and but also by the distance between the
FD-RIS and the user. This means that we are able to appropri-
ately design the reflection coefficients of the FD-RIS in order
to effectively control the signal energy focusing towards the
intended location from angle and distance dimensions, thereby
enhancing the SINR of the desired position.

To facilitate the further operations, (4) can be equivalently
re-expressed in the form with matrix manipulation as

y = h{l®h,,s(t) + n, (5)
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In this way, we construct an equivalent channel h{! ®h,,
similar to the traditional RIS, where hy, and h,, respectively
represent the equivalent channels between the BS and the FD-
RIS as well as between the FD-RIS and the user, and © is the
equivalent reflection coefficient matrix of the FD-RIS. Hence,
the achievable communication capacity of the system can be
— log, (1 + [hfZeh,,|’ /gz)

expressed as R

B. Problem Formulation

In order to assess the capability of the FD-RIS, we for-
mulate an optimization problem to maximize the achievable
communication rate as below

max R,
Y. fo
t. fminSfOSfmaxv

L eG meM, neN,lcA,

(6a)
(6b)

where foin and fiax indicate the lower and upper bounds
of the time modulation frequency fy. It is assumed that the
FD-RIS possesses the b-bit phase shift resolution for each
reﬁectlon coefficient Y! . and thus G £ {p, = I15E lg =

1,---,Q}, @ = 2° Through jointly optimizing fy, and
Y = {Y. .}, the FD-RIS’s equivalent reflection coefficient
matrix, i.e., ®, can be effectively designed. Actually, the
optimization problem (6) is difficult to solve, due to the non-
convex objective function and the discrete variable Y., . Next,
we propose an optimization algorithm based on the CEO
framework to address these challenges.

IV. ALGORITHM DESIGN

The CEO framework is a probability-based learning tech-
nique utilized to solve complex problems [8]. Its fundamental
idea can be summarized as: (i) Producing potential solutions
from the sampling distribution characterized by the tilting
parameters, and evaluating these solutions by calculating the
corresponding objective function value. (ii) Updating the tilt-
ing parameters of the sampling distribution involves min-
imizing the cross-entropy between the current distribution
and reference distribution derived from these highly effective
solutions; (iii) Continuously generating new samples based on
updated parameters until the difference in objective function
values between iterations meets a set threshold.

A. Design for sampling distribution

To effectively address the optimization problem using the
CEO framework, it is imperative to initially establish two
suitable sampling distribution models to generate the discrete
variable Y!  and the continuous variable fy, respectively.

1) Sampling distribution model for the reflection coefficients
in Y: Let Y= {7}7 P SL = [’7,{, a’YZv"' 77£]T €
CP>*1 Note that each entry in 7 can be mapped into a specific
reflection coefficient in Y effortlessly. To construct a stochas-
tic vector v, we can sample each -y, independently from the
obtained or pre-determined discrete probability distribution
[Pp1,-++ s Ppg, -+, Ppg] comprising of () probability values
where P, = Pr(Z,(v) = ¢4) represents the likelihood of the
p-th entry in - selecting the ¢-th element in G, and satisfies
23:1 P,y = 1. A matrix denoted as P = [P,,] € RF*? can
be constructed by aggregating all probabilities. Therefore, the
joint sampling distribution of « can be parametrized by P,
which is given as

P Q
F(v;P) = H Zquﬂ{Ip(—y)wq}, (7N
p=1qg=1
where 1.y represents the indicator function for a event, and
Z,(a) denotes the p-th entry of the vector a.

2) Sampling distribution model for the modulation fre-
quency fo: Different from the reflection coefficients, the
modulation frequency fy is a continuous variable. Here, the
Gaussian distribution is a prevalent and optimal selection for
generating random modulation frequency fy [9]. Hence, the

sampling distribution fo can be expressed as F(fo;0;u) =
(fo—n)z
\/2L e~ 252, where 6% and p represent the variance and

mean of the Gaussian sampling distribution, respectively.



3) Joint sampling distribution model: According to the
analysis above, the joint sampling distribution for handling
optimization problem (6) can be expressed as

=Z(v:P) x F(fo:0; 1), ®)

where p £ {P,&, 1} denotes the tilting parameter set of the
joint sampling distribution, and the sampling solution denoted
by E £ {~, fo} can be generated from .7 (Z; p).

F(E; p)

B. Updating Formulas for Tilting Parameters

As mentioned before, the CEO framework updates the
tilting parameters by minimizing the cross-entropy between
the current sampling distribution and the reference sampling
distribution derived from the top-performing feasible solutions.
Specifically, we first produce K feasible samples {Ek}fle
based on the joint sampling distribution in (8), and then cal-
culate the objective function value R(Zj) of each candidate.
To identify these highly effective solutions, the generated
candidates {Ek}szl are ranked by their corresponding ob-
jective function value in the descending order. The candidate
that possesses the k-th largest objective function value is
re-denoted as E[k], which means R(Ep;) > R(Ep) >

> R(Ep), > R(E[k). The first Klit® = oK
samples are selected to form the elite set, denoted by S =
{Eu ", where g € (0,1) indicates the percentage of the
top-performing samples chosen for the elite set.

The selected top-tier candidates will be employed to es-
tablish the reference distribution, and the tilting parameters
will be adjusted by the obtained solutions that minimizing the
cross-entropy between the present distribution .% (+; p) and the
reference distribution. As presented in [8], the cross-entropy
optimization problem can be equivalently transformed as

Kellte

Zln
Q

Y Pyy=1,VpeP&{l,-- P}

q=1

max

(%a)

which is non-convex with mixed discrete and continuous
optimization parameters. Actually, the Lagrange multiplier
method can be leveraged to effectively handle the optimization
problem (9). To utilize this approach, we first construct the
Lagrange function of problem (9), which is given by

elit
i L_K kKl lnj( (k] P)+Zp 1€p(zq 1 Pog—1),
where ¢, is the Lagrange multiplier associated with the equal-
ity constraint in (9a). The first-order partial derivative of the
Lagrange function versus P, ¢ and p can be derived as
Kelte 1izy(v)=eq}

oL _ 1
® 9P, = K Zuk=1 Py +é€p, Vp € P,
% 1 Kehte ((fo) (k] — #) Kellte0_2
® 95 T K Lek=1 )
oL _ 1 K M
® ou T K Zuk=1 52 .
Let —8‘?5 =0, g/g =0 and aﬁ = 0, we have the closed-form
solutions given below
Kelite
P — k=1 YZp(vp)=va} _ felite
¢ fpg = T Ke, PP T K

Kehte

\/ SE (fo) p—1)? (fo)iag
K@hte ) Kehte

To mitigate the risk of converging towards local optimal
solutions for the CEO-based algorithm, here a smoothing
method commonly used in reinforcement learning is applied
during successive iterations to adjust the tilting parameters.
Hence, the tilting parameters for the i-th iteration are modified
according to the subsequent approach:

P« &P + (1 - P, (10)
¢ — 60 4 (1 -¢)glY, (11)
p = el 4+ (1= ubh, (12)

where £ € (0, 1) denotes the smoothing parameter, < denotes
the assignment operation. K novel feasible candidates will
be generated utilizing the revised tilting parameters, followed
by the selection of elite solutions for updating the tilting pa-
rameters in the next operations. The proposed algorithm faces
a challenge in evaluating the objective values of K feasible
solutions, resulting in a computing complexity of O(LK),
where L is the number of iterations. Notably, the algorithm’s
computational complexity is much lower compared to various
convex optimization algorithms.

V. NUMERICAL RESULTS

To evaluate the potentials of the designed FD-RIS in
improving the system capacity and the effectiveness of the
proposed CEO algorithm (FD-RIS CEO), the numerical sim-
ulations are implemented in comparison with two general
benchmark schemes, i.e., the genetic algorithm (GA) scheme
(FD-RIS GA), the traditional RIS-aided scheme with the
proposed CEO method (RIS CEO) and the GA method (RIS
GA). We consider the following parameters: Z = 3, L = 7,
fo = 28 GHz, fmin = 100 KHz, fnax = 280 KHz, b = 2,

2 = —110 dBm, & = 0.65 and d},, = 30 m. The large-scale
path-loss model 7(d) = —30 — 22log d dB [10] is leveraged.
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Fig. 2. The generated beam pattern with S = 100, P = 30 dBm, target user
position (dry = 150 m, 6y = 90° and ¢y = 30°): (a) the beam pattern of
the FD-RIS, (b) the beam pattern of the conventional RIS.

Fig. 2(a) and 2(b) display the beam patterns of the FD-
RIS and conventional RIS, respectively, considering a target
user with position at (dy, = 150 m, 6., = 90°, ¢, = 30°).
Note that the amplitudes in the beam patterns signify the
received signal power at various locations, we disregard the
path loss effects in order to see the difference between two
schemes. Compared with the RIS that can only control the
angle dimension as shown in Fig. 2(b), it is easy to observe that
the FD-RIS definitely has the capability to control the incident
signals from joint distance-angle dimensions and concentrate



more signal energy to the target user as shown in Fig. 2(a). It is
worth noting that more than three times of signal energy can be
transmitted to users with the assistance of FD-RIS compared
to the result with the assistance of the RIS (25327.9 versus
8064.48). The beam pattern results clearly demonstrate that
the considerable potential of the FD-RIS.
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Fig. 3. The achievable rate versus S Fig. 4. The achievable rate versus the
with different transmit power (P). transmit power (P) with S.

The effects of the number of elements .S on the achievable
rate are investigated considering different the transmitting
power and user’s locations, as shown in Fig. 3. Specifi-
cally, the attainable rates demonstrate positive correlations
with the number of elements deployed on RIS across all
scenarios, due to the fact that more elements can provide
more degrees of freedom to control beamforming toward the
user. Additionally, compared with the GA, which has the
probability of finding the global optimal solution, the proposed
CEO algorithm demonstrates a slight performance advantage,
thereby confirming the effectiveness of the proposed method.
The proposed FD-RIS-assisted scheme exhibits a discernible
performance advantage compared with the RIS-aided schemes
including RIS CEO scheme and RIS GA scheme (over 1.3
dB improvement). It is worth noting that the FD-RIS can
achieve the same performance gain as the RIS even when
the number of elements is reduced by more than 35%. These
underscore the potential of the FD-RIS in augmenting far-field
communication performance.
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Fig. 5. The achievable rates of the FD-RIS with 1-bit and the RIS with
different b, considering different S and P.

In Fig. 4, we investigate the varied correlation of the
achievable rate with BS’s transmit power P considering d-
ifferent S and target user locations. Specifically, we can find
that the attainable rates show an almost linear growth as P
rises for all cases, due to the fact that more energy can be
used for transmissions. Furthermore, it is observed that the
suggested FD-RIS-aided scheme shows an approximate 1.4
dB improvement in system capacity when contrasted with the
RIS-aided scheme.

In Fig. 5, we further compare the achievable rate be-
tween the FD-RIS with 1-bit quantization FD-RIS with b-
bit quantization traditional RIS considering different S and
P. Specifically, the conventional RIS involves phase-shifts
ranging from 1-bit to 4-bit as well as continuous phase-shifts.
The obtained results indicate that despite employing the lowest
precision phase-shift (1-bit), the FD-RIS still demonstrates
significant performance advantages even when compared to
the RIS with continuous phase-shifts. In other words, under
equivalent performance constraints, the FD-RIS can satisfy
requirements using lower phase-shift accuracy, which greatly
facilitates the practical implementation of the FD-RIS.

VI. CONCLUSION

In this paper, we initially design the FD-RIS which can
achieve joint distance-angle beamforming to further enhance
the wireless communication performance. Specifically, we first
derive the signal processing model of the FD-RIS-supported
wireless networks to verify the frequency diverse ability of the
FD-RIS. Then, we formulate an optimization problem aimed at
maximizing user’s achievable rate by jointly designing the time
modulation frequency and reflection coefficients of the FD-
RIS. A novel iterative algorithm utilizing the CEO framework
is designed to efficiently address the non-convex optimization
problem. The simulation results indicate that the joint distance-
angle control capability achieved by the FD-RIS has promising
potentials to break through the performance limitation of the
far-filed communications.
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