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Abstract— Reconfigurable intelligent surface (RIS) is a key
potential technology for the sixth generation wireless commu-
nication. The deployment of RIS in wideband communication
systems can effectively mitigate severe path loss and against the
blockage of line-of-sight path, which can improve transmission
gain and enhance communication quality. However, with the
increase of RIS array and bandwidth, beam-squint effect will
occur and seriously damage the performance of communication
systems. In this paper, we first establish a holographic RIS-aided
wideband communication system model from the perspective of
the electromagnetic wave propagation theory. Then, we analyze
the holographic RIS electromagnetic characteristics under the
beam-squint effect. Further, we derive the angle spread range,
3dB beam bandwidth, and beam coverage range to analyze the
regularities of beam offset. Besides, we propose a new codebook
design scheme to address the impact of the beam-squint effect.
Finally, we introduce the true-time-delay (TTD) lines into the
holographic RIS structure to mitigate the beam-squint effect.
The simulation results reveal the influence of the beam-squint,
and also verify the mitigation effect of TTD lines on the beam-
squint effect.

Index Terms— Reconfigurable intelligent surface (RIS), holo-
graphic, beam-squint, electromagnetic characteristic analysis,
true-time-delay (TTD) line.

I. INTRODUCTION

ECONFIGURABLE intelligent surface (RIS) is consid-
ered a promising technology in the sixth generation
wireless communication networks due to its ability of flex-
ibly modifications the wireless propagation environment [1].
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Specifically, RIS consists of numerous low-power con-
sumption and low-complexity hardware elements, which
can adjust the phase and polarization of the electromag-
netic waves, thereby enhancing the transmission gain [2].
To satisfy the high data rate and rich available bandwidth,
mmWave/Terahertz communication has attracted extensive
research [3], [4], [5]. Due to the small size of wideband
mmWave/Terahertz electronic components, RIS is easier to
implement in the wideband system. According to the elec-
tromagnetic propagation theory, wideband signal propagation
mainly relies on line-of-sight (LoS) path and faces significant
path loss, which can cause serious degradation in communi-
cation performance. The integration of RIS in the wideband
system has been proposed as a promising solution to prevent
the blockage of LoS path, compensate for path loss, and
enhance communication quality [6].

Some researchers have commenced the application of RIS
for wideband communication systems [7], [8], [9], [10], [11].
In [7], Zhang and Dai jointly designed the precoding at base
station (BS) and RIS to maximize the network capacity in
a wideband RIS-aided cell-free network. In [8], Lin et al.
proposed an adaptive transmission protocol to execute chan-
nel estimation and passive beamforming simultaneously for
the wideband RIS-assisted OFDM system. In [9], He et al.
designed a delay matching based scheme to decouple the
multi-RIS design to reduce overhead and limit feedback.
In [10], He et al. proposed a channel estimation method via
atomic norm minimization and exploited the prior information
of objects to improve the estimation accuracy. In [11], He et al.
utilized a majorization-minimization-based iterative approach
to optimize the RIS passive beamforming.

However, as the size of the RIS array and the transmission
bandwidth increase, the delay difference among array ele-
ments can not be ignored. The beam-squint effect will occur,
which directs the beam in different directions on different
subcarriers, leading the communication performance degrada-
tion [12], [13], [14]. Recently, some works have considered
the beam-squint effect in RIS-aided wideband systems [15],
[16], [17], [18], [19], [20]. In [15], Sun et al. modeled the
beam-squint effect of RIS and utilized true-time-delay (TTD)
lines to mitigate the impact of the beam-squint effect on sys-
tem performance. In [16], Chen et al. proposed an optimized
design for RIS beamforming in LoS and NLoS communication
under the beam-squint effect. In [17], Yuan et al. designed
two neural networks to calculate the BS hybrid precoding
and RIS beamforming, respectively. In [18], Ma et al. pro-
posed a two-stage orthogonal matching pursuit algorithm to
estimate the RIS cascaded channel under the beam-squint
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effect. In [19], Gao et al. proposed the virtual sub-array based
and TTD based wideband hybrid beamforming approaches
to eliminate the impact of beam squint. In [20], Chen et al.
exploited the full channel state information to design hybrid
transmit precoding, which projected all frequencies to the
central frequency and constructed the common analog hybrid
precoding matrix.

In above works, the authors modeled RIS as a phase
shift diagonal matrix. The RIS cascaded channel model is
a cascaded form of transmitter-RIS channel, RIS phase shift
diagonal matrix, and RIS-receiver channel. Although the
model is intuitive and facilitates straightforward analysis, it is
too simplistic to reflect the mechanism of the interaction
between RIS and the incident electromagnetic field. The model
is not fundamentally different from that in traditional MIMO
systems. It fails to analyze the electromagnetic characteris-
tics of the RIS adequately. This may result in the designed
algorithms being too simple to match the electromagnetic
characteristics of RIS and the inaccurate evaluation of system
performance.

In RIS-aided communication systems, one of the key issues
is to find a reliable and universal electromagnetic model
that accurately describes the electromagnetic nature of the
RIS. Some researchers are dedicated to studying the RIS
from the perspective of the electromagnetic wave propagation
theory [21], [22], [23], [24], [25]. In [21], Luo et al. established
the RIS scattered models, which can better describe the actual
scattering characteristics. In [22], Tang et al. established a
path loss model for RIS in free space. In [23], Bjornson and
Sanguinetti utilized the Green function to model the channel
from the transmitter to RIS. In [24], Dardari represented the
RIS-aided communication model as several discrete modes by
orthogonal basis decomposition. In [25], Bai et al. utilized an
electromagnetic model based approach to estimate the received
signal and channel matrix.

Furthermore, the concept of holographic RIS has attracted
much research interest recently [26], [27], [28], [29], [30],
[31], [32], [33]. The characteristic of holographic RIS is to
integrate a large number of small and inexpensive reconfig-
urable components into a holographic array with a spatially
continuous aperture [26], [27], [28]. In [29], Zhao et al. pro-
posed a novel compensation method and a vortex beam-based
approach, which could achieve the multi-pair data streams
transmission with low interference and further reduce the LoS
channel correlation. In [30], Wei et al. joint designed the
digital, holographic, and passive beamforming to maximize
the radar performance and ensure the communication quality.
In [31], Ma et al. utilized the holographic principle and Hall
effect to design holographic RIS to accomplish communica-
tion without channel estimation. In [32] and [33], authors
separately utilized the physical optics technology and surface
equivalence theorem to model the scattered field expression
of holographic RIS, and then derived the path loss model of
holographic RIS-aided communication system.

Most of works adopt the RIS phase shift diagonal matrix
model to analyze the beam-squint effect. However, in the
works on electromagnetic characteristics of holographic RIS,
the beam-squint effect is rarely considered. Hence, in this
paper, we will analyze the electromagnetic characteristics of
the beam-squint effect in holographic RIS-aided wideband
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communication systems from the perspective of the elec-
tromagnetic wave propagation theory. Our contributions are
summarized as follows.

o We establish a holographic RIS-aided wideband com-
munication system model from the perspective of the
electromagnetic wave propagation theory. The physical
equivalence principle and physical optics technology are
utilized to derive the equivalent current density. Subse-
quently, we obtain the closed form solution of scattered
field in wideband far-field scenarios. The holographic
RIS phase mode is designed according to the generalized
Snell’s law of reflection.

e We derive the normalized radiation pattern of holo-
graphic RIS’s scattered electric field and show the
phenomenon of the beam-squint effect. Furthermore,
we derive the expression of normalized radiation patterns
under one-dimensional observation and introduce the new
angle space to simplify the expression. In order to clearly
describe the impact of beam-squint effect, we define the
angle spread range and 3dB beam bandwidth and analyze
the regularities of beam offset.

o We derive a closed form solution for the beam coverage
range. In order to address the impact of the beam-squint
effect, a new codebook design scheme is proposed, which
covers the target area with the smallest codebook size.
Besides, we introduce the TTD lines into the holographic
RIS structure. The beam-squint effect can be mitigated
by designing the holographic RIS phase shift and the
delay of the TTD lines. The simulation results reveal the
influence of different system parameters on the minimum
codebook size, and also verify the mitigation effect of
TTD lines on beam-squint effect.

The rest of this paper is organized as follows. Section II
introduces the model of the holographic RIS-aided wideband
communication system model from the perspective of the
electromagnetic wave propagation theory. Section III analyzes
the holographic RIS electromagnetic characteristics under the
beam-squint effect. Section IV proposes a new codebook
design scheme based on the beam-squint effect. Section V
introduces the TTD lines into the holographic RIS structure
to mitigate the beam-squint effect. Finally, simulation results
and conclusions are provided in Section VI and Section VII,
respectively.

Notation: Vectors and matrices are denoted in bold font;
a x b represents the vector cross product of a and b; al,—g
represents a in the case of the x-y plane; | - | denotes the
absolute operator; || - || is the l3-norm operator; [-] represents
the ceiling operator.

II. SYSTEM MODEL

We consider a holographic RIS-aided wideband communi-
cation system, where the holographic RIS is deployed between
a single-antenna transmitter T and a single-antenna receiver
R. The electromagnetic wave emitted by T is scattered by
the holographic RIS and then arrives at R. Without loss of
generality, we assume that the direct link from T to R is
blocked. Besides, we assume that the electromagnetic wave
is almost concentrated on the LoS path between holographic
RIS and transmitter/receiver [32], [33]. The holographic RIS
is a rectangular plate of size a X b, and its thickness is
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Fig. 1. Holographic RIS-aided wideband communication system.

TABLE I
LIST OF MAIN VARIABLE NOTATIONS

Parameter Notation
The length of holographic RIS rectangular plate
The width of holographic RIS rectangular plate

The transmission bandwidth
The center frequency
The partial bandwidth
The speed of light
The frequency of the m-th frequency point
The wave number at frequency f,
The phase shift of Holographic RIS
The electric permittivity
The magnetic permeability
The equivalent electric current density
The equivalent magnetic current density
The length/width of sub reflection surface
The phase mode of the (%, ¢)-th sub reflection surface
The delay of the (¢, g)-th TTD line

negligible compared to the horizontal size. Moreover, the
holographic RIS is located along the x-y plane spanned by
e, and e,, whose center is exactly located at the origin,
as shown in Fig. 1. We denote the region occupied by the
holographic RIS as S, the distance from T to the center of
the holographic RIS as d;, and the distance from the center of
the holographic RIS to R as r. M frequency points are used
for the communication system. The transmission bandwidth
and center frequency are denoted as B and f., respectively.
The frequency of the m-th frequency point can be expressed
as fp,, where f,, = fc—g—}—(m—l)%,m: 1,2,--- , M.
To further improve the readability of this paper, we summarize
the notations of some main parameters in Table 1.

We assume that T and R are both in the far field of the
holographic RIS, and thus the electromagnetic waves between
holographic RIS and transmitter/receiver can be approximately
considered as the uniform plane waves. Denote the incident
elevation angle and the incident azimuth angle as 0; € [0, 7)
and ¢; € [0,2m), respectively. Without loss of generality,
we assume that ¢; = 37” and the incident electromagnetic
field is transverse magnetic £ mode, which means that the
electric field possesses the  component while the magnetic
field possess both y component and z component. The incident
electric field E; ,,, and magnetic field H, ,, at frequency f,,
can be separately expressed as

Ei 7n:Evie—jk’m(sin((%)y)—COS(Oq',)Zea:7 (1)
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Fig. 2. (a) The original problem. (b) The physical equivalent result to the

original problem.

E;, . e )
H; = —¢ 0 Fm (in0v)=eos(0)2) co5(9; e, +sin(6;)e.), (2)
n

where FE,; denotes the magnitude of the incident electric
field, n = £ is the magnetic permeability,  is the electric
permittivity, € is the magnetic permeability, k,,, = % is the
wave number corresponding to f,,, and c is the speed of light.
The scattered electric field and magnetic field at frequency f,,
are denoted as EF, and HE ., respectively.

The key to obtaining the scattered fields EF, and HY,
lies in the calculation of equivalent electric current density J
and equivalent magnetic current density M, which depend on
the incident field and the RIS phase mode. We first assume
that the holographic RIS is replaced by a perfect electric
conductor (PEC), which is a common assumption in most
of the electromagnetic analysis works about the holographic
RIS [32], [33]. We denote the region above and below the
PEC as V5 and V7, respectively. The scattered electric field
and magnetic field of the PEC at f,, are denoted as Efﬁp
and HQ;P , respectively. The superscript R — P means
that the holographic RIS is replaced by a PEC. There are
incident fields E; ,, H; ,,, and scattered fields EF -7 HE P
in V5 and no fields in V). According to the electromagnetic
boundary conditions, we can derive the following relations

e. X (Bim +EN )20 =0, 3)
e X (Hi,m + ngp)lzzo = 6’;; (4)

where J{. is the equivalent electric current density. The
electromagnetic scattered equation requires that there is only
the field that needs to be solved in V5. Besides, the electro-
magnetic scattered equation can only be applied in the same
media environment without barriers, while the medium of V5 is
different from that of V;. Hence, J{; can not be directly
applied to the electromagnetic scattered equation to solve the
scattered fields.

Now, we introduce the physical equivalent to determine
the expression of equivalent current density. Fig. 2 describes
the physical equivalent result of the original problem. After
using physical equivalence, we can make only scattered fields
Ef:'m and Hﬁm exist in V5, and the medium of V; is set
to be the same as that of V5, satisfying the conditions of
using electromagnetic scattered equation. Besides, the fields
in V; are set to —E;,, and —H;,,. In order to satisfy
the electromagnetic boundary conditions, we introduce new
equivalent current density J7% and equivalent magnetic current
density M7} at the boundary of V; and V5, which can be
separately calculated as

Jﬁ =e; X (Hfm_qu - (_Hi,m)) ’2207 (5)
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M = e x (B

s, m

(=Eim))|,_,=0. (6

According to (5) and (6), the scattered fields are only deter-
mined by the equivalent current density J7. at f,,, which
avoids the process of using the equivalent magnetic current
density MT7.. However, the equivalent current density J7
is related to Hf;’P , it is impossible to solve the unknown
scattered fields at this moment. To deal with this prob-
lem, we further utilize the physical optics technology, which
assumes that for a large and flat PEC, the tangential component
of the incident magnetic field and the scattered magnetic field
at the surface is the same [34]. Under this assumption, J7
can be approximately expressed as
m _ o Bim ok sin@)yr o0,

Ji =2 ) e cos(6;)e;. 7
After approximation by the physical optics technology, the
equivalent current density J7. is completely known.

To further determine the scattering field of RIS, it is
necessary to incorporate the phase mode of the RIS into the
equivalent current density. Therefore, the actual equivalent
current density should be represented as J7¢/5(*r-¥r) Further,
we can calculate the vector potential A [34] at an arbitrary
observation point p = (Z, ¢, ) as

i derdyy ®)

where v, = (2, yr, 0) is the arbitrary point on the holographic
RIS. With the help of the transformation relationship between
Cartesian and spherical coordinate systems

ep = cos(0) cos(p)ey + cos(0) sin(¢p)e, — sin(d)e,,
ey = —sin(¢)e, + cos(d)ey, )

the scattered electric field Efm within the observation angles

(0, ¢r) at fp, can be appr0x1mated as

B2 0 000=3 Z O [foso,)con(o e

_ sin(gbr)e(/))ejﬁ(z’“yr)ejk’"“(“’y’“)dxrdyr,
(10)

where r = ||p|| represents the distance from the observation
point to the center of the holographic RIS, and u(z,,y,) =
—y,sin(0;) + x, sin(0,.) cos(¢,.) + y. sin(6,.) sin(e,.).

The generalized Snell’s law of reflection can scatter the
incident wave towards any direction by designing the RIS
phase [35]. If we intend to maximize the energy of ES m
the direction of angles (6, ¢s) at f,,, the phase shift should
be designed from the generalized Snell’s law of reflection as

B, yr)=km(yr(sin@;)—sin@y)sin(ps)—x,sin@s)cos(py). (11)

The RIS is not a frequency selective device, meaning that
the RIS phase shift operation can not change with frequency.
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To ensure the overall performance among all frequencies, the
holographic RIS phase mode is generally designed as

B@r, yr)=kdy, (sin@;)—sinOs)sin (¢s))—z,sin @) cos@s)).

where k. = @ represents the wave number corresponding
to center frequency f.. It can be seen that the design criterion
of (12) is only optimal for f. and not optimal for the other
frequencies, which will cause the beam-squint effect.
Substituting (12) into (10), we can obtain the closed-form
solution of the holographic RIS’s scattered electric field as

(12)

ab cos(0;) E;eIkmT

s m( T QS'F) - \r (COS(GT) COS(¢T)e9
- sin(¢,.)e¢)Sa(gu1)Sa(l;uQ) (13)
where Sa(z) = w, up = ke(§nsin(0,) cos(dr) —

sin(fs) cos(s)), and ug = k(& (sin(6,.) sin(g,.)
sin(fs) sin(¢s) + sin(6;)).

—sin(6;))—

IIT. ANALYSIS OF HOLOGRAPHIC RIS ELECTROMAGNETIC
CHARACTERISTICS UNDER THE BEAM-SQUINT EFFECT

We define the normalized radiation pattern of holographic
RIS’s scattered electric field at f,, as

12

Sn,m(9i705a9m¢sa¢r) = H m

~ [[EF “4)

S m||maa:

Substituting EF, (6, ¢,-) into (14), we can derive the normal-
ized radiation pattern of holographic RIS’s scattered electric
field as (15), as shown at the bottom of the page. In a two-
dimensional scene, the angles corresponding to the maximum
energy of S, ., (0;,0s,0,,ds,¢,) will gradually approach
(05, 0s) as the size of RIS increases. This is because that
the influence of (cos?(6,.) cos?(¢,.) +sin®(¢,)) will gradually
decrease with the increase of RIS size, which makes the
Sa function dominant in S, n,(6;,6s,0,, ¢s,¢,) when the
observation angles (6., ¢,.) change. Hence, we only focus on
the influence of the Sa function and redefine the normalized
radiation pattern as

2
Sn,m(ei,es,er,%@):(Sa(gul) Sa (Sug)) . (16)

where u1 = k.(§m sin(6,) cos(¢y) — sin(6s) cos(ds)), uz =
ke(€m (sin(0,.) sin(¢,.) — sin(6;)) — sin(0s) sin(¢s) + sin(6;)),
and &, = 7= Tepresents the ratio of the current frequency to
the center frequency. In particular, when (0,., ¢,.) = (05, ¢s),
the normalized radiation pattern can be rewritten as

2
Sn,m(oh 05,05, ¢s, ¢5) = (Sa (guiﬁ’) Sa <gu4>) , (A7

where uz = k.(§, — 1)sin(0s) cos(¢s) and ug = ke(Em —
1)(sin(8s) sin(gs) — sin(6;)).

2
S (0i, 05, 0,, s, ¢r) o (cos?(6,) cos®(¢,.) + sin®(¢,)) <Sa (gul) Sa <;’uQ>) ;

15)
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Besides, according to the properties of Sa function, the
angles (0,"0%, ¢7"57) corresponding to the maximum energy

satisfy
Emsin(0;5" ) cos(@)" ) —sin(fs) cos(¢s) =0,
(18)

o )—SINOg)sin(@ )€ —Dsin@,)=0. (19)

When ¢, # 7, 37“ and 0; # 0, we can derive 0,777
and ¢;"7" as (20) and (21), as shown at the bottom of
the page, and the derivation process can be found in the
Appendix A. It can be seen that when f,, = f., we have
(07", o) = (05, ¢s), i.e., the angles corresponding to the
maximum energy are exactly the desired angles. If f,, # f,
we have (0,70, ¢770F) # (05, ¢s), i.e., the angles correspond-
ing to the maximum energy deviate from the desired angles,
which is the most intuitive phenomenon of beam-squint effect,
as shown in Fig. 3.

Subsequently, we consider three special cases: ¢s = 7,
¢s = 3% and 6, = 0. Taking ¢s = I as an example, we can

2
rewrite (18) and (19) as

Emsin(0,"" )sin(

£msin(9f,%m)cos( ;”f,’f) =0, (22)
Emsin(0,"" )sin(@)n" ) +sin(0s) — (£ —1)sin(0;) =0. (23)

sin(—0s)+(&m—1) sin(6;)

For > 0, the angles correspond-
ing to the maximum energy can expressed as 0% =

r,m
arcsin (Sin(_95)+(5m_1)5i“(9i)) and o™ = T For

r,m 2
—sin(fs)+(&m—1) sin(

%) < 0, the angles corresponding to the

m

. maxr __ : sin(—=0s)+(&m—1) sin(6;)
maximum energy 60;"5° = — arcsm( e .
and ¢ = 3% Hence, if we set the incident angle ¢; = 21,

the desired angles ¢, corresponding to the maximum energy
always satisfies that ¢, = 5 or ¢, = 37”, which means that
the angles (6,757, ¢}"7) at any frequency must be on the y-z
plane. In the cases of f; = 0 and ¢ = 7, the conclusion is the
same. It is reasonable to carry out one-dimensional observation
on the y-z plane in these three cases, and (16) can be rewritten

as

TR L. O i St I ) ’
n,m\U4UsUr, %k;c(gm(sin(ar)—sin(es)—(gm_]_)Sin(ai)) )
24

where the domain of definition of #4 and 6, is extend to
(=%, %). When 0, takes a negative value, its observation point
is located in the left half plane of the y-z plane; when 6, takes
a positive value, its observation point is located in the right
half plane of the y-z plane. Similarly, the positive and negative
of 65 determines the position of the angle corresponding to the

maximum energy.
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Fig. 3. (a) The 3-dimensional view of the beam-squint effect. (b) The vertical
view of the beam-squint effect.

We can further derive the angle ;"% corresponding to the
maximum energy at f,, as

0" = arcsin (Sin(eS) +(Em = 1) Sin(ei)) .

’ Em
Then, we set Sy, (6;,0s,6,) = 0.5 and solve for the value
of |6, —6;"%*|. By doubling the value of |0, — #]"77], we can

calculate the 3dB beam bandwidth at f,, in 6 space as

c
BW,, = \V6— &
Wi \/éwam cos(fmaz) ’

(25)

(26)

where the detailed derivation can be found in Appendix B.
In addition, we define a virtual angle space ¥ to replace

75 — axcsim \/ (i) cos<¢s>>2 \ (Ssine) + (6 =) sin(e,->>2 | 0
mazx __ Sin(as) Sin(¢5) + (gm — 1) Sln(al)
rom = arctan ( Sin(0,) cos(62) > . 21
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physical angle space 6, and their mapping relationship can
be represented as

U = sin(f), (27)

where ¥ € (—1,1). Correspondingly, we have ¥; = sin(6;),
U, = sin(f;) and ¥, = sin(f,). Subsequently, {6;, ¥;}
are collectively referred to as incident angles, {0, U} are
collectively referred to as the desired angles, and {0,., ¥,.} are
collectively referred to as observation angles. The normalized
radiation pattern of holographic RIS’s scattered electric field
in ¥ space can be expressed as

Sin ko€l — W, — € —1)¥)\
%kcgm(\:[]’r’_\:[ls_(gm_]‘)\l/i) '

S;Ilym(\:[}ivqjs,\:[jr):<
(28)

Similarly, we can derive the angle W}"2* corresponding to the
maximum energy at f,,, in U space as

_ lI/s + (gm - 1)\111’
&m '

The 3dB beam bandwidth at f,,, in U space can be calculated
as

maxr __ 43 max
\IJr,m - Sln(er,m )

(29)

Cc
ﬂ-bfm '

where the detailed derivation can also be found in Appendix B

BWY =6 (30)

We can observe that BW,Y is inversely proportional to the
size b of the holographic RIS and varies with frequency f,,.
Besides, BW% is more concise than BW,, in expression.
In the subsequent content of this section, we will utilize
¥ space to analyze the beam width. Specially, we define
BWf’ =6 Trbcf . Besides, we can find that the direction of
the beam-squint ‘effect is regular. For U, > U, if &, > 1,
we have U, > \Il;’%”, and if &,, < 1, we have U, < \I!;"ﬁf
For ¥, < W, if &, > 1, we have ¥, < W0%, and if
&n < 1, we have U, > \I';’},‘};”. In other words, the relationship
between the incident angle and the desired angle determines
the direction of beam offset at different frequencies. Besides,
in U space, we can define the angle spread range as the
absolute value of the difference between the angles with the
maximum energy corresponding to the highest frequency and

the lowest frequency, which can be calculated as

max mazx ho
AS = ‘\II’!‘,]\/[ - \I’r,l | = h2 o (€1}
1

where h = fg represents the partial bandwidth, and AS
increases with the increase of partial bandwidth h and desired
angle U,.

IV. BEAM COVERAGE ANALYSIS AND CODEBOOK DESIGN
SCHEME BASED ON BEAM-SQUINT EFFECT

In this section, we use G(¥,) to represent the holographic
RIS phase mode, which is equivalent to a codeword corre-
sponding to the desired angle V. We define the beam coverage
of B(¥y) as

RPBW,)={¥,€[-1,1]:miny,, Sy, (¥;, ¥, U)>S7 ), (32)
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\E

Fig. 4. Tllustrations of the angle spread range, 3dB beam width and beam
coverage range.

where S} is the threshold and generally set to 0.5. The
performance at all frequencies is required to be higher than
the threshold [36]. The width of R(B(¥s)) is defined as
I(R(B(¥s))), which represents the beam coverage range.
Noted that the angle spread range AS, 3dB beam width BW,¥
and beam coverage range [(R(G(¥y))) are three different
concepts. BW,¥ is only used for a specific frequency, which
is the width from the 3dB point on the left to the 3dB
point on the right of the corresponding radiation pattern.
AS and I(R(B(¥s))) are defined for all frequencies, and
AS is the difference between the angles with the maximum
energy corresponding to the highest frequency and the lowest
frequency. Fig. 4 vividly shows the relationship among AS,
BWY and I(R(B(,))).

Taking U, < ¥; as an example, under the narrow band
assumption, we have [(R(B(¥,))) = BWY, that is, the
width of the AB segment. Under the wideband assumption,
I(R(B(¥s))) should be the width from the left 3dB point
corresponding to the highest frequency to the right 3dB point
corresponding to the lowest frequency, that is, the width of the
CD segment. Specifically, the coordinates of points él B, C
and D in the Fig. 4 can be obtained as py = ¥, —

BWC —

2 s PB =
/] BW(:P 1 — pmaz BW]%’I d 1 — pmaz N
st == Pc =¥,y — —5 - and pp = W4 2

Hence, considering the beam-squint effect, we can derive the
actual coverage range [(R(8(¥y))) as

B0+ BWY (00 + 4

UR(A(Y) === =y

. (33)

Similarly, if considering ¥, > U,, the coordinates of points

C and D can be denoted as pg, = W — BVZVIP and p?, =
o
wrar — BUAL At this time, [(R(B(T,))) is the width from

the left 3dB point corresponding to the lowest frequency to
the right 3dB point corresponding to the highest frequency,
which can be expressed as

(U 0) + BWY | —h(U—0)+ e

1 1
—In2 1—1n2

HR(B(Y))) =
(34)
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The difference between (33) and (34) is the sign of the term
h(Us—T;). It can be seen that [(R(5(¥,))) depends on partial
bandwidth h, center frequency f., the size b of holographic
RIS and the absolute value | ¥, — ;| of the difference between
the desired angle and the incident angle. To be specific, the
closer the distance between the desired angle and the incident
angle, the greater the beam coverage range. Note that, the
default sign of [(R(8(¥))) here is positive. If the value of
hor |¥, —¥,| is large, the sign of [(R(5(¥s))) will become
negative, which has no practical significance. At this time, the
beam coverage range is 0.

Remark 1: In some works, the authors consider the beam at
each subcarrier to be an independent scan and do not take into
account the 3dB beamwidth [37], [38]. The definition of the
total beam coverage range at all subcarriers is similar to that of
the angle spread range AS in this paper. The large bandwidth
can also increase the beam coverage range. As the bandwidth
increases, the beam offset at different subcarriers becomes
more significant, resulting in an expanded beam coverage
range. However, in this paper, we define the beam coverage
range as (34) from the perspective of the electromagnetic wave
propagation theory. The beams at all frequencies are applied
to the same scan, and the performance at each frequency
must exceed a certain threshold to ensure the quality of
communication [36]. The beam coverage range is influenced
by partial bandwidth h, desired angle W, holographic RIS’s
size b, and incident angle ¥;. The beam-squint effect will
reduce the beam coverage range. In other words, whether the
beam coverage range is reduced or expanded due to the beam
squint effect depends on the definition of the beam coverage
range.

The beam coverage range corresponding to a phase mode
B(Vs) is limited. If we expect to cover a target area
[Vsnin, Uimaz), We must utilize the multiple phase modes, and
the desired angle W, corresponding to each phase mode takes
different values, such that all the phase modes form a code-
book C. The union of the beam coverage ranges of all phase
modes in codebook C covers the target area [U,in, Yinaz)-
We aim to use the minimum codebook size |C|,in to cover
the target area. Under the narrow band assumption, the beam
coverage range of each phase mode is the same, and its value
can be expressed as BW'I’ = \/éwa
codebook size required can be directly calculated as

‘Ilmam - \pmln
BWY

Under the wideband assumption, we consider the beam-
squint effect. We could determine the value of |C|,qy, through
the following steps. First, we initialize the parameters. We set
the coordinate of point C' corresponding to the initial phase
mode to coincide with the left endpoint of the target area
(.., pl = VU,.n). Then, we calculate W,. If ¥, < U,
then W, is the angle corresponding to the initial phase mode.
Otherwise, let pz = VU ,in, and calculate the corresponding W
as the angle corresponding to the initial phase mode. After
obtaining ¥,, we set the count variable [ = 1 and record
the coordinate pty* of point D corresponding to the initial
phase mode. Subsequently, we conduct the cycle operation.
We set the coordinate of point C' corresponding to the new
initial phase mode to coincide with the coordinate of point
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Fig. 5. Tllustrations of the RIS structure with TTD lines.

D corresponding to the last cycle (i.e., pl = p%%). Similarly,
we solve the angle U, corresponding to the new phase mode.
After obtaining Wy, we set [ = [ + 1 and update p%3* to the
coordinate of point D corresponding to the current new phase
mode. If the updated p?}? satisfies p* > U,,,., the cycle
is terminated. Finally, we obtain the minimum codebook size

Although the value of |C|,,iy is determined, the codebook
design scheme is not unique. For example, we also can set
the coordinate of point D corresponding to the initial phase
mode to coincide with the right endpoint of the target area,
and then make the coordinate of point D corresponding to
the new phase mode coincide with the coordinate of point C
corresponding to the last cycle in the cycle operation stage.
Besides, we can set U, corresponding to the initial phase mode
as Ymint¥mas Then we can add new phase modes on the left
and right sides of the initial phase mode simultaneously in the
cycle operation.

V. HOLOGRAPHIC RIS PHASE DESIGN WITH
TRUE-TIME-DELAY LINES

In the holographic RIS-aided wideband system, the essence
of the beam-squint effect is that the RIS phase shift operation
cannot change with frequency. A feasible and effective solu-
tion is to introduce the TTD lines into the holographic RIS
structure to mitigate the beam-squint effect [15], [19]. In the
ideal case, each RIS element should be equipped with a TTD
line. Correspondingly, in the holographic RIS scenario, the
time delay introduced by the holographic RIS surface is a con-
tinuous function of two-dimensional physical space, which can
be expressed as 7(x,, y,). According to the Fourier transform
of the unit impulse function, the equivalent phase mode of
holographic RIS can be derived as 8(z,, y,) — 27 frn 7 (21, Yr)-
It can be seen that the introduction of TTD lines causes the
frequency selectivity in holographic RIS phase modes.

The actual current density of holographic RIS with TTD
lines can be expressed as J7 70 (@ryr) =27 fm7(ryr) - Accord-
ing to (10), the scattered electric field within the observation
angles (6, ¢,) at f,, can expressed as

k’nl
e -’ T//Jmej(ﬁ Ty 7'Ur) 27Tfm7'(137 Ur))

Xejkm(937 sin(6..) cos(¢r)+yr sin(6,.) sin(..))

EXL(0,,¢,) =

X dz,dy,. (36)
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where the superscript d represents the result after introducing
the TTD line. However, the hardware cost and power con-
sumption of TTD lines are much higher than those of phase
shifters, such that it is impractical to equip each holographic
RIS element with a TTD line. Specifically, holographic RIS
is divided into I x @ sub reflection surfaces, and the size of

each sub reflection surface is § x % Without loss of generality,

we assume % = b — [. Within each sub reflection surface,

there is a shared TTD line, which means that the introduced
delay is the same constant.

Denote the delay parameter of the (i,¢)-th sub reflection
surface as 7; 4. The scattered electric field can be rewritten as

Me —JkmT

ERd ry@r) = —J
( 7¢)) 47TT

x§:§:ewmm¢//)Jm4mﬂ%M

=1 gq=1
« e]km (z, sin(0;) cos(¢pr )ty sin(0,.) sin(e,.))

X dx,dy,. 37

where S, , represents the the integral region of the (i,q)-th
sub reflection surface, and §; ,(x,,y,) is the phase mode of
the (7, ¢)-th sub reflection surface. The beam-squint effect is
mainly reflected in the phase term. When designing the phase
mode of each sub reflection surface, the phase difference at the
central frequency f. should be eliminated to achieve coherent
superposition at the current sub reflection surface. According
to the generalized Snell’s law of reflection, the phase shift can
be designed as

ﬁi,q(xra Yr) = kC((yr —(q— 1)L)(Sin(0i) - Sin(QS) Sin((bs))
— (xy — (1 — 1)L) sin(fs) cos(¢s)). (38)
Substituting (38) into (37), we can obtain

ENe (0, ¢,)
Sa <§U1> Sa <§’U,2)
I

E;picos(0;)L2e=Ikmr
2mrn

% E E e*jkmcn,qej(zfl)Lvl ej(qfl)ngez’

i=1 q=1

(39)

where vy = km sin(6;.) cos(¢,), and vy =
km (sin(6,) sin(¢,) — sin(6;)).

In order to eliminate the delay difference between different
sub reflection surfaces, the delay parameters 7; , of the TTD

line of each sub reflection surface should be designed as

:(ifl)Lsin( s)cos@s)+ (g—1)L(sin(0s) sin@s) sin(ﬂs)).

c

1,q
(40)
Substituting (9) and (40) into (39), we can further calculate

’ 2mrn

L L
X Sa (2U1>Sa <2U2)

x B (§U3)BQ (;JM) 6]’(1*1)%@361'(@*1)%%

x (cos(0,) cos(¢r)eq — sin(¢r)eq), 41)

3463
where Br(r) = Siinn((lf)), vy = kn(sin(d,) cos(¢,) —
sin(fs) cos(¥s)), va = ky, (sin(6,.) sin(¢,.) — sin(fs) sin(vs)),

and the detailed derivation can be found in the Appendix C.
Similarly, substituting (41) into (14) and focusing on the
influence of the Sa function, we can express the normalized
radiation pattern of EX44(6,., ¢,) as

527 (ei’9570T‘7¢87¢ )

(il sa(fn) () o5 2

Compared with (16), we can find that the TTD lines can cause
significant changes in the expression of normalized radiation
pattern, and the angle spread range caused by the beam-squint
effect is almost eliminated, which will be further verified
in subsequent simulations. Specifically, when the observation
angles satisfy (0,,¢,.) = (05, ¢s), the normalized radiation
pattern can be rewritten as

L L \\°
Sg,m (917 957 95, ¢sa ¢s) = (BI<2U3>BQ<2U4)> . (43)

Compared (43) with (17), we can see that the TTD lines make
the normalized radiation pattern of a large holographic RIS
with size a x b equivalent to the normalized radiation pattern
of a small sub reflection surface with size L x L. When the
holographic RIS size a x b is fixed, the performance improves
as the size L of the sub reflection surface decreases. However,
the number of TTD lines required will increase, which will
cause an increase in hardware costs.

VI. NUMERICAL SIMULATION

In this section, we provide the simulation results to evalu-
ate the beam-squint effect of holographic RIS. The distance
between the transmitter and the holographic RIS is set to
d; = 100 m, and the distance between the holographic RIS
and the receiver is set to 7 = 100 m. The magnitude of the
incident electric field is set to E; = 1. The default center
frequency is set to f. = 28 GHz, the default bandwidth is set
to B = 1 GHz, the partial bandwidth is h = % = 0.035,
and the total number of frequency points in the wideband
system is set to M = 64. The default size of holographic
RIS is set to 30 times the wavelength corresponding to the
center frequency, i.e., a = b = 30 fc . The Rayleigh distance

[R4] can be computed as Z = 2(\[“) = 3600\ ~ 38.57 m.
The distance of 100 m can meet the requirements for the
transmitter and receiver to be located in the far-field region
of RIS. The incident angles of holographic RIS is set to
#; = 30°, and the angle with the maximum energy is set
to 05 = 45°, ie., U, =sin(fs) = g The target area is set
t0 [Yrnin, Umaz] = [sin(40°), sin(50°)].

Fig. 6 demonstrates the phenomenon of the beam-squint
effect in 6 space. This only shows the normalized radiation
pattern Sy, , (0;, 05, 6,) corresponding to the center frequency
fe, lowest frequency f;, and highest frequency fj; within
0, € [40°,50°]. In order to observe the beam-squint effect
more clearly, we set a = b = 100% and B = 2 GHz. It can
be seen that the maximum energy direction of S,, ,,, (6;, 05, 6,.)
corresponding to f. is exactly 65, but the maximum energy
directions of Sy, (0;,0s,6,) corresponding to fi and fu
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Fig. 7. The varying normalized radiation pattern versus frequency fy, for
different RIS size b.

deviate from 6, which is the most intuitive phenomenon of
beam-squint effect. Besides, the maximum energy directions
of Sy,.m(0i,0s,0;) corresponding to fa; and f; separately
deviate to the left and right of 6, which is consistent with
the regularities of beam-squint effect derived in Section III
Fig. 7 shows the variation of the normalized radiation
pattern Sy, (6;,0s,05) in the observation direction 6, = 6,
versus frequency f,,. At the same time, we consider the
influence of holographic RIS size b. Specifically, we select
three specific values 20%, 30% and 40%. The value of
Sn.m(0i,05,05) at other frequencies is lower than that at the
center frequency, which is the intuitive phenomenon of the
beam-squint effect. The reason is that the phase mode at these
frequencies does not match the optimal mode. Especially at the
edge frequency f; and fs, the performance loss caused by the
beam-squint effect is very serious. Besides, with the decrease
of holographic RIS size b, the value of S, ,,,(6;,6s,60s) at
other frequencies (f # f.) will rise, and the gap between
different frequencies will also decrease, that is, the reduction
of holographic RIS size will mitigate the beam-squint effect.
As shown in Fig. 8, we provide the relationship between
the parameters related to the beam-squint effect in ¥ space
and the partial bandwidth h, including the angle spread range
AS, the 3dB beam bandwidth BW.Y and beam coverage
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Fig. 8.  The parameters related to the beam-squint effect versus partial
bandwidth h.

o

range [(R(B(¥s))). Notice that we change h by modifying
the system bandwidth B, and the center frequency f. remains
unchanged. We also consider the influence of holographic RIS
size b. Specifically, we select three specific values 20}%, 30%
and 40%. We set the desired angles corresponding to tllllé

maximum energy to ¥, = sin(f,) = @ It can be seen that
when the value of h is small, AS is approximately proportional
to h, because the numerator AW, dominates in (33), and the
influence of the denominator 1 — h; can be ignored. And
BWY is independent of h, while [(R(3(¥y))) is related to
h. Specifically, when the value of h is small, [(R(5(¥s)))
decreases approximately linearly with the increase of h. When
h exceeds a certain value, [(R(3(¥;))) becomes 0, indicating
that the partial bandwidth A of the wideband system should not
be set too high. Otherwise, it will lead to a very narrow beam
coverage range. Moreover, when the system parameters are
the same, [(R(3(¥,))) always does not exceed BW.Y. If and
only if h = 0, that is, without considering the beam-squint
effect, the values of [(R(8(¥;))) and BW.Y are equal. Finally,
I(R(B(¥s))) decreases with the increase of b, indicating
that small-sized holographic RIS can provide a larger beam
coverage range. Hence, compared to narrowband systems, it is
necessary to compromise the impact of holographic RIS size
b in wideband systems. The increase in holographic RIS size
can further compensate for system path loss and spatial energy
leakage [39], but at the same time, it will reduce the beam
coverage range and exacerbate the impact of the beam-squint
effect.

Fig. 9 depicts the variation of the required minimum
codeword number |C|,,;, with partial bandwidth h in the
case that the size of holographic RIS b selects three specific
values of 20%, 30% and 40%. The value range of h is
set to h € [0,0.05]. Without loss of generality, we set the
incident angle 6; to correspond exactly to the left endpoint
of the target area. As can be seen, |C|,,;, increases with the
increase of h. Specifically, the case of h = 0 corresponds
to the scenario without beam-squint effect, where the beam
coverage range satisfies [(R(B(¥s))) = BWY, and |C|min =
[sin(60°) — Sljgg’,o\p)] Furthermore, when h is fixed, |C|min
increases with the increase of b. The above results are in line
with expectations, as the beam coverage range [(R(5(Vs)))
of a single codeword decreases with the increase of h and b.
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Fig. 9. The size of the minimum codebook versus partial bandwidth h for
different RIS size b.
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Fig. 10. The size of the minimum codebook versus partial bandwidth h for
different incident angle 6;.

Therefore, while keeping other parameters constant, as h or b
increases, we need more codewords to cover the entire target
area.

As shown in Fig. 10, we consider the variation of the
minimum codebook size |C|ni, Wwith partial bandwidth h
in the case that the incident angle 6; selects three specific
values of 20°, 25° and 30°. The value range of h is set to
h € [0,0.05]. The phenomenon is similar to that in Fig. 9,
|C|min increases with the increase of h. Furthermore, it can
be observed that when h is fixed, different incident angles 6;
can lead to different |C|,,;,. Specifically, as the incident angle
gradually moves away from the target area, |C|,,:, increases
accordingly. As the incident angle gradually moves away from
the target area, The incident angle away from the target area
will increase |¥, — W,|, and the beam coverage range of a
single codeword will decrease. And we need more codewords
to cover the entire target area. If the incident angle is too far
from the target area, the algorithm may not converge. Hence,
the selection of the incident angle is important. The position
of the transmitter can be flexibly adjusted. For example,
in holographic RIS-aided wideband communication scenarios
where the transmitter is deployed on an unmanned aerial
vehicle (UAV), the position of the UAV should be adjusted
so that the value of the holographic RIS incident angle is as
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Fig. 12.  The varying normalized radiation pattern with TTD lines versus
frequency fy, for different RIS sub reflection surface size L.

close as possible to the target area, which is convenient to use
a small number of codewords to cover the target area.

Fig. 11 depicts the effect of TTD lines on the normalized
radiation pattern S¢  (6;,0s,6,). Here we shows the normal-
ized radiation pattern ng(ei, 05, 0,.) corresponding to f., f1,
and fys within 0, € [40,50]. We seta =b =100+, L =20+
and B = 2 GHz. Compared with Fig. 6, it can be seen that
after introducing the TTD line, the angles corresponding to
the maximum energy of all frequencies are corrected to the
desired angle, which eliminates the angle spread range.

Fig. 12 characterizes the variation of the normalized
radiation pattern S,‘im(@ﬁs,&r) with frequency f,, at the
observation angle 6, = 6,. We compare the situation with and
without TTD lines, and consider the influence of holographic
RIS sub reflection surface size L. Specifically, holographic
RIS size is set to three specific values: 10%, 20%, and
40-. The TTD lines can significantly improve performance at
freqﬁencies other than the center frequency. As L decreases,
Sﬁ’m(Gi, 05, 0,) at frequencies other than the center frequency
will increase, and the performance gap between different
frequencies will also decrease, mitigating the beam-squint
effect. When the size of holographic RIS is fixed, the smaller
the size L of the sub reflection surface, the better the RIS
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performance. However, more TTD lines need to be introduced,
which will increase the hardware cost accordingly. There is a
trade-off problem between performance and hardware cost.

VII. CONCLUSION

In this paper, we focused on the beam-squint effect in
a holographic RIS-aided wideband communication system.
We first analyzed the holographic RIS electromagnetic char-
acteristics at frequencies other than the center frequency when
the phase mode did not match the optimal mode. Specifically,
we derived the angle corresponding to the maximum energy
at different frequencies under the beam-squint effect, 3dB
beam bandwidth, and the regularities of beam offset. Besides,
we defined the beam coverage range, derived its closed form
solution, and provided a codebook design scheme that satisfies
the minimum codebook size. Finally, we introduced TTD lines
into the holographic RIS structure to mitigate the beam-squint
effect. The simulation results demonstrated the influence of the
beam-squint effect, revealed the influence of different system
parameters on beam coverage range and minimum codebook
size, and also verified the mitigation effect of TTD lines on
the beam-squint effect.

APPENDIX A
DERIVATION OF THE ANGLES CORRESPONDING TO THE
MAXIMUM ENERGY

According to (18) and (19), we can derive

1 sin(6s) cos(¢ps),

sin(@l”;,’,z)cos( ;”;,‘f) ¢ (44)
sin(@fﬂflﬂl‘r)sin( T#f) ; sin(@y)sin(@s)—Em — Dsin@;). (45)

Dividing (45) by (44), when 05 # 0, ¢,
we can obtain

3
5. and ¢g # I,

sin(fy) sin(¢s) + (&m — 1) sin(6;)
sin(f) cos(¢s) ’

Besides, by taking the square of (44) and (45) and adding

them together, and using the trigonometric function formula

tan((b”Lax) —

rm

(46)

sm2( ATy 4 cos?(¢er) = 1, we can obtain
_ \/(sin(esgcos(qbs))i_(sin(ﬁs)sin((b )§ &m—1sin(; )) 2. 7

APPENDIX B
DERIVATION OF THE 3DB BEAM BANDWIDTH IN 6§ SPACE
AND ¥ SPACE

To solve for the 3dB beam width in 6 space, we need to
apply the following Taylor series and trigonometric relation-
ship

2

3 2
sin” T 3
—5 =1- 5 +0@%), (48)

sin(fy) — sin(fy) = (01 — 62) cos(62) + O((6; — 62)?). (49)
By substituting (48) into (24) and setting S, ., (6;,05,0,) =
0.5, we can obtain
1

v ) I
Sn,m(ehesae’r‘) 2
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(5he€msin(0;) —sin(0;) — Em—Dsin(6:))* _ 1
3 2
. sin(0) +(§m — 1) sin(6;) _ V6
sin(@,) — . = bhEn (50)

Then, we substitute (25) and (49) into (50) and solve for the
value of |0, — 0757 | as

6
16, — 6mer| = Voe (51)
27b o, cos(Omaz)
By doubling the value of |6, — 67%*|, we can calculate the

3dB beam width in 6 space as

Ve

BW,, = —Y>¢
b fm, cos(0]7%")

(52)

Similarly, in ¥ space, by substituting (48) into (28) and
setting S,‘gm(\lli, U, U,.) = 0.5, we can obtain

S W)=
gkc(gmqu_q/s_(gm_l)qji) _ 1

3 2

‘I’s"i'(fm_l)\l/i _ \/6

Then, we substitute (29) into (53) and solve for the value of
[P, — ez a9

r,m

max| __ \/60
mm T b f,

By doubling the value of |¥, — W"0%| we can calculate the
3dB beam width in ¥ space as

¥, — ¥ (54)

ﬁc
BW,, = . 55
W, b fim (53)
APPENDIX C

DERIVATION OF THE RIS NORMALIZED RADIATION
PATTERN WITH TTD LINES

According to (37),
expressed as

the scattered electric field can be

—jkmr
ERYQ,. o) = — He T
9'!71.( 3¢ ) ]w 47TT

X § § e_]]fnLCTL q // Jm e]ﬁz q 177 71/7"

=1 q=1

> e]km(rr sin(6,) cos(¢r)+yr sm(QT) sin(¢,))
dx,-dy,. (56)

Substituting (38) into (56), we first calculate the definite
integral part

// Jﬂéﬂ”‘(I*’y"‘)ejk””(x*Sin(‘%‘)°05(¢7‘)+y"‘Sin(‘QT‘)Sin(@‘))dxrdyr.

F+(a-1)L
_ e—jkc(q—l)L(sin(Gi)—sin(Qs)sin(d)s))/ equyrdyT
—L+(g-1)L
LiG-1)L
% ejkc(i—l)Lsin(HS)cos(qﬁs)‘/ ejulw,‘dxrex’ (57)
—Li@-1L
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where u; = k(& sin(d,.) cos(¢,.) — sin(fy) cos(¢s)), and
uy = k(& (sin(f,.) sin(¢,.) — sin(6;)) — sin(6;) sin(¢s) +
sin(6;)).

Utilizing the relationship between Euler’s formula and com-
plex exponents, the definite integral can be calculated as

Ly(i-1)L - e (i—DL pjfu _ ,—jdw
e rrdy, = 2 -
—LiG-1L u1 2]

juq(i—1)L T
S G (2u1> . (58

Uy
L4+(g-1L jus(¢—1)L 5% —jL
/2 q ej“2y"'dyr _ 26Ju2(q ) elzuz _ € JFu2
—5+-1L Uz 2j
Jui(g—1)L L
—28 g <u2) . (59)
u 2

Substituting (58) and (59) into (57), we can obtain

. NT2,~jkmT
wElMCOS(el)L ¢ a<§U1>Sa <§U2>

Eg;ﬁ (67‘7 ¢r):_j

27rn
I Q
Xzze_jknlc"—i,qej(i_l)L'Ulej(q_l)L/[uez’ (60)
i=1g=1
where v = km sin(0;) cos(¢,), and vy =

km(sin(f,.) sin(¢,.) — sin(6;)). Further, substituting (9)
and (40) into (60) and utilizing the sum formula of geometric
sequences, we can obtain the final closed form solution of
the scattered field as

. E;ucos(0; L%
Egg(erv¢r):_ﬂﬂ éﬂr)rL]

L L L
xS a<2u1)5 a<2uQ>B 1(2113)
» BQ<§U4> i =D%vs,1Q-Dkvs
x (cos(B,) cos(¢r)eq —sin(¢,)eq),

where By(z) Ssi;ln((lf)), vy = kpy(sin(6,)cos(¢,) —

sin(fs) cos(ws)),_m = Ky (sin(6,.) sin(¢,.) — sin(fy) sin(t)s)).

(61)

REFERENCES

[1] S. Zhang, S. Zhang, F. Gao, J. Ma, and O. A. Dobre, “Deep learning
optimized sparse antenna activation for reconfigurable intelligent sur-
face assisted communication,” IEEE Trans. Commun., vol. 69, no. 10,
pp. 6691-6705, Oct. 2021.

[2] S. Zhang, M. Li, M. Jian, Y. Zhao, and F. Gao, “AIRIS: Artificial
intelligence enhanced signal processing in reconfigurable intelligent
surface communications,” China Commun., vol. 18, no. 7, pp. 158-171,
Jul. 2021.

[3] M. R. Akdeniz et al., “Millimeter wave channel modeling and cellular
capacity evaluation,” [EEE J. Sel. Areas Commun., vol. 32, no. 6,
pp. 1164-1179, Jun. 2014.

[4] X. Wang et al., “Millimeter wave communication: A comprehensive
survey,” IEEE Commun. Surveys Tuts., vol. 20, no. 3, pp. 1616-1653,
3rd Quart., 2018.

[5] B. K. J. Al-Shammari, I. Hburi, H. R. Idan, and H. F. Khazaal,
“An overview of mmWave communications for 5G,” in Proc. Int. Conf.
Commun. Inf. Technol. (ICICT), Basrah, Iraq, Jun. 2021, pp. 133-139.

[6] D. Dardari and N. Decarli, “Holographic communication using intel-
ligent surfaces,” IEEE Commun. Mag., vol. 59, no. 6, pp. 35-41,
Jun. 2021.

[71 Z. Zhang and L. Dai, “A joint precoding framework for wideband
reconfigurable intelligent surface-aided cell-free network,” IEEE Trans.
Signal Process., vol. 69, pp. 4085-4101, 2021.

[8]

[9]

[10]

(11]

[12]

[13]

[14]

[15]

[16]

(17]

(18]

[19]

[20]

(21]

[22]

[23]

[24]

(25]

[26]

[27]

(28]

[29]

3467

S. Lin, B. Zheng, G. C. Alexandropoulos, M. Wen, F. Chen,
and S. Mumtaz, “Adaptive transmission for reconfigurable intelligent
surface-assisted OFDM wireless communications,” IEEE J. Sel. Areas
Commun., vol. 38, no. 11, pp. 2653-2665, Nov. 2020.

M. He, W. Xu, H. Shen, G. Xie, C. Zhao, and M. D. Renzo, “Cooper-
ative multi-RIS communications for wideband mmWave MISO-OFDM
systems,” IEEE Wireless Commun. Lett., vol. 10, no. 11, pp. 2360-2364,
Nov. 2021.

J. He, H. Wymeersch, and M. Juntti, “Leveraging location information
for RIS-aided mmWave MIMO communications,” IEEE Wireless Com-
mun. Lett., vol. 10, no. 7, pp. 1380-1384, Jul. 2021.

Z. He, H. Shen, W. Xu, and C. Zhao, “Low-cost passive beamforming
for RIS-aided wideband OFDM systems,” IEEE Wireless Commun. Lett.,
vol. 11, no. 2, pp. 318-322, Feb. 2022.

B. Wang, F. Gao, S. Jin, H. Lin, and G. Y. Li, “Spatial- and frequency-
wideband effects in millimeter-wave massive MIMO systems,” [EEE
Trans. Signal Process., vol. 66, no. 13, pp. 3393-3406, Jul. 2018.

L. Afeef and H. Arslan, “Beam squint effect in multi-beam mmWave
massive MIMO systems,” in Proc. IEEE 96th Veh. Technol. Conf. (VIC-
Fall), London, U.K., Sep. 2022, pp. 1-5.

G. Femenias and F. Riera-Palou, “Wideband cell-free mmWave mas-
sive. MIMO-OFDM: Beam squint-aware channel covariance-based
hybrid beamforming,” IEEE Trans. Wireless Commun., vol. 21, no. 7,
pp. 4695-4710, Jul. 2022.

H. Sun, S. Zhang, J. Ma, and O. A. Dobre, “Time-delay unit based beam
squint mitigation for RIS-aided communications,” IEEE Commun. Lett.,
vol. 26, no. 9, pp. 2220-2224, Sep. 2022.

Y. Chen, D. Chen, and T. Jiang, “Beam-squint mitigating in reconfig-
urable intelligent surface aided wideband mmWave communications,”
in Proc. IEEE Wireless Commun. Netw. Conf. (WCNC), Nanjing, China,
Mar. 2021, pp. 1-6.

Q. Yuan, L. Xiao, C. He, P. Xiao, and T. Jiang, “Deep learning-based
hybrid precoding for RIS-aided broadband terahertz communication
systems in the face of beam squint,” IEEE Wireless Commun. Lett.,
vol. 13, no. 2, pp. 303-307, Feb. 2024.

S. Ma, W. Shen, J. An, and L. Hanzo, “Wideband channel estimation
for IRS-aided systems in the face of beam squint,” IEEE Trans. Wireless
Commun., vol. 20, no. 10, pp. 6240-6253, Oct. 2021.

F. Gao, B. Wang, C. Xing, J. An, and G. Y. Li, “Wideband beamforming
for hybrid massive MIMO terahertz communications,” IEEE J. Sel. Areas
Commun., vol. 39, no. 6, pp. 1725-1740, Jun. 2021.

Y. Chen, Y. Xiong, D. Chen, T. Jiang, S. X. Ng, and L. Hanzo,
“Hybrid precoding for WideBand millimeter wave MIMO systems in
the face of beam squint,” IEEE Trans. Wireless Commun., vol. 20, no. 3,
pp. 1847-1860, Mar. 2021.

H. Luo, Z. Lu, X. Zhang, M. Li, and Q. Liu, “A generalized model for
RIS-assisted communications: On the effect of scattered electromagnetic
wave,” IEEE Wireless Commun. Lett., vol. 13, no. 4, pp. 1143-1147,
Apr. 2024.

W. Tang et al., “Wireless communications with reconfigurable intelligent
surface: Path loss modeling and experimental measurement,” /EEE
Trans. Wireless Commun., vol. 20, no. 1, pp. 421-439, Jan. 2021.

E. Bjornson and L. Sanguinetti, “Power scaling laws and near-field
behaviors of massive MIMO and intelligent reflecting surfaces,” IEEE
Open J. Commun. Soc., vol. 1, pp. 1306-1324, 2020.

D. Dardari, “Communicating with large intelligent surfaces: Fundamen-
tal limits and models,” IEEE J. Sel. Areas Commun., vol. 38, no. 11,
pp- 25262537, Nov. 2020.

X. Bai, S. Tan, and R. Li, “Capacity characterization for binary RIS
aided MIMO communication system based on an electromagnetic scat-
tering model,” in Proc. Int. Appl. Comput. Electromagn. Soc. Symp.
(ACES-China), Hangzhou, China, Aug. 2023, pp. 1-3.

C. Huang et al., “Holographic MIMO surfaces for 6G wireless networks:
Opportunities, challenges, and trends,” IEEE Wireless Commun., vol. 27,
no. 5, pp. 118-125, Oct. 2020.

J. An et al., “Stacked intelligent metasurfaces for efficient holographic
MIMO communications in 6G,” IEEE J. Sel. Areas Commun., vol. 41,
no. 8, pp. 2380-2396, Aug. 2023.

R. Deng et al., “Reconfigurable holographic surfaces for ultra-massive
MIMO in 6G: Practical design, optimization and implementation,” /[EEE
J. Sel. Areas Commun., vol. 41, no. 8, pp. 2367-2379, Aug. 2023.

Y. Zhao et al., “Holographic-inspired meta-surfaces exploiting vortex
beams for low-interference multipair IoT communications: From theory
to prototype,” IEEE Internet Things J., vol. 11, no. 7, pp. 12660-12675,
Apr. 2024.

Authorized licensed use limited to: XIDIAN UNIVERSITY. Downloaded on October 13,2026 at 08:13:41 UTC from |IEEE Xplore. Restrictions apply.



3468

[30] T. Wei, L. Wu, K. V. Mishra, and M. R. Bhavani Shankar, ‘“RIS-
aided wideband DFRC with reconfigurable holographic surface,” in
Proc. IEEE Int. Conf. Acoust., Speech Signal Process. (ICASSP), Rhodes
Island, Greece, Jun. 2023, pp. 1-5.

Y. Ma, X. Shao, and W. Luo, “Holographic reconfigurable intelligent sur-
face based on holl effect for electromagnetic recording,” in Proc. Photon.
Electromagn. Res. Symp., Hangzhou, China, Nov. 2021, pp. 184-187.
0. Ozdogan, E. Bjornson, and E. G. Larsson, “Intelligent reflecting
surfaces: Physics, propagation, and pathloss modeling,” IEEE Wireless
Commun. Lett., vol. 9, no. 5, pp. 581-585, May 2020.

M. Najafi, V. Jamali, R. Schober, and H. V. Poor, “Physics-based mod-
eling and scalable optimization of large intelligent reflecting surfaces,”
IEEE Trans. Commun., vol. 69, no. 4, pp. 2673-2691, Apr. 2021.

C. A. Balanis, Advanced Engineering Electromagnetics, 2nd ed.
Hoboken, NJ, USA: Wiley, 2012.

N. Yu et al., “Light propagation with phase discontinuities: General-
ized laws of reflection and refraction,” Science, vol. 334, no. 6054,
pp. 333-337, Oct. 2011.

M. Cai et al., “Effect of wideband beam squint on codebook design in
phased-array wireless systems,” in Proc. IEEE Global Commun. Conf.,
Washington, DC, USA, Dec. 2016, pp. 1-6.

F. Gao, L. Xu, and S. Ma, “Integrated sensing and communications with
joint beam-squint and beam-split for mmWave/THz massive MIMO,”
IEEE Trans. Commun., vol. 71, no. 5, pp. 2963-2976, May 2023.

H. Luo, F. Gao, W. Yuan, and S. Zhang, “Beam squint assisted
user localization in near-field integrated sensing and communications
systems,” IEEE Trans. Wireless Commun., vol. 23, no. 5, pp. 4504-4517,
May 2024.

H. Sun, S. Zhang, J. Ma, and O. A. Dobre, “Path loss of RIS-aided
spatial modulation with on/off pattern,” IEEE Commun. Lett., vol. 26,
no. 4, pp. 937-941, Apr. 2022.

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

(391

Jinyang Li received the B.S. degree in com-
munication engineering from Harbin Engineering
University, Harbin, China, in 2022. He is currently
pursuing the M.S. degree with the State Key Lab-
oratory of Integrated Services Networks, Xidian
University, Xi’an, China.

His research interests include MIMO-OFDM sys-
tems, RIS assisted communications, and parameter
estimation theory.

Haoran Sun is currently pursuing the B.S. degree
with the State Key Laboratory of Integrated Services
Networks, Xidian University, Xi’an, China.

His research interests include RIS-aided systems,
electromagnetic theory, and computational imaging.

Shun Zhang (Senior Member, IEEE) received the
B.S. degree in communication engineering from
Shandong University, Jinan, China, in 2007, and
the Ph.D. degree in communications and signal
processing from Xidian University, Xi’an, China,
in 2013.

He is currently with the State Key Laboratory
of Integrated Services Networks, Xidian University,
where he is also a Professor. He has authored or
co-authored more than 80 journals and conference
papers and is the inventor of 16 granted patents
(including a PCT patent authorized by U.S. patent and Trademark Office).
His research interests include massive MIMO, millimeter wave systems,
RIS assisted communications, deep learning for communication systems,
orthogonal time frequency space (OTFS) systems, and multiple access tech-
niques. He received two best paper awards in conferences and two prize
awards in natural sciences for research excellence by both China Institute
of Communications and Chinese Institute of Electronics. He is an Editor of
Physical Communication.

IEEE TRANSACTIONS ON COMMUNICATIONS, VOL. 73, NO. 5, MAY 2025

Chao Wang (Senior Member, IEEE) received the
B.S., M.S., and Ph.D. degrees in information and
communication engineering from Xian Jiaotong
University, Xian, China, in 2008, 2013, and 2016,
respectively.

He is currently an Associate Professor with the
State Key Laboratory of Integrated Services Net-
works, School of Telecommunications Engineering,
Xidian University. His current research interests
include 5G&6G wireless networks and key technolo-
gies, physical-layer security, covert communications,
and deep learning and its application in the optimization of wireless commu-
nications. He was a recipient of the Excellent Doctoral Dissertation Award
of Shaanxi Province in 2018 and China Institute of Communications in
2016 and the best paper awards at the IEEE ICCC 2014 and IEEE SAGC
2020, respectively.

Zan Li (Senior Member, IEEE) received the B.S.
degree in communications engineering and the M.S.
and Ph.D. degrees in communication and informa-
tion systems from Xidian University, Xian, China,
in 1998, 2001, and 2006, respectively.

She is currently a Professor with the State Key
Laboratory of Integrated Services Networks, School
of Telecommunications Engineering, Xidian Univer-
sity. Her research interests include topics on wireless
communications and signal processing, such as
covert communication, spectrum sensing, and coop-
erative communications.

Prof. Li is a fellow of the Institution of Engineering and Technology,
China Institute of Electronics, and China Institute of Communications. She
was awarded the National Science Fund for Distinguished Young Scholars.
She serves as an Associate Editor for IEEE TRANSACTIONS ON COGNITIVE
COMMUNICATIONS AND NETWORKING and China Communications.

Feifei Gao (Fellow, IEEE) received the B.Eng.
degree from Xi’an Jiaotong University, Xi’an, China,
in 2002, the M.Sc. degree from McMaster Univer-
sity, Hamilton, ON, Canada, in 2004, and the Ph.D.
degree from the National University of Singapore,
Singapore, in 2007.

Since 2011, he has been with the Department of
Automation, Tsinghua University, Beijing, China,
where he is currently a tenured Full Professor.
He has authored/co-authored more than 200 refereed
IEEE journal articles and more than 150 IEEE
conference proceeding papers that are cited more than 18 000 times in Google
Scholar. His research interests include signal processing for communica-
tions, array signal processing, convex optimizations, and artificial intelligence
assisted communications. He also served as the Symposium Co-Chair for
the 2019 IEEE Conference on Communications (ICC), the 2018 IEEE
Vehicular Technology Conference Spring (VTC), the 2015 IEEE Conference
on Communications (ICC), the 2014 IEEE Global Communications Confer-
ence (GLOBECOM), and the 2014 IEEE Vehicular Technology Conference
Fall (VTC); and a technical committee member for more than 50 IEEE
conferences. He served as an Editor for IEEE TRANSACTIONS ON WIRELESS
COMMUNICATIONS, IEEE JOURNAL OF SELECTED TOPICS IN SIGNAL
PROCESSING (Lead Guest Editor), IEEE TRANSACTIONS ON COGNITIVE
COMMUNICATIONS AND NETWORKING, IEEE SIGNAL PROCESSING LET-
TERS (Senior Editor), IEEE COMMUNICATIONS LETTERS (Senior Editor),
IEEE WIRELESS COMMUNICATIONS LETTERS, and China Communications.

Authorized licensed use limited to: XIDIAN UNIVERSITY. Downloaded on October 13,2026 at 08:13:41 UTC from IEEE Xplore. Restrictions apply.



