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Abstract

Reconfigurable intelligent surface (RIS) is a key technology to enable the concept of a smart radio environment (SRE), which
is envisioned to meet the ever-increasing demands of connectivity in the upcoming decade. However, most existing works consider
an RIS that is seen as a whole surface. However, most existing works consider an RIS that is seen as a whole surface. In this paper,
we study the performance of an RIS that consists of multiple tiles, each of which is capable of performing certain wave
manipulations, by deriving the physics-compliant analytical formulation of the received signal at the receiver. We also introduce
the numerical approximation of the signal for different operating regimes and different functionalities. Based on the obtained result,
we study the impact of the number of fixed-size tiles and partitioning of a fixed-size RIS on the maximum achievable intensity.
The validity of our findings is confirmed through extensive simulation results.
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I. INTRODUCTION

Future wireless networks are expected to support
very high data rates [1]. Between 2020 and 2030, data
traffic from the global Internet Protocol (IP) is expected
to increase by 55% each year, reaching 5,016 exabytes,
while having to provide heterogeneous services [2], [3].

To meet these challenging demands, the concept of
smart radio environment (SRE) is proposed [4], in which
the wireless environment between communicating
devices is seen no longer as a limitation, but as a variable
that can be controlled through the use of reconfigurable
intelligent surface (RIS) [5, 6]. In simple terms, RIS is an
electromagnetic-based structure capable of modifying
the impinging radio waves according to the specified
objective and can be reconfigured after the fabrication.
Typically, an RIS is constructed from a metasurface
comprising elementary components, or unit cells, with
dimensions and inter-element spacing significantly
smaller than the operating wavelength [7]. Therefore, the
RIS can be modeled as a continuous surface, which
simplifies the underlying performance analysis and
makes it more tractable for both theoretical studies and
practical implementations [8].

One of the most important research issues to unlock
the maximum performance of RIS lies in accurately
formulating the received signal resulting from radio
waves incident on the RIS from the transmitter. This
formulation must balance precision with simplicity to
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allow a clear analysis of the effects of typical system
parameters on overall performance [9]. In [10], physics-
consistent free-space pathloss models for RIS-assisted
communications for different operating regimes are
proposed and the impact of parameters such as the RIS
size, transmission distances, and operating frequency on
the received signal power at the receiver are revealed.
These insights are essential to design more efficient and
optimized RIS-based communication systems.

In most works in the literature, the RIS is seen as a
single large surface. In practice, however, it can be more
beneficial to partition the RIS into several groups, each
of which performs a certain operation. In practice,
however, it can be more beneficial to partition the RIS
into several groups, each of which performs a certain
operation. This partitioning technique improves the
performance and adaptability of RIS, particularly in
situations where frequency or geographic diversity are
required. We may better adjust to the changing
requirements of dynamic communication environments
by splitting the RIS into subarrays, each of which is
optimized for a certain function, such as beamforming,
scattering, or absorption. We may better adjust to the
changing requirements of dynamic communication
environments by splitting the RIS into subarrays, each of
which is optimized for a certain function, such as
beamforming, scattering, or absorption. This will finally
allow us to fully utilize RIS technology [11], [12].
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In [13] the authors derived the optimal reflection
coefficients of an RIS containing several tiles that
maximize the ergodic spectral efficiency. However, they
consider only a sparsely deployed tile instead of a
compact one and neglect the impact of the number of
partitions of a fixed-sized RIS. However, they consider
only a sparsely deployed tile instead of a compact one
and neglect the impact of the number of partitions of a
fixed-sized RIS.

In this paper, we investigate the performance of an
RIS that consists of multiple tiles that can perform certain
functions. In this paper, we investigate the performance
of an RIS that consists of multiple tiles that can perform
certain functionalities. We first derive the general
formulation of the signal received by a receiver in space
as a result of reflection by the RIS. We then consider two
different functionalities that can be performed by the
RIS. For each regime and functionality, we derive the
closed-form approximation of the received signal and
determine the condition under which the signal intensity
is maximum. We also investigate the impact of the
number of tiles as well as the number of partitions of a
fixed-sized RIS towards the maximum intensity.

Il. SYSTEM MODEL

We consider a system consisting of a transmitter
(Tx), areceiver (Ry), and an RIS consisting of M x N tiles
made of metasurface that coincide with the xy plane (i.e.,
z =0) (see Figure 1). We consider a system consisting of
a transmitter (Tx), a receiver (Ry), and an RIS consisting
of M x N tiles made of metasurface that coincide with the
xy plane (i.e.,, z = 0) (see Figure 1). For m €
{1,2,..,M}andn € {1, 2, ..., N}, we refer to the (m, n)-
th tile as S™".

Each S™™ has the size of 2L x 2Ly and its center is
located at x,,,X + y,,9. We define the RIS as the union of
all tiles, i.e.,

2L
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Figure 1. System model with multiple RISs; (a) top view of the
2x2 RIS, (b) notations and variables associated with the
geometry of the RIS.

S = Uy, S0

and we denote the location of the center of § as
XoX + ¥09. For any point s=xX+yye€s™", the
distances from T4 to s and from s to Ry are denoted as
dry(x,¥) and dr,(x,y), respectively.

We denote,

TABLE 1.
SHORTHAND NOTATIONS ARE USED THROUGHOUT THE PAPER. SHORTHAND NOTATIONS ARE USED THROUGHOUT THE PAPER

Shorthand notation

Definition

X=X21Y=Y2

9(x,y) |x=x1 y=y1

92, ¥2) — g, y1) — g(x1,¥2) + g(x, 11)

D" sin 91" cos o™t + sin Bee cos gret

Dy sin ;37" sin @[ + sin By sin @ree
D)(c] sin 01ncO €OS Pinco + sin ereco COS Preco
D}(} sin einco sin Pinco + sin ereco sin Preco

mn P k?
Qref (x' Y; Prefs prec)

e_opdmgrrgfn (ijinc 'ﬁref) (5rec : ﬁref - (§Tx(xJ y) . ﬁrec) (§Tx(x1 y) . ﬁref))

Qref —
ref0 €

k? o - ~
< >pdm£ref(/p\inc rﬁref) (ﬁrec . ﬁref - (STx(xOr YO) : ﬁrec) (STx(xor yo) . Pref))

Zmno

Shorthand for ¥ _, SN_. ()
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dlr“nx’n = de(xm' yn)
d]@{n = dry(Xm) Yn)

i.e., di" and dp™ are the distances of Tx and Ry,
respectively, from the center of $™". We also denote
drxo = drx(X0,¥0) and dryo = drx(X0, Y0), i€, dryo
and dg,, are the distances of Tx and Ry, respectively,
from the center of §.

The polar and azimuth angles of the incident wave at
s are denoted by 6;,.(x,y) and ;.. (x,¥), respectively,
while the polar and azimuth angles of the received wave
at s are denoted 6,..(x,y) and @...(x,¥), respectively.
The polar and azimuth angles with respect to the center
of ™™ and § are

96”’" = GQ(xm: Yn),
mn __

0o = Po(Xm, Yn),
Oqo = 9Q(xo:)’o),
Pqo = (PQ(xo:}’o),

respectively, with Q = inc for the incident wave and
Q = rec for the reflected wave.

Each point s € S™™is modeled as a reflection
coefficient:

Lo (x,y) = [T (x, »)| exp(jO™  (x,5)) (1)

E(rRx) *Prec

few= Y Y [

m=1n=1"Yn"Ly

‘(PRm'n(x' y)

= de(x' y) + de(x' y) - (¢rec + ¢ref + q)m,n(x‘ y) + 7l

Q:;lf'n(x'y;prefrprec)l

Meanwhile, the system is said to operate in the far field
if each §™™" is in the electrically small regime and the
following approximations hold for P € {inc,rec},
Q € {Ty, Rx},and for all (x,y) € S:

@  sin Gp(x,y) ~ sin O,
(i) do(x,y) = dgo
I11. RECEIVED ELECTRIC FIELD FORMULATION

Based on the assumptions given in Section Il, the
electric field received at Rx and projected into the receive
polarization of the Rx antenna in the presence of multitile
RIS is given as follows.

Lemma 1. Let 1¢y be the indicator function and
7o = jk/(16m?). In presence of a dipole Tx antenna with

transmit polarization f,mc and § with reflect polarization
p,.pw the electric field received at Rx and projected into
Prec CAN be given by (2) at the top of this page. The
definition of Q™™™ (x, y; pref, Prec) 19 iven in Table .

Proof. The proof follows by replacing § with
UmnnS™" in [1, Theorem 2] and using similar steps in [1,
Appendix E].

The received electric field in (2) is formulated as the

= Prec * Eojinc (TRxs Pine) G (Try Try) + Fr(Try)

Xm+Lx

T2 (x, y)e Ik R V) dxdy

Xm—L_x

)/k

Ao
mn
Qof (6Y5PrefPrec) <0

I (x,y) = |

where [T (x,y)| € R* and ®™"(x,y) denote the
amplitude and the phase of the reflection coefficient,
respectively, at the point, (X, y), denote the amplitude and
the phase of the reflection coefficient, respectively, at the
point, (X, y). In this paper, we assume that

ITet" (e, )] =1 @)

for all (m,n) € {1, ..., M} x {1, ..., N}. We refer to [10]
for the definition of the other notation used in this paper.
The definitions of some short-hand expressions are given
in Table 1.

A system with a single tile can be classified into an
electrically large regime or an electrically small regime
depending on the size of the tile and the Tx and Rx
distances from the tile [10]. For a system with multiple
tiles, we introduce the following two regimes of system
operation.

Definition 1. The system is said to operate in the near
field if each ™" is in the electrically large regime.

drx (x,y) drx (XJ’)

(COS ginc(x' y) + cos Brec(x' y)) (2)

sum of the incident electric field in the absence of § (the
first term in the right-hand side) and the contribution due
to the reflection from § which we denote by Fg (rg,).

Corollary 1. The maximum value of | Fr(rry) | in (2) can
be approximated as follows:

IFr(red| = [ Iz (x, )| dxdy — (4)

In particular, |Fr(rgy)| in (4) is achieved when the
following holds for all (my,n;), (myn,)E€
{1,....,M}x{1,....,N} and for all (x;,y,) € S™v ™1,
(x2,y,) € S™2 "2

O (xg, y1) — ke (de (1, 1) + de(xp)ﬁ))
+ ﬂﬂgﬁ%vnl (x1,1:Pref Prec)<0

= (pm2n2 (Xz,}/z) - k(de(xZI )’2) + dRX(xZ' yZ))

+ ﬂﬂﬂg?nz (x2,¥2iPref Prec)<0 (5)
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Proof. Note that I5""(x,y) in (2) is real-valued for
alllm,n) € {1,...,M} x{1,...,N}. Therefore,
according to the triangle inequality for summation and
integration, |Fr(rre)| in (2) is maximized when
Pe M (x, 1) = PP (xp,yp) for all (my,my),
(my,ny) € {1,...,M}x{1,...,N}and for all (x;,y,) €
S™uM (x,,y,) € S™2 "2, This condition is equivalent
to (5). In this case, the maximum value of |Fx(rg, )| in
(2) is given by (4).

Remark 1. From (4), we see that the intensity of the
reflected field depends only on the total area of the RIS
and is invariant under any partitioning of the RIS. We
also note that the maximum intensity increases with the
number of tiles, provided that the area of each tile is
fixed. However, this does not imply that the intensity goes
to infinity when the RIS size goes to infinity, as shown by
the following corollary.

Corollary 2. Suppose that dp; (x,y) < dp,(x,y) forall
(x,y) € Sand 3(P1,P2) = {(Tx,Rx), (Rx, Tx)}. Let us
define,

Cref = (2k3pdm€(ﬁinc ’ ﬁref))/(16n260) (6)
then, |Fr(rry)| is upper bounded by,

|Fr(rr)| < 27Cree(1 + 2py/2Zp1) (7

Proof. The upper bound for a single tile is given by the
proof of Corollary 6 in [10]. The proof follows by
extending the analysis to multiple tiles.

Lemma 1 and Corollary 1 are given for a general
functionality of S which depends on ®™" (x, y). In the
following subsections, we consider two different
functionalities of S.

A. S configured as a hybrid reflector

In this section, we analyze the case study in which S
operates as a hybrid reflector. This functionality is
obtained when the following holds for each (m,n):

O () = ka4 BTN + 60 (O

where ¢g"" € [0, 27] is a fixed phase shift introduced by
Smmwhile ap™ €R and B € R are design
parameters that can be configured such that the direction
of the wave reflected by each tile S™ " is towards Rx. It
is worth noting that a;"" and Bg"" are generally not
constant over all S™™; they depend on the direction of
Tx and Rx with respect to each ™™

Corollary 3. For each (m,n) € S™", let (x*", yo*™)
be the unique solution of the following system of
equations:

x;n'n_xTx _ xRx_x;m'n — am,n
drx(xs™"ys")  dra(agtyst) TR

ysrnln_YTx _ YRX_y;n'n — mn (9)
drx(xg™"ys")  dra(xstTygt) TR

For Q € {inc,rec}, let us denote Op" =
0o (k™ y™ ™ and @y = o (X, y™™). In the near
field Fr(rgry) is approximated by (6) at the top of this
page where we define,

Pt = dyy (e ) + dpy (2 y )
= a1 g

- ( I)nn + (Dref + Qrec

il m, SN ) k
+ ‘Q:r::fn(x;n'n'ygn'n;prefrprec)<0 /

and

K= (R + R 2)/ < R ey ye;”ﬂ),

KM= (RO + R /2) ( R 32’;“")

where R"™, RTV", RTV™ are given in (7).

Proof. For given (m,n) € {1,...,M} x{1,...,N}, the
stationary points of P;"" (x,y) in (2) correspond to the
solutions of (9). Due to the monotonicity of (9) with
respect to x ;" and yav | either one or no stationary
point exist at each S™". The contribution S™" that
contains a stationary point (x;"", yo™) is given by [1,
Corollary 3 and 4]. Meanwhile, the contribution from
S™™ that does not contain (x*",y:™™) is given by [1,
Lemma 5]. The proof follows aggregating the
contribution from all S™".

Remark 2. Assume that, for all

(mn) e{l,.. M} x{1,.., N}

we have ap'™ = —D;*" and Bg"" = —Dy"", where the
definitions of D" and Dy"" are given in Table I. From
(9) we can see that, in this case, a stationary point is
guaranteed to exist at the center of each §™", i.e.,
My = (g, Yn) € S™™. Thus, according to (6),
Fr(1r,) can be approximated as

L omn
|on (emy, ) e s

~ M N
FR (rRx) ~ 4am=1 Zn:l SH(KT'nd;-n);n+K;n'ndT£(n) (10)
Since  K{"" K", diys dpee >0 for all  (m,n),

|Fr(rr,)]| in (10) is maximized when the following holds
for all (my,ny), (m,,n,) € {1,..., M} x{1,..., N}

kgMmi — ™™ _ 51 n mamy mon
g 0 @)
=kag™2"2 — ™™ _ 11 mon,, man, mam
g 0 ('Qrefz z(xs 2 2,3’5 2123 0)

where we define
— mmn mmn mmn mmn
gmt =dy tdpy — g Xm — Br n

Furthermore, when each §™"is optimized according
to (11), Fr(rrx) increases with the number of tiles, i.e.,
M and N, provided that each §™" is still in the
electrically large regime.

p-ISSN: 1411-8289; e-ISSN: 2527-9955
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Corollary 4. In the far field, Fr (rg,) can be given as

jkaLy (COS ginco + cos greco) x

FR (rRx) ~
4‘772de0 deO
Ymn(|Qresol sine (kLyDgy" )sinc (kLy‘D);nR'" )e‘f"?ggn) (12)

where the definition of Qo is given in Table 1 and we
define

D = DI+ a D = DY 4 B
and
?Rrg,n =gm" - ((p(;nn + Prer + Grec

+ HHQ:—Z?TIZ (x:J’iﬁref:ﬁrec)<0) /k
Proof. Let Fy"" (rg,) be the contribution from $™™ that
is configured for anomalous reflection in the electrically
small regime towards Fg(rg,). The approximation of
Fg(1g,) is given by [1, Corollary 5]:

. mn mn mn
F _ ]eremLxLy(cos 0y + cOS B,
R(rRx) ~ 4 de,n dm,n
=01y Rx

e /*PR" sinc (kLyDgy" )sinc (kLyDg™ )  (13)
where denote

Q:‘rgfr(l) = Q:‘Zlgl(‘xm’ ynv ﬁrefv ﬁrec)-
From Definition 1, in the far field, we have

dry" = drgo,
dlt{r;n =~ dRXOl
cos 07" = ¢cos Oipco,
cos B2 = €05 B,4co

for all (m,n) €{1,..,M} x{1,..,N}. We also have
§Tx(xm' yn) ~ §Tx(XOv }’o) which implies szr(l) =~ Qrefo-
The proof follows from applying these approximations to
(13) and aggregating the contribution from all tiles.

Remark 3. Due to triangle inequality |Fg(rg,)| in (12)
is maximized when the following hold:

myny _ pMmaznz
Tro . = Tho
aR gL _Dx ) ,
mn _ mn
R =D, (14)

When (14) applies, |Fg(rpy)|in the far field is given as

kAsQrefo(coS Oinco+cos Oreco)

|Fr(rry)| = (15)

16m2drxo drxo
where is the total area of § . Thus, we evince that
|Fr(rry)| is invariant under different partitioning of §.
Also, |Fr(rgy)| increases with the area of S, provided
that the system is still operating in the far field.

B. S configured as a Beamformer

In this subsection, we analyze the case study in
which § operates as a beamformer. This functionality is
obtained when the following holds for each (m, n):

O™ (x,y) = k(de(er) + dgy(x, y)) + ¢(r)n,n (16)
Unlike @™"(x,y) in (8) which depends on the
direction of Tx and Rx with respect to ™", ®™"(x, y)
in (16) depends on the distance of Rx with respect to each
point in §™™.

Corollary 5. When § is configured as a beamformer,
Fr(rg,) can be given as

omn
O™ (x,y:Pref. Prec)|e/ PR V)

o K
Frrid ~ 7 s drx(xy)dry (%)
X (COS ginc(x: 3’) + cos erec (X, }’))dxdy

17

where we define

;n,n(x’ V) = $rec + Prer t+ ¢(r)nn

+ nﬂﬂ;t;l(x'y;ﬁrefrﬁrec)<0

Proof. The contribution from a tile that is configured for
beamforming is given by [1, Eq.(33)]. The proof follows
from aggregating the contribution from all tiles.

As shown in [10], a tile §™" configured for
beamforming is typically operating in the electrically
small regime. Therefore, we consider only the
approximation of Fg(rgy) in the far field.

Corollary 6. In the far field, Fz(rg,) can be given as

jk‘ﬂSQrefO(cos ginco + cos ereco)
16T[szXO deO

FR (rRX) ~

[l e/#R"C) dxdy (18)

Proof. It is similar to the proof of Corollary 4.

Remark 4. From (17) and (18), we demonstrate the
following.

Assume that each ¢,""is configured such that

¢(7,n1'n1 + nl,

mq,n =~ —~
ref (6YiPrefPrec)<0

mypn
= %o T ﬂﬂﬂﬁ%.nz (x,y;PrefPrec)<0 (19)
For all (my,n;),(my,n,) € {1,..,M} x{1,..,N}. In
this case, we have ¢p " (x,y) = dp 2 "?(x,y) and thus
the intensity of Fg(rgy) in (17) is equivalent to (4), which

JURNAL ELEKTRONIKA DAN TELEKOMUNIKASI, Vol. 24, No. 2, December 2024
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the maximum achievable intensity by §. Therefore, an
RIS configured as a beamformer is the most optimal
configuration in termsof thef received signal.

If (19) is satisfied, in the far field, the maximum
intensity of the electric field in (18) is given as

kAsQrefo(cos Oinco+cos Oreco)

Fr(rgy) = (20)

16m2drxo drxo

1V. NUMERICAL RESULTS

In this section, we illustrate some numerical
examples in order to validate our results. Unless stated
otherwise, parameters specified in Table Il are used
throughout the section. It is worth mentioning that, under
these parameters, the RIS is always optimized to achieve
the maximum achievable intensity at Rx for its
configuration and operating regime of interest.

A. Impact of Distances

Figure 2 shows the intensity plot as a function of the
distances Tx and Rx. As shown in the figure, an RIS
configured as a hybrid reflector can be approximated by
two different operating regimes; the near-field and far-
field. Meanwhile, when the RIS is configured as a
beamformer, it is typically operating in the far field. We
also observe that the analytical approximations obtained
for the near-field and far-field spectroscopy due to an RIS
configured as a hybrid reflector overlap with the integral
representation for their respective regimes of interest.

B. Impact of number of tiles

Figure 3 shows the plot of intensity as a function of
the number of tiles (i.e., M x N) where the distances of
Tx and Rx to the center of the RIS s
Ao = drxo = do = {5,100} m, which represents the
near and far fields. From Figure 3, we can see that both
in the near- and far-field, the intensity generally increases
with the number of tiles. However, the intensity is always
upper bounded by a finite value as the number of tiles
goes to infinity. We also see that in the near field, the
intensity of an RIS configured as a beamformer is much
higher than that of an RIS configured as a hybrid
reflector. Meanwhile, in the far field, the intensities are
approximately the same.

C. Impact of the number of partitions

Figure 4 shows the plot of intensity as a function of
the number of partitions in which 5m x 5m RIS is

TABLE 2.
SIMULATION SETUP

Settings

f =28GHz,A =10.71 mm

€, = 8.85.10"*2Farad/meter
Pdm = (kz/eo)_l

ﬁinc = ﬁref = ﬁrec = }NI

¢0 = ¢inc = ¢ref = ¢rec =0
S(ﬁinc' ﬁref) =1

Oinco = /6, Pinco = /4

Oreco = /4, Preco = 5T/4
(x0,¥0) = (0,0), dryo = dpyo = do
2L, = 2Ly =05mM=N=2
agz,n — —D;ﬂ'n,ﬂéﬂ'n — _D;n,n

Hybrid

Beamforming

! ——Exact
1 Far-fiakd approx

IFyl Vi)
IFgl Vi)

50 100
dg Im] dg [m]

Figure 2. Intensity of the signal received at the receiver versus
distance from the Tx and Rx to the RIS. Setup:
drgo = drxo =do, M =N =2, 2L, = 2L, =05m

partitioned into M x N tiles where M = N.From the
figure we can see that, when the RIS is configured as a
hybrid reflector, the intensity increases with the number
of partitions up to a certain point. Past this point, the
intensity is invariant to the number of partitions.
Meanwhile, when the RIS is configured as a beamformer,
the intensity is invariant under the number of partitions.

V. CONCLUSIONS

In this paper, we have investigated the performance
of an RIS made of multiple tiles of metasurface by

dy=5m d;=100m
102 e e e e e BT — o
107
g ¥ £
= 3 2
u® 3 W
A -
BaamionTing, exact Beamiorming, exact
1ot ¥ Hybid, exact 0% ¥ Hyorid, exact
Hybwid, near-field O Hyrid, far-fieid
-—-— — ~—-—Upparbouna

0 1000 0 1000

SO0 500
Number of tiles (M x M) Number of tiles (M x N)

Figure 3. Intensity vs. number of tiles. Setup: dryo = dgrxo = do,
M =N,2L,=2L,=05m

i **********;g&% Al B
—#— Beamforming, exact

-
= ‘
w o
: m}é{;ﬁaﬁaﬂ
i
4
i — B Hybrid, exact

4 —&— Hybrid, near field approx.
o Hybrid, far field approx.
————— Upperbound

104
0 5 10 15 20 25 30 35 40 45 50

Number of partitions on an axis (M=N)
Figure 4. Intensity of the received signal at the receiver vs.
number of RIS partitions. Setup: M X 2L, = N X 2L, = 5 m,
drxo = drxo = do = 50 m.
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deriving the analytical formulation for the received
electric field at Rx and obtaining the closed form
approximations of the intensity for different
functionalities and regimes. On the basis of the obtained
results, we remarked on the performance trend of the RIS
in terms of received field intensity as a function of
relevant parameters. We validated our analytical results
through numerical simulations.
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