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ABSTRACT Intelligent reflecting surfaces (IRSs) have been attracting attention as a solution to coverage
hole problems in millimeter-wave communication areas and are considered one of the key technologies
of next-generation mobile communication systems. To utilize the IRS for mobile networks, the reflection
power of the IRS should be evaluated in advance to estimate the coverage enhancement. Because the IRS
becomes large, up to several tens or hundreds of wavelengths, a reflection power evaluationmethod for a large
IRS is required. Although the reflection amplitude and phase of the reflecting element are available for the
physical optics (PO)-based evaluation method, they depend on the location of the reflecting element because
of the mutual coupling between adjacent reflecting elements, and should be measured at each location of the
reflecting element. Since the number of reflecting elements in large IRS becomes several tens of thousands,
measurement becomes difficult. In addition, although the radar cross section (RCS) is available for reflection
power evaluation in the far field, a massive measurement system of several hundreds of meters is required
to satisfy the far-field condition of the IRS. For these reasons, the evaluation of large IRS is challenging.
To solve this problem, we propose a practical evaluation method for large IRS by synthesizing the RCS
patterns of small IRSs (sub-IRSs). Since the influence of the mutual coupling between sub-IRSs depends on
the size of the sub-IRSs, we formulated the mutual coupling on the IRS and evaluated the proposed method
by changing the size of the sub-IRSs. The measurement results in an anechoic chamber verified that the
proposed method can estimate the RCS pattern of a large IRS with a reflection power difference of less than
1dB and the correlation between the estimated RCS pattern and the actual RCS pattern exceeds more than
0.87.

INDEX TERMS Evaluation of large IRS, mutual coupling, RCS pattern, physical optics, radar equation.

I. INTRODUCTION
A. BACKGROUND
The commercial service of fifth-generationmobile communi-
cation systems (5G) is being launched on a global scale, and
the technical discussions towards beyond 5G and 6G mobile
communication systems have started [1]. In the beyond 5G
and 6G mobile communication systems, the demands for
communication qualities are expected to increase to provide
highly sophisticated physical-cyber fusion [2]. To deliver
such high communication qualities, the use of high-frequency
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bands with wide bandwidths, such as millimeter-wave bands
and terahertz, is also expected to increase. However, these fre-
quency bands suffer from severe propagation loss, especially
in non-line-of-sight (NLOS) environments, because of their
high path loss and high blockage loss. This creates coverage
holes (dead spots) where the signal strength from a base sta-
tion (BS) is insufficient to provide such high communication
qualities in the communication area [3].

To overcome these problems, the use of smart repeaters,
such as network-controlled repeaters (NCRs), has been
attracting attention. The NCR is currently standardized in
the third generation partnership project (3GPP) [4]. Since the
NCR amplifies the signal from the BS, it can extend coverage.
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As another approach, deploying a passive reflector is an
attractive method for enhancing the coverage to reflect the
signal from the BS to the coverage holes. Since it does not
require an amplifier or other complicated circuits, it can
enhance the coverage ecologically and economically com-
pared to deploying additional BSs and wireless repeaters
[5], [6]. In particular, by applying a meta-surface reflector,
which has an artificial surface to reflect signals in the desired
direction, the capability of the passive reflector is enhanced
[7], [8]. Moreover, since the desired reflection direction is
changed by the change of the propagation environment and
user distribution [9], the intelligent reflecting surface (IRS),
which can control reflection characteristics such as reflec-
tion direction and phase, has been attracting attention [4],
[6], [10], [11], [12], [13], [14], [15], [16], [17], [18], [19].
Since the IRS has the capability to enhance various aspects
of communication qualities, such as coverage and channel
capacities, it is considered one of the key technologies of
next-generation mobile communication systems [4], [10].
To utilize the IRS in mobile networks, the reflection power

of the IRSmust be determined in advance to estimate the cov-
erage enhancement. Therefore, numerous studies related to
the performance evaluation method of the actual IRS through
measurements have been conducted [7], [8], [11], [12], [13],
[14], [15], [16]. However, since the electrical size of the IRS
must be large to increase the reflection power [6], [18], [19],
an evaluation method for an electrically large IRS is required
for practical evaluation.

B. RELATED WORKS
The IRS is designed to arrange the reflection phase in
unit cells (reflecting elements) that are periodically placed
at sub-wavelength intervals on the reflecting surface. The
reflection power of the observation point is calculated as the
sum of the reflection signal from each reflecting element.
Based on this physical optics (PO) theorem, the author of [12]
derived the propagation model of the IRS to evaluate the
reflection power of the IRS. The electric field (E-field) from
the transmitting point was multiplied by the reflection phase
and amplitude (reflection coefficient) of each unit cell. The
reflected E-field is synthesized at the observation point to
derive the reflection power. Since the PO does not depend
on the IRS size, it can be applied to an electrically large IRS.

To utilize PO for the evaluation of the actual IRS, the
reflection coefficient of each unit cell should be measured
correctly. The reflection coefficient of the unit cell is usu-
ally handled as the same value as the designed value, and
is obtained by unit cell analysis. However, the reflecting
element is affected by mutual coupling because of its short
element spacing [19]. Therefore, the reflection coefficient of
each reflecting element depends on the conditions of the adja-
cent reflecting elements. The reflection coefficient differed
from the designed value. This indicates that the measurement
of the reflection coefficient of each reflecting element is
required to evaluate the actual IRS. However, the measured

reflection signals at the observation point are the synthesized
values from each unit cell, and it is difficult to derive the
reflection coefficient of each unit cell. For this reason, it is
difficult to apply for the evaluation of a practical IRS.

In another approach, the author of [16] derived the received
power in the far-field region using the radar equation (RE).
In RE, the received power is calculated using the radar cross
section (RCS) of the IRS. The measured RCS includes the
influence of mutual coupling; therefore, the received power
of the actual IRS was evaluated. The angular characteris-
tics of the RCS (called the RCS pattern) are obtained by
changing the incident and reflection angles. Subsequently,
the reflection power and direction of the actual IRS are
evaluated. However, since the RCS is defined in the far-field
region of the IRS, the measurement system of the RCS
pattern is deployed to satisfy far-field conditions, such as
the distance between the IRS and each transmitting and
receiving antenna [17]. Assuming an IRS with several tens
of wavelengths, a distance of more than several tens of
thousands of wavelengths is required for each transmitter and
receiver. Therefore, it is difficult to evaluate the actual large
IRS in the RE.

C. CONTRIBUTION
To address the aforementioned problems, a practical evalua-
tion method for an actual electrically large IRS is proposed.
Since the electrically large IRS is assumed to be a combi-
nation of small IRSs (sub-IRSs) [20], the RCS pattern of
the electrically large IRS is estimated by synthesizing the
RCS pattern of the sub-IRS whose RCS pattern is measured
in an anechoic chamber with a usual size. The reflection
performance of the electrically large IRS was calculated by
synthesizing the measured RCS patterns of the sub-IRSs.
Since the measured RCS pattern is based on the practical
performance of the sub-IRS, the calculated reflection perfor-
mance of an electrically large IRS is also based on practical
performance.

Here, the mutual coupling of the IRS is derived as a
matrix notation using mutual impedance and array antenna
theory [21], [22]. From the mutual coupling matrix, we also
derived the mutual coupling matrix of the sub-IRSs and
the influence of mutual coupling between sub-IRSs. With a
numerical evaluation by changing the size of the sub-IRS,
the influence of the mutual coupling between sub-IRSs is
reduced by increasing the size of the sub-IRS. Then, the RCS
pattern of the electrically large IRS is estimated by synthesiz-
ing the RCS pattern of sub-IRSs. Through the evaluation of
a uniform linear array (ULA)-shaped IRS and a cross-dipole-
based reflectarray [23], the validity of the proposed method
was verified.

In this paper, the proposed method is verified throughout
themeasurement in anechoic chamber. Themain contribution
of the proposed paper are summerized as follows:
1) Proposal of a practical evaluation method for a large IRS

using the measured RCS pattern of the sub-IRS:
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The measured RCS pattern includes mutual coupling.
Therefore, the proposed method can evaluate the reflec-
tion performance of a large IRS with mutual coupling.

2) Formulation of themutual couplingmatrix for the IRS and
the sub-IRS:
To be utilized for PO, the mutual coupling between each
reflecting element is formulated as a matrix notation.

3) Verification of proposed method using numerically cal-
culated RCS pattern with mutual coupling matrix of
ULA-shaped IRS
The synthesized RCS pattern became close to that of the
electrically large RCS pattern by increasing the size of the
sub-IRS.

4) Verification of proposed method with calculated RCS
pattern using electromagnetic (EM) field simulator [24]
The correlation between the RCS pattern of the proposed
method and the calculated data is 0.99, and the proposed
method can estimate the RCS pattern of an electrically
large IRS.

5) Verification of the proposed method with the measured
RCS pattern in an anechoic chamber
The correlation between the RCS pattern of the proposed
method and themeasured data becomes 0.87when the size
of the sub-IRS is large.

D. ORGANIZATION
The remainder of this paper is organized as follows. The
path-loss models used to evaluate the reflecting power are
introduced in Section II. The sub-IRS synthesis method,
including the formulation of mutual coupling on the IRS is
proposed in Section III. In Section IV, the proposedmethod is
numerically analyzed using a ULA-shaped IRS. In Section V,
the proposed method was evaluated using the RCS pattern
obtained by the EM simulator and measured in an anechoic
chamber. This paper is concluded in Section VI.

II. DEFINITION OF IRS AND PATH LOSS MODEL
This section describes the IRS discussed in this paper. For
simplicity, a ULA-shaped IRS was assumed. Then, the path
loss model of the IRS based on the PO and RE to evaluate the
reflection power is introduced.

A. DEFINITION OF IRS
Figure 1 shows the IRS discussed in this paper. The IRS is
placed in the xy-plane, (z = 0) as shown in the figure. The
IRS consists of N reflecting elements (unit cells) arranged
in the x-direction. Each reflecting element is placed within
d intervals and has directivity defined as F (θ). F (θ) also
includes the polarization components. When the cross polar-
ization discrimination of the reflecting element is low, the
reflecting signal strength of the co-polarization component is
decreased. The angle and distance from the n-th unit cell and
each transmitting and observation point are defined as θt,n,
θr,n, r tn and r

r
n , respectively (n = 1, 2, . . .N ). The reflection

coefficient of the n-th unit cell was defined as 0n = αnejβn .
Here, each αn and βn denote the reflection amplitude and

FIGURE 1. The definition of the IRS.

phase component of the n-th unit cell, respectively. Assuming
the length of the unit cell in the y-direction, d , the area of the
IRS is Nd2.

B. PO-BASED PATH LOSS MODEL
The path loss model of the IRS was calculated based on the
PO theory [12]. The reflecting E-field at the observation point
from the n-th reflecting element Er,n is expressed with the
E-field at the transmitting point, Et as follows:

Er,n =

(
ejkr

t
n

r tn

)
F
(
θi,n
)
0nF

(
θr,n

) (ejkrrn
rrn

)
Et , (1)

where, k = 2π/λ, and λ are the wave number and wave-
length, respectively. Equation (1) is converted into a matrix
notation as follows:

Er = 0′Et (2)

0′
=
[
0′

1, 0
′

2, · · · , 0′
M
]

(3)

0′
n =

(
ejkr

t
n

r tn

)
F
(
θi,n
)
0nF

(
θr,n

) (ejkrrn
rrn

)
. (4)

Assuming the transmitting power, antenna gain of each trans-
mitting and receiving antenna, and reflecting element, Pt ,Gt ,
Gr , and G, respectively, the received power density at the
observation point, Pr , is calculated as follows [5]:

Pr =
GtGrGd2λ2

64π3

∣∣∣ErETr ∣∣∣ , (5)

where AT is the transpose matrix of A. Equation (5) is
the matrix notation for the PO-based received power. Since
r tn and r

r
n are functions of the incident and reflecting angles,∣∣ErEtr∣∣ has angle dependency.

C. RE-BASED PATH LOSS MODEL
Assuming that the distance between the IRS and each
transmitting and observation point is large enough to
satisfy the far-field condition of the IRS, the phase dif-
ference of each incident path length and reflecting path
length, exp

{
j2πr tn/λ

}
and exp

{
j2πrrn/λ

}
, becomes small

and depends only on the incident and reflecting angle [16].
We define the incident and reflection angles and path
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FIGURE 2. Conventional measurement system of the IRS.

lengths θt , θr , r t , and rr , respectively. Then, equations (4)
and (5) are replaced as follows:

0′
n = F (θi) 0nF (θr )

(
ejkd(n−1)(sinθi+sin θr )

r trr

)
, (6)

Pr =
GtGrGd2λ2

64π3 (Et)2
∣∣∣0′0′T

∣∣∣ , (7)

Pr =
GtGrd2λ2

64π3 (r trr )2
(Et)2 σ ′ (θi, θr ) . (8)

Then the transmitting power is described with the following:

Pt =
(Et)2(
Nd2

)2 (9)

Therefore, equation (8) is replaced as follows:

Pr = PtGt

(
λ

4πr t

)2 4πσ (θi, θ r )

λ2

(
λ

4πrr

)2

Gr

(10)

σ (θi, θr ) =
4π
(
Nd2

)2
λ2

D2 (θi, θr ) (11)

D(θi, θr ) = GF (θi)F (θr ) 6N
n=1(0ne

jkd(n−1)(sinθi+sin θr ))

(12)

FIGURE 3. Definition of the mutual coupling on the IRS.

Equation (10) is known as the radar equation, and σ (θi, θr )

denote the radar cross section (RCS) of the IRS. The radar
equation is expressed as a path loss model from the IRS,
whose radiation power is equivalent to PtGtσ (θi, θr )/r2t .

III. PRACTICAL EVALUATION METHOD OF LARGE IRS
In this section, a practical evaluation method for a large IRS is
proposed. Since the size of the IRS becomes large to increase
the reflection power, a precise evaluation method for large
IRS is required. First, the conventional evaluation method
of the IRS is introduced. In the next step, the influence of
mutual coupling is formulated. Subsequently, a, method for
synthesizing the measured RCS pattern of the sub-IRS is
proposed.

A. CONVENTIONAL EVALUATION METHOD
Through the discussion in Section II, the reflection power
from the IRS was calculated using PO and RE. To precisely
evaluate the reflection power, the PO requires the reflec-
tion amplitude and phase information of each unit cell, 0n,
and the RE requires the RCS pattern of the IRS σ (θi, θr ).
Conventional measurement systems for the IRS are shown
in Fig. 2.

Figure 2a shows the monostatic measurement system.
In the system, the same antenna was used for each transmit-
ter (Tx) and received (Rx) antenna. The antenna connected
to the vector network analyzer (VNA) was placed in front
of the device under test (DUT). The distance between each
DUT and antenna satisfies the far-field condition of the DUT.
Assuming that the reference point of the VNA is at the
antenna port, the measured S11 denotes the received power of
θi = θr = 0 in equation (10). By comparing the measured S11
of theoretically known devices, the reflection amplitude and
phase of the DUT were derived. For instance, the reflec-
tion amplitude and phase of the metal plate are known as
αn,metal = 1 and βn,metal = π . Therefore, assuming the metal
plate with the same size as the DUT and consists of the same
number of unit cells, the reflection amplitude and phase of
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FIGURE 4. Equivalent circuit of the reflectarray and the Liquid crystal
IRS [13].

FIGURE 5. Definition of the sub-IRS.

the DUT were derived using the following equations [13]:

S11,DUT
S11,metal

= 6N
n=0

(
0n,DUT − 0n,Metal

)
. (13)

Equation (13) indicates that the reflecting amplitude and
phase are derived as the summation of each reflecting ele-
ment. Therefore, the reflection amplitude and phase are
derived by measuring them as a reflecting element (N = 1)
or averaging the same reflection amplitude and phase setting
(0n = 0).
Figure 2b shows the bistatic measurement system. In the

system, each Tx and Rx antenna is connected to the VNA.
From the measured S21 at (θi, θr ), the angular characteristics
of the reflection power were obtained. Similar to the monos-
tatic system, the RCS of the DUT was derived by comparing
it withthe theoretically known DUT. For instance, assume
θi = θr = 0, the RCS of a metal plate with a surface is S
of 4πS2/λ2. Therefore, the RCS of the DUT is derived using
the following equation:

σ (θi, θr ) =
S21,DUT (θi, θr )

S21,metal (0, 0)
4πS2

λ2
(14)

FIGURE 6. Mutual coupling matrix of sub-IRS.

B. FORMULATION OF MUTUAL COUPLING ON IRS
When current flows in the reflecting element, coupling cur-
rents are induced in the adjacent reflecting element [16]. This
phenomenon is known as mutual coupling. The strength of
the induced current depends on the element spacing. Since
the element spacing of the IRS is generally designed within
a half-wavelength, the IRS is affected by strong mutual
coupling. Since the induced current also reflects the signal
as shown in Fig. 3, mutual coupling distorts the reflection
pattern of the IRS. Therefore, the reflection pattern, including
the mutual coupling, should be evaluated. Figure 4 shows
the equivalent circuits of each reflectarray and IRS. The
difference between each device is whether impedance is vari-
able or not. Therefore, the mutual coupling effect for each
reflectarray and IRS is considered same.

We define the mutual coupling coefficient between the
p-th and the q-th reflecting elements, cp,q. Here, the mutual
coupling coefficient is a complex value. Assuming that the
IRS is composed of N reflecting elements, the influence of
mutual coupling is denoted as the mutual coupling matrix C,
which has (N × N ) dimensions. Using themutual coupling

matrix, (2) can be converted to:

E′
r = CEr. (15)

C =

 c11 · · · c1N
...

. . .
...

cN1 · · · cNN

 , (16)

Since the mutual coupling coefficient from the p-th reflecting
element to the q-th reflecting element is the same as that
from the q-th reflecting element to the p-th reflecting element(
cp,q = cq,p

)
, coupling matrix C becomes a symmetrical

matrix. Referring to [21], the mutual coupling is defined as
a mutual impedance matrix. Therefore, when the shape of the
reflecting element is designed with the same configuration,
mutual coupling depends only on the element spacing of the
reflecting element [22]. Based on this idea, the number of
unknowns is reduced.

However, the impedance of the reflecting element is
changed by changing the reflection phase, and the mutual
coupling coefficient depends on both the element spacing and
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reflecting coefficient 0n. Therefore, it is difficult to measure
the reflecting phase and amplitude of an actual IRS.

C. SYNTHESIS OF RCS PATTERN OF SUB-IRS
To solve these problems, we propose an evaluation method
for large IRS by synthesizing the RCS pattern of the sub-IRS.
We assumedM sub-IRSs consist of L elements. Each sub-IRS
was placed within dL intervals as shown in Fig. 5. The
distance and angle between the m-th sub-IRS and each trans-
mitting and observation point are defined as r tm, r

r
m, θi,m, and

θr,m, respectively. When the directivity, gain, and reflecting
amplitude and phase of the m-th sub-IRS are defined as
Fs
(
θi,m

)
, Fs

(
θr,m

)
,Gs,m, and 0s,m, respectively, equation (1)

is replaced as follows:

Er,m =

(
ejkr

t
m

r tm

)
Fs
(
θi,m

)
0s,mFs

(
θr,m

) (ejkrrm
rrm

)
Et . (17)

Here, since theGs and Fs
(
θi,m

)
denote the reflection gain and

directivity of the sub-IRS, respectively, they are replaced with
the RCS pattern of the sub-IRS.

Gs,m0s,m = max
(
σs,m

(
θi,m, θr,m

)) ( λ2

4π

)
1(

Ld2
)2
(18)

Fs
(
θi,m, θr,m

)
=

σs,m
(
θi,m, θr,m

)
Gs,m

. (19)

Assuming that the distance from each Tx and Rx antenna and
sub-IRS is sufficiently large to satisfy the far-field condition
of the sub-IRS, the RCS pattern of the sub-IRS σ

(
θi,m, θr,m

)
,

is measured with the system. Therefore, equations (15)
and (5) are also replaced with the measured RCS pattern of
the m-th sub-IRS, σm

(
θi,m, θr,m

)
as follows:

Er,m =

(
ejkr

t
m

r tm

)
σm
(
θi,m, θr,m

) (ejkrrm
rrm

)
Et . (20)

Pr =
GtGrLd2λ2

64π3

∣∣∣ErETr ∣∣∣ . (21)

Assuming a far-field region of the large IRS, the RCS pattern
of the large IRS is derived from the RCS pattern of the
sub-IRS.

D (θi, θr ) = F (θi)F (θr ) 6S
s=16

M
m=1

×

(
0mejkd(m−1)(sin θi,m+sin θr,m)

)
, (22)

D (θi, θr ) = 6M
m=1σm(θi, θr ). (23)

D. INFLUENCE OF THE MUTUAL COUPLING
The mutual coupling matrix, was also divided into sub-IRSs
as shown in Fig. 6. The mutual coupling matrix between i-th

TABLE 1. Simulation specifications.

and j-th sub-IRS, C ′
ij, is defined as

C′
=

 C11
′
· · · C1K

′

...
. . .

...

CK1
′
· · · CKK

′

 , (24)

C ij
′
=

 c(L(i−1)+1),(L(j−1)+1) · · · c(L(i−1)+1),JL
...

. . .
...

ciL,(L(j−1)+1) · · · ciL,jL

 . (25)

Here, the measured reflection pattern of sub-IRS includes the
mutual coupling inside the sub-IRS, C ′

ij, (i = j) . However,
it does not consider the mutual coupling between each sub-
IRS,C ′

ij, (i ̸= j) . Therefore, the proposedmethod handles the
mutual coupling matrix as;

C′
=


C11

′ 0 · · · 0

0 C22
′

...
...

. . . 0
0 · · · 0 CKK

′

 , (26)

Compared to (24) and (26), the proposed method neglects
the non-diagonal components of C′, therefore, the reflection
pattern of the proposed method is different from that of the
actual IRS. By adjusting the size of the sub-IRS, the differ-
ence decreases, as discussed in the next section.

IV. NUMERICAL EVALUATION OF MUTUAL COUPLING
EFFECT
As discussed previously, the proposed method handles the
non-diagonal component of the mutual coupling matrix of
the sub-IRS in (24) as 0. This approximation causes a dif-
ference between the estimated and the actual RCS patterns.
On the other hand, by increasing the size of the sub-IRS, the
number of unknowns of C ij , which is not measured, should
be decreased and the estimated RCS pattern becomes close
to that of the actual RCS pattern. Therefore, the numerical
evaluation results were derived by changing the sub-IRS size.
To obtain consistency in the proposed method, the correla-
tion with directivity, which is calculated using

∣∣ErETr ∣∣, the
reflecting angle must be changed between the IRS and the
observation point.
The simulation conditions are listed in Table 1.

We assumed 12 patch-type reflecting elements with element
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FIGURE 7. Directivity of the sub-IRS.

spacings of 0.5λ. Regarding the size of the sub-IRS, we eval-
uated two, three, and four-element sub-IRSs.We calculate the
directivity of the sub-IRS and then estimate the directivity of
the full-IRS with the directivity of the sub-IRS. For simplic-
ity, the reflection coefficient of each reflecting element was
set to −1. We assumed that the distance from the IRS and
each transmitting and observation point was sufficiently large
to satisfy the far-field condition. We also assumed that the
transmitter was positioned in front of the IRS. Since the angle
difference between each reflecting element was sufficiently
small in the far-field condition, we set the incident angle of
each reflecting element to the same value, θi,k = θi = 0.
Similarly, the angle between each reflecting element and
observation point was set to θr,k = θr . The angle dependency
of the reflection power is derived by changing θr from
−90 to 90 degrees.

Regarding mutual coupling, since the mutual coupling of
the reflecting element is not derived directly, we apply the
mutual coupling of the patch array calculated using [18].
As a sample, the first (4 × 4) components of mutual coupling
matrix C1:4, as shown at the bottom of the page.
Figure 7 shows the directivity of the sub-IRS by changing

the size of the sub-IRS. L = 1 indicates directivity of the
patch element. The directivity was normalized to L = 4.
As shown in the figure, the directivity of L = 1 exhibits
a peak at 0 degrees and symmetrical characteristics. On the
other hand, owing to the mutual coupling effect, the directiv-
ities of each L = 2, 3, and 4 have asymmetrical characteris-
tics. The asymmetry is increased with large L.
Figure 8 shows the directivity of the proposed method

by changing L. Full IRS indicates the directivity calcu-
lated with the (12 × 12) mutual coupling matrix. Owing to
mutual coupling, the directivity of the large IRS is distorted.
By increasing the size of the sub-IRS, the directivity of the

TABLE 2. Measurement specifications.

FIGURE 8. RCS pattern by changing the size of sub-IRS.

proposed method approaches that of a large IRS. The corre-
lation between the directivity of each proposed method and a
large IRS was 0.99. The difference between the directivities
can be attributed to the small element numbers, N and M .
In the actual IRS, the element number is assumed be increased
up to more than 1,000. In this case, the size of the mutual cou-
pling matrix also increases. However, since the influence of
the mutual coupling is neglected with large element spacing,
the proposed method is considered to be effective by setting
sufficiently large size of sub-IRS. The effectiveness is also
verified by using the IRS with several hundreds of reflecting
element in the next section.

V. EVALUATION WITH META-SURFACE REFLECTOR
A. EVALUATION WITH EM SIMULATOR
To verify the validity of the proposed method, the
meta-surface reflector shown in Fig. 9 was used to obtain

C1:4 =


1 −0.05 + 0.19j 0.05 + 0.01 −0.01 + 0.00j

−0.05 + 0.19j 1 −0.08 + 0.19j −0.03 + 0.04j
0.05 + 0.01j −0.08 + 0.19j 1 −0.20 − 0.02j

−0.01 + 0.00j −0.03 + 0.04j −0.20 − 0.02j 1

 .
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FIGURE 9. Definition of sub-IRS for simulation, each element spacing is
0.5λ at 28GHz.

FIGURE 10. Directivity of the proposed method and large IRS using EM
simulator at 28GHz.

TABLE 3. Measurement results.

the evaluation results. The metasurface reflector consists of
cross-shaped elements. Each element was placed within 0.5λ.
The sub-IRS consists of 200 reflecting elements of (10 × 20)
and the directivity of the large IRS with 400 reflecting ele-
ments of (20 × 20) is evaluated using the proposed method.
Figure 10 shows the directivity of each proposed method
and the large IRS in the zx-plane, calculated using the EM
simulator. The results demonstrate that the proposed method
reproduces the directivity of a large IRS.

B. EVALUATION WITH MEASURED RCS PATTERN
The validity of the proposed method is verified using the
measured RCS pattern in an anechoic chamber as shown in
Fig.11. The measurement conditions are listed in Table 2.
The Tx antenna is set in the front of the DUT (θi = 0) and
the Rx antenna is rotated around the DUT. The distance
between the DUT and each Tx and Rx antenna is set at
2.5 m and 2.0 m, respectively. Regarding the DUT, the IRS

FIGURE 11. RCS pattern by changing the size of sub-IRS.

FIGURE 12. Definition of sub-IRS for measurement RCS (N=12), each
element spacing is 0.5λ at 28GHz.

consists of N × 20 reflecting elements (N = 6, 20, 30) as
shown in Fig. 12. Each IRS is divided into 2 sub-IRSs whose
reflecting element is N/2×20. The RCS pattern of each sub-
IRS (A, B) is measured. By synthesizing the RCS pattern
of each sub-IRS, the synthesized RCS pattern is derived
(A+B proposed). The synthesized RCS pattern is evaluated
by comparing the measured RCS pattern (A+B measured).
Figure 13 shows the measured and estimated RCS pattern.
From the figure, in the case of N = 6, the estimated RCS
pattern differs from themeasuredRCS pattern. The difference
in the reflection power in the reflection direction (θ = −45)
was 3.2dB. The differences become smaller as the number
of reflecting elements N increases. In the case N > 20,
the difference becomes less than 1dB (0.74dB). In addition,
the correlation between the estimated RCS pattern and the
measured RCS pattern is summarized in Table 3. The reflec-
tion power difference becomes smaller with the increase of
N and the correlation between the measured and estimated
RCS tends to increase with a large N. These results veri-
fied that the proposed method can estimate the reflection
pattern of large IRS by setting the large element number
of sub-IRS.

VOLUME 11, 2023 102079



H. Matsuno et al.: Practical Evaluation Method of Large Size IRS

FIGURE 13. Comparison of the proposed and measured RCS pattern
at 28GHz.

VI. CONCLUSION
This paper proposes a practical evaluation method for elec-
trically large IRS. Since the reflecting elements of the IRS
are affected by mutual coupling from adjacent reflecting
elements, measurement of the reflection coefficient of each
unit cell is required to utilize PO for practical evaluation.
However, it is difficult to derive the reflection coefficient of
each unit cell because the measured reflecting signal is the
summation of that from each reflecting element. In addition,

although the RCS pattern includes the influence of mutual
coupling, it is difficult to measure the RCS pattern of an
electrically large IRS owing to its large far-field conditions.

To address these problems, this paper proposes an RCS
pattern evaluation method by synthesizing the measured
RCS pattern of the sub-IRSs. As the measured RCS pat-
tern includes the influence of the mutual coupling, the
estimated RCS pattern also includes the influence of the
mutual coupling. Although there remains the influence of
the mutual coupling between sub-IRSs remains, it is reduced
by increasing the size of the sub-IRSs. The measurement
evaluation showed that the estimated RCS patternwas in good
agreement with the measured RCS pattern. The correlation
between each proposed and measured RCS pattern was 0.87,
which increased as the sub-IRS size increased.
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