
IEEE ANTENNAS AND WIRELESS PROPAGATION LETTERS, VOL. 24, NO. 5, MAY 2025 1253

Locally Optimal Periods in Periodic Optically
Transparent Two-Metal-Layered Refractive

Metasurfaces for Outdoor-to-Indoor Communication
Byeongjin Kim , Graduate Student Member, IEEE, Seungwoo Bang , Graduate Student Member, IEEE,

Sunghyun Kim , Doyle Kwon, Seongkwan Kim , and Jungsuek Oh , Senior Member, IEEE

Abstract—This study presents a novel electromagnetic analysis
and mathematical derivation for determining the locally optimal
unit cell period that minimizes phase error losses in the macro-
scopic design of a periodic two-metal-layered refractive metasur-
face (TRM) for outdoor-to-indoor communication. The TRM’s
periodicity is investigated for three main advantages: reducing
design complexity, lowering lifecycle costs, and increasing area
efficiency. The existence of locally optimal unit cell periods for each
pair of incidence and refraction angles, along with a method to find
them, was derived. Finally, a 6G upper-mid optically transparent
TRM with a locally optimal unit cell period was fabricated, and its
path losses in both far-field and near-field scenarios were measured
to validate the proposed technique.

Index Terms—6G upper-mid, metasurface, optically trans-
parent, outdoor-to-indoor (O2I), periodicity.

I. INTRODUCTION

R ECENTLY, the reconfigurable intelligent surfaces (RISs),
has emerged as an attractive tool for enhancing outdoor-to-

outdoor communication [1], [2], [3], [4], [5], [6], [7], [8], [9]. Un-
like previous metasurfaces [10], [11], RISs can redirect incident
waves, creating robust signal paths in non-line-of-sight (NLOS)
scenarios. However, for outdoor-to-indoor (O2I) communica-
tion, transmissive metasurfaces cannot be applied to walls or
frames of buildings and vehicles due to high insertion losses [12].
Instead, optically transparent transmissive metasurfaces must
be printed on glass windows [13], [14], [15], [16], [17], [18],
[19], [20], [21], [22], [23], [24], [25], [26], which complicates
the adoption of tunable elements. In addition, incorporating
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three or more metal layers into the design of the refractive
metasurface (RM) increases complexity. Therefore, this letter
focuses on a passive-type two-metal-layered RM (TRM), de-
spite its limited unit cell phase tuning range of approximately
180◦ within a 3 dB transmission loss threshold [27]. Since the
TRM experiences phase error loss (PEL) due to its limited unit
cell phase tunable range, design techniques to reduce PEL are
urgently needed. In [28], the effect of a limited phase range
on the gain and bandwidth of a multilayered transmitarray is
demonstrated. In [29], particle swarm optimization is applied
to address the constrained phase range of 255◦ in the design of
a three-metal-layered transmitarray. In [20], the tunable phase
range of a TRM unit cell was extended to 220◦ by permitting
a unit cell transmission loss of up to 7.7 dB. However, despite
achieving a wide beam refraction angle range, severe refraction
losses occurred, exceeding 10 dB at oblique incidence.

This letter highlights three key advantages of periodic TRMs.
First, they reduce design complexity by minimizing optimiza-
tion parameters and enabling faster validation through Floquet
simulations on unit cell subarrays, avoiding time-intensive sim-
ulations of the entire TRM. Second, they lower lifecycle costs
by facilitating modular fabrication with small photomasks and
allowing for individual block replacement instead of replacing
the whole TRM. Finally, they increase area efficiency by using
smaller unit cell subarrays to maximize coverage, reduce void
fractions, and enhance packing density, directly improving the
refracted power proportional to the TRM’s area.

We present a novel electromagnetic analysis and mathemat-
ical derivation for the locally optimal unit cell periods that
minimize PEL in the macroscopic design of periodic TRMs,
utilizing antenna array theory and the pattern search algorithm
(PSA). A 6G upper-mid optically transparent TRM with a locally
optimal unit cell period is fabricated as an example, and its
far-field and near-field path losses are measured to validate the
proposed derivation.

II. PHASE ERROR FACTOR AND LOSS OF THE TRM

Initially, we consider the incident wave on the RM to be a
plane wave in the context of O2I communication. This assump-
tion arises from the typical positioning of outdoor base stations
(BSs) or user equipment (UE), which are expected to be located
in the far field relative to the glass window, as shown in Fig. 1.
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Fig. 1. Illustration of O2I communication enhanced by optically transparent
TRMs, involving adaptive BSs, user equipment UE, and repeaters.

Fig. 2. Illustration of an electromagnetic wave ray transmitted with incidence
and refraction angles θi and θr through an RM with Nx ×Ny unit cells, each
of size d× d.

For simplicity, this letter focuses on 1-D refraction, where the
incident and transmitted wave rays are assumed to lie in the same
xz-plane without azimuthal rotation. The phase tunable range of
the TRM unit cell is limited to 180◦ for a 3 dB transmission loss
threshold [27].

To illustrate how to calculate PEL, consider an RM composed
of Nx ×Ny unit cells with each unit cell sized d× d, as shown
in Fig. 2. Thus, the RM aperture area A = NxNyd

2. The RM
array gain AG for arbitrary incidence and refraction angles, θi
and θr can be calculated as follows:

AG(θi, θr) = EG(θr)× |AF(θi, θr)|2 (1)

where EG and AF are defined as the unit cell gain and array
factor, respectively, and they can be calculated as follows:

EG(θr) = er
4πd2

λ2
× cos2q θr (2)

AF(θi, θr) = Ny × ΣNx
n=1an(θi) exp(jnkd sin θr) (3)

where er is defined as the unit cell radiation efficiency, the cosq

pattern is adopted for simplicity [31], and an(θi) is defined as
the complex-valued excitation coefficient for each unit cell, with
a magnitude of 1/

√
NxNy . k and λ are the free-space wave

number and wavelength, respectively. Defining φn as the phase
tuned by the nth unit cell when the wave is transmitted through
it, an(θi) can be calculated as follows:

an(θi) =
1√

NXNy

exp(−jnkd sin θi + jφn). (4)

Fig. 3. Optimized PEF of aperiodic TRMs in dB scale for arbitrary θi and θr
pairs, with kd (or d) equal to (a) π (or λ/2), (b) π/2 (or λ/4), (c) 2π/5 (or λ/5),
and (d) π/3 (or λ/6). The values of Nx are 30, 60, 75, and 90, respectively.

Through (1)–(4), it is derived that AG(θi, θr) has a maximal
value if φn (n = 1 ∼ Nx) is assigned as follows:

φn,ideal = nkd(sin θi − sin θr) (5)

AG,max(θi, θr) = er
4πA

λ2
× cos2q θr. (6)

The ideal phase tuning difference between consecutive unit
cells can be easily derived from (5) as follows:

Δφideal = φ(i+1),ideal − φ(i),ideal = kd(sin θi − sin θr). (7)

The TRM unit cells, with their limited phase tunable range,
cannot satisfy (5)–(7). In this letter, the phase error factor (PEF)
and PEL are defined as follows:

PEF =
AG(θi, θr)

AG,max(θi, θr)
(8)

=
|ΣNx

n=1 exp(jnkd(sin θr − sin θi) + jφn)|2
N2

x

(9)

PEL|dB =
1

PEF
|dB = −10 log10 PEF (10)

where PEF on a linear scale has its value between 0 and 1, and
PEL is the inverse of PEF.

III. OPTIMIZATION OF APERIODIC TRM

A. Optimal Unit Cell Phase Tuning Set: φn

The PSA, known for its high accuracy and short running time,
is employed to find the optimal values of φn (n = 1 ∼ Nx) that
minimize the PEL of the TRM. In this process, PEL is designated
as the cost function to be minimized

Cost = PEL(Nx, kd, θi, θr, φn). (11)

After the optimization of φn, the minimized PEL for the
periodic TRM becomes a function of two parameters: Nx and
kd. Since Nx is determined based on the specific application,
kd must be optimized to further minimize the PEL.
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Fig. 4. Optimized PEF of periodic TRMs in dB scale with variation in unit
cell period P , when (θi, θr , Nx) is equal to (a) (0◦, 20◦, 24), (b) (0◦, 20◦, 40),
(c) (20◦, 40◦, 24), (d) (20◦, 40◦, 40), (e) (30◦, −30◦, 24), (f) (30◦, −30◦, 40),
(g) (30◦, −60◦, 24), and (h) (30◦, −60◦, 40). kd = π.

B. Optimal Unit Cell Size: d

Fig. 3 shows the optimized PEF of TRMs with variations in
unit cell size, d. All other parameters were kept constant except
for Nx, to maintain an equal TRM aperture area A, ensuring
an equal AG,max from (6) for a fair comparison. The average
PEL decreases as d increases, which goes against our intuition
since a smaller unit cell size typically leads to higher phase
resolution. We attribute this counterintuitive result to the limited
phase tunable range of TRM unit cells. However, whend exceeds
λ/2, undesired grating lobes emerge, meaning that d cannot
exceed λ/2 [32]. Therefore, the optimal TRM unit cell size is
half a wavelength.

IV. OPTIMAL UNIT CELL PERIOD FOR PERIODIC TRM

In this section, we advance the design of the TRM by in-
corporating periodicity, where φi+P = φi. The unit cell period
P is now included as a parameter in the cost function (11)
for optimization. The value d = λ/2, derived for the aperiodic
TRM, is also selected for the periodic TRM.

Fig. 4 illustrates examples of how the PEF varies with changes
in P . The value of P was limited to Nx/2 to ensure that at least
two periods are arranged. Notably, we find that the PEL does
not decrease as P increases for the same Nx. Instead, there are
unique values of P for each (θi, θr) pair that locally minimize
the PEL. For example, we observe a unique minimal P value,
Pmin, for each (θi, θr) pair that results in a small PEL of less than
3 dB: Pmin = 6, 7, 2, and 3 for (θi, θr) = (0◦, 20◦), (20◦, 40◦),
(30◦,−30◦), and (30◦,−60◦), respectively. The higherP values
that produce local minimal PELs are close to multiples of Pmin.

These P values were found to satisfy the following condition:

Δφideal

2π

(
P − Pα

Nx

)
≤ Z ≤ Δφideal

2π

(
P +

Pα

Nx

)
(12)

where Z represents an arbitrary positive integer, Δφideal is
defined in (7), and α is manually fitted as follows:

α = 0.88× | sin θi − sin θr|−0.4. (13)

Equation (12) successfully estimates the P values for most
(θi, θr) pairs, including the examples shown in Fig. 4, with the
exception of pairs close to (0◦, 0◦) and (90◦,−90◦). A reference
PEL of 3 dB was used for this estimation. However, if the
reference PEL is set to be less than 3 dB, then both the coefficient
and exponent of α in (13) should decrease, resulting in a lower
α value and providing a stricter condition for P to satisfy (12)
with the modified (13).

V. FABRICATION AND EXPERIMENTAL RESULTS

A. Measurement of PEF of TRM

The PEF can be indirectly measured and validated by mea-
suring path losses in TRM-aided NLOS scenarios. Simple yet
sufficiently accurate far-field and near-field path loss models
for the RM can be derived from the path loss models for
reflective-type RISs outlined in [7], as follows:

PLfar-field =
(4πrtT rrT )

2

GtGrN2
totA

2
UC cos θi cos θr|T |2PEF

(14)

PLnear-field =
(4π(rtT + rrT ))

2

GtGrλ2|T |2PEF
(15)

where rtT , rrT , Gt, Gr, Ntot, AUC, and T are defined as the
distance between the transmitting antenna (Tx) and the RM,
the distance between the receiving antenna (Rx) and the RM, the
Tx gain, the Rx gain, the total number of unit cells on the RM
aperture, the physical area of the RM unit cell, and the average
magnitude of the transmission coefficient of the RM unit cell,
respectively.

B. TRM Design and Fabrication for Proof-of-Derivation

A TRM designed with the optimal unit cell period for a
12 GHz TM mode in the 6G upper-mid band application is
fabricated and measured in both far-field and near-field en-
vironments. The configuration used for the measurements is
(θi, θr, d, P,Nx) = (30◦,−60◦, λ

2 , 3, 24). The unit cell size is
12.5 mm× 12.5 mm (λ/2× λ/2), and the total aperture size
is 300 mm× 300 mm (12λ × 12λ). Fabrication was performed
using photolithography on two glass substrates, each measuring
370 mm × 470 mm, with a dielectric constant of 5.27 and a loss
tangent of 0.003. The two metal layers of the TRM were printed
separately on the two glass substrates, which were then aligned
and positioned facing each other with a 4 mm air gap. The air gap
was maintained with a margin of error of only 0.2 mm (5% error
rate) using a specially designed jig, fabricated in-house with
a high-resolution 3-D printer. The 500 nm-thick copper metal
layers, with a conductivity of 5.8× 107 S/m, were deposited onto
the glass substrates using photolithography and precisely aligned
using the jig. This process ensured the alignment of the TRM unit
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Fig. 5. (a) Illustration of the fabricated TRM unit cell type and its optically
transparent version; photographs of (b) unit cells enlarged using a microscope
and (c) fabricated optically transparent TRM sample. (d) Transmission response
of the selected unit cells. The dimensions are (d, hsub, hairgap) = (12.5, 0.7, 4),
and (Ow, Iw) = (6, 4.5), (3, 1.95), and (10,8) for unit cells #1, 2, and 3,
respectively (units: mm).

cells with an error rate of only 1.6%. The target TRM is designed
with a locally optimal period P value of 3, determined using
(12) to calculate the optimal unit cell period. The corresponding
ideal phase set of [180◦, 90◦, 0◦] is derived from Section III. The
double-ring unit cell (DRUC) shown in Fig. 5(a) is selected as an
example due to its double-resonance capability, which enables
achieving the theoretically maximum transmission phase range
of 180◦ [27]. The opaque DRUC is converted into an optically
transparent mesh-grid form by replacing each opaque ring with
three concentric, ultrathin (10 μm) rings with a line spacing
of 0.15 mm, achieving a similar transmission response while
attaining a calculated optical transparency (OT) of 99.15% [33].
Photographs of the fabricated optically transparent TRM sample
confirm its high OT, as shown in Fig. 5(b) and (c). Fig. 5(d)
illustrates the transmittance response of three selected DRUCs.
A scan angle of 30◦ (= θi) was applied in the simulation setup.
From the selected DRUCs, a phase set of [−25◦,−111◦, 170◦]
or [175◦, 89◦, 10◦] when normalized, is obtained. Although
Fig. 5(d) shows that unit cells #1 and #3 exhibit relatively low
transmission in the upper and lower bands, respectively, the pro-
posed TRM performs effectively in these bands due to its wider
transmission phase range or the tolerable transmission levels
within the overall TRM performance. To improve unit cell band-
width, additional metal layers beyond two can be employed [27],
[34], but this comes at the expense of reduced OT [24].

To apply (14) and (15), |T | and PEF values need to be calcu-
lated. First, |T | is computed as the average transmission magni-
tude of unit cells #1, #2, and #3, resulting in a value of 0.8422
or −1.4914 dB. For the ideal TRM phase set [180◦, 90◦, 0◦] and
the selected phase set [175◦, 89◦, 10◦], the PEF is calculated to
be 0.5238 and 0.4790, respectively. It is evident that the PEF
equals 1 (i.e., PEL = 0) for an ideal RM with a unit cell phase
tunable range of 360◦.

C. Far-Field and Near-Field Measurements

Fig. 6 illustrates the setup for both rooftop and ane-
choic chamber environments used for far-field and near-field

Fig. 6. Measurement setups: (a) rooftop of the building for far-field measure-
ments and (b) RF anechoic chamber for near-field measurements.

Fig. 7. Calculated and measured received power, Pr , in (a) far-field and
(b) near-field environments at 12 GHz.

measurements, respectively. In the path loss equations (14)
and (15), Gt, Gr, Ntot, AUC, and λ are 16 dBi, 16 dBi, 576,
156.25 mm2, and 25 mm, respectively. For far-field measure-
ments, rtT and rrT are set at 7.5 m and 7.5 m to 15 m, respec-
tively, while for near-field measurements, these distances are
0.8 m and 1 m to 3.5 m, respectively. X-band horn antennas were
used as the Tx and Rx. The transmitted power Pt is 20 dBm for
far-field measurements and 0 dBm for near-field measurements,
supplied by a signal generator.

Fig. 7 presents the calculated and measured received power
for the RM with the ideal phase assignment (PEL=0) and TRMs
with unit cell periods P = 3, 4, and 5, in both far-field and
near-field environments. The calculated and measured results
for the designed TRM with the optimally determined unit cell
period P = 3 show good agreement. The deviation in received
power Pr of around 3 dB between the ideal case, and P = 3
corresponds to the predicted PEL value shown in Fig. 4(g). Mi-
nor discrepancies are attributed to assumptions, such as treating
the incident wave as a plane wave and assuming identical values
for rtT , rrT , θi, and θr for every unit cell of the TRM sample.
The calculated results for TRMs with P = 4 and P = 5 are also
provided to highlight the importance of selecting the optimal unit
cell period in periodic TRM design, demonstrating that properly
choosing P can result in up to 10 dB higher received power for
O2I communication.

VI. CONCLUSION

A novel electromagnetic analysis and mathematical derivation
are presented to determine the locally optimal unit cell periods
that minimize refraction losses in the macroscopic design of
a periodic TRM for O2I communication. Due to the limited
phase tunable range of approximately 180◦, a PEL is defined,
and the locally optimal unit cell periods that minimize PEL
are derived for arbitrary incidence and refraction angles. The
proposed locally optimal unit cell periods are validated through
far-field and near-field path loss measurements.
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