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A novel analytical method based on the cavity mode theory to design a metasur-

face (MS) is proposed in this study. We carefully analyzed the phase and ampli-

tude characteristics of the incident wave and transmitted wave, and successfully

designed a circular polarization conversion MS by introducing a cutting structure

with wider operation bandwidth and higher radiation direction gain compared

with that of the original MS. For the measurements, a microstrip antenna operat-

ing at 2.4 GHz was used as the source antenna to verify the designed MS. The

simulation and measurement results agree well with each other.
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1 | INTRODUCTION

Metasurfaces (MS) are popular two‐dimensional metamate-
rials [1] that have a thickness much smaller than their
wavelength. Based on the generalized Huygens principle,
the design of an artificial nonhomogeneous structure at
subwavelength scales can realize arbitrary electromagnetic
phase distribution. Therefore, it can flexibly and effectively
control some electromagnetic characteristics, such as radia-
tion pattern [2], polarization mode [3–6], and transmission
mode, to meet specific requirements about antennas. Cur-
rently, MS are employed in many applications such as
smart surfaces [7], terahertz devices [8,9], fluid control sur-
faces [10], bandwidth enhancement, [11] and so on.

In recent years, precise propagation control for electro-
magnetic waves has been a fundamental factor in achieving
most breakthroughs in the antenna field. Traditional meth-
ods include exploiting antenna arrays and the use of zero‐
index metamaterials [12] to control electromagnetic waves.
However, these methods have intrinsic limitations in the
microwave region. For antenna arrays, an extremely compli-
cated feeding network and a large number of antennas may

result in challenges in integration with other equipment. For
zero‐index metamaterials, a certain thickness is usually
required to reach several wavelengths, which is necessary
for good performance, and inevitably, it results in high val-
ues in both weight and volume [13]. MS can overcome these
shortcomings owing to its intrinsic properties.

To efficiently design an MS with good performance, there
are two general theories: The first theory uses periodic
boundary conditions and exact numerical methods. The sec-
ond theory involves introducing abrupt phase discontinuities
on a surface based on generalized laws of reflection and
refraction to design an anomalous refraction surface. In [14],
this method was proved through various case studies on MS
design. In addition, in [15], a microwave RCS reduction
structure was designed using an antarafacial reflection design
of the gradient MS. We also use this method to prove the
advantages of the proposed MS.

These two theories are effective to design and analyze
MS. However, they are quite complex and difficult to
understand. Therefore, in this study, we propose another
efficient and intuitive method based on the cavity mode
theory to analyze and design MS. Electromagnetic wave
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propagation between the MS and source antenna can be
analyzed using the cavity mode theory; then, we can use
the results to design an MS.

In Section 2, the cavity mode theory is presented and
demonstrated how it can be used to analyze the proposed
MS structure to achieve polarization conversion. In Sec-
tion 3, the phase differences are analyzed and the cutting
structure is introduced to the MS. In Section 4, discussion
on how to expand the function frequency band and
improve the gain is given. In Section 5, details of the
experiment are given, and the simulation and measurement
results obtained are discussed. In section 6, the conclusions
obtained are presented.

2 | ANALYSIS OF METASURFACE
THROUGH CAVITY MODE THEORY

Some MS can realize polarization conversion, an example
of such an MS is shown in Figure 1. Using this MS, the
linear polarization of an incident electromagnetic wave can
be transformed into a circular one [16].

We use the cavity mode theory to analyze the proposed
MS unit structure and prove that diagonal excitation can
achieve polarization conversion. In our analysis, the spatial
space between the MS and the source antenna is regarded
as a cavity resonator. The electric field can be expressed as
a function of the mode ψm:

Ez ¼ ∑
1

m¼0
αmψm x; yð Þ; (1)

αm ¼ jk0η0
k2 � k2m

:

R
JΨ �

mdsR
ΨmΨ

�
mds

¼ φm x0; y0ð Þ
k2 � k2m

: (2)

In these functions, m denotes the resonant mode of the
united serial number based on the resonance frequency of
high and low orders; k0 is the free space wave number; η0
is the free space wave impedance; km is the resonance

wave numbers for the number m mode; J is the excitation
current along the Z‐axis; and x′, y′ indicates the position of
the excitation current in the unit of MS.

When the excitation frequency is near the frequency
of the m mode, the mode is much stronger than all
other modes. Assuming the mode in the Z‐axis direction
of the far‐field radiation field along the X‐direction, we
have:

Ex ¼ jk0Fm:x ¼ GmΦm x0; y0ð Þ= k2; k2m
� �

: (3)

If km+1 is near km and km < K′ < km+1, then the mode
of m + 1 can be excited; in addition, the mode is orthogo-
nal to Ex, as shown by:

Ey ¼ jk0Fmþ1:y ¼ Gmþ1Φmþ1 x0; y0ð Þ= k2; k2mþ1

� �
; (4)

Ey

Hx
¼ Gmþ1Φmþ1 x0; y0ð Þ

GmΦm x0; y0ð Þ
ðk2 � k2mÞ
k2 � k2mþ1

� � ≈ A
k � km
k � kmþ1

; (5)

A ¼ Gmþ1Φmþ1 x0; y0ð Þ
GmΦm x0; y0ð Þ

� �
≈ Φmþ1 x0; y0ð Þ=Φm x0; y0ð Þ: (6)

The circular polarization condition is:

A ¼ k � km
k � kmþ1

¼ �j: (7)

Further,

Ey

EX
¼ �j (8)

where, +j refers to the left‐hand circular polarization
(LHCP) and –j refers to the right‐hand circular polarization
(RHCP).

Because the MS unit is quite similar to a square struc-
ture, k10 ¼ π

a ≈ k01 ¼ π
b can be fulfilled.

Thus,

A ¼ cos πy0=bð Þ=cos πx0=að Þ; (9)

A k � k01ð Þ
k � k10

¼ �j: (10)

To obtain the RHCP, the phase of k � k01 should be
delayed by π

2 relative to k � k10.
The above condition is described in the following func-

tion as:

A2 � 2
a
b
� 1

� �
QAþ a

b
¼ 0 (11)

where Q is the Q‐factor of the equivalent cavity resonator.
Consider one of the cases: A1 ¼ A2 ¼ 1; equally, y0

x0 ¼ b
a.

Thus, this result proves that a circular polarization wave
can be produced by diagonal excitation.

FIGURE 1 Linear‐to‐circular polarization conversion MS
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The design in [16] confirms these formulas, which
proves the accuracy of the cavity mode theory analysis.
The proposed design of MS can achieve linear‐to‐circular
polarization by adding diagonal excitation.

3 | PHASE ADJUSTMENT AND
POLARIZATION CONVERSION WITH
FREQUENCY BAND EXPANSION

By simulating the MS shown in Figure 1, we obtain the phases
of the incident and transmitted waves. Through phase analysis,
the phase difference fluctuation, which is caused by floating
the transmission wave phase, occurs as shown in Figure 2.

We introduce the cutting structure to eliminate the phase
difference fluctuation and expand the function bandwith of
the MS. The cutting structure performs the function of
loading the parasitic capacitance shown in Figure 3.

The structure of the MS with the cutting structure is
shown in Figure 4. The dimensions of the unit are listed in
Table 1. By simulating the electric field distribution of the
metal layer of the MS, we obtain two electric field modes
and express them as shown in Figure 4(b).

The function of the cutting structure must be analyzed
from the perspective of the circuit. As is shown in Fig-
ure 3, the value of Cp1 and Cp2 can be changed by adjust-
ing the size of the cutting structure. Furthermore, the phase
of ~E1 and ~E2 can also changed. A good phase response can
be obtained by using a suitable cutting structure design.
The results are shown in Figure 5A and B.

From Figure 5, it can be seen that the phase adjustment
introduced by the cutting structure helps optimize the
polarization conversion effect. The bandwidth is expanded
from 1 GHz to 3 GHz, as shown in Figure 2B to 1 GHz
to 5 GHz, as shown in Figure 5B which satisfies the abso-
lute value of the phase difference, 90°; this implies the
circular polarization conversion bandwidth of the MS is
expanded.

4 | AMPLITUDE ADJUSTMENT AND
HIGH‐GAIN OF THE MS

The phase difference and transmission coefficient with and
without the cutting structure are shown in Figure 6.

Figure 6(b) shows that cutting at the area where electric
field distribution is relatively concentrated can significantly
improve the transmission coefficient.

Taking the MS as a single structure, and assuming that
the incident electric field is Ei, the calculation of the energy
transfer efficiency η is given as:

η ¼ Prad

PI
¼

RR
SrdsRR
Sids

¼
1
2 Re

RR
~Er � ~Hrds

1
2 Re

RR
~EI � ~HIds

; (12)
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FIGURE 4 (A) Integral structure of
MS with the cutting structure and (B) four
units extracted for analysis

TABLE 1 Dimensions of the MS unit. (unit: mm)

W1 W2 a b Q1 Q2

2.1 0.46 23.12 22.05 2.9 1.8
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~Er ¼ S21j j~EI ; (13)

~Hr ¼ S21j j~HI ; (14)

η ¼
1
2 S21j j2Re RR ~Ei � ~Hids

1
2 Re

RR
~Ei � ~Hids

¼ S21j j2: (15)

Based on the results above, the MS efficiency can be
improved effectively by improving the transmission coeffi-
cient; as a result, the Gain = D (directivity) × η can be
improved. The comparison of gain of the MS with and with-
out the cutting structure, at 2.4 GHz when the electromag-
netic wave's direction is perpendicular to the MS, is shown
in Figure 7. The peak gain of the MS with the cutting struc-
ture is 10.50 dBi, which is 2.04 dB higher than the peak
gain without the cutting structure owing to the different S21.

5 | TEST AND APPLICATION OF
THE MS

The proposed MS is composed of 4 × 4 units, as shown in
Figure 4A, and it is placed below the dielectric plate.
These units are placed 3.17 mm aside from each other
along the X‐axis direction and 2.00 mm apart along the Y‐
axis direction. To verify circular polarization conversion, a
source antenna operating at 2.4 GHz is designed. Consider-
ing its simple structure and easy of processing, the micro-
strip antenna is selected, as shown in Figure 8.

The microstrip antenna generates a linear polarized
wave using coaxial line feeding. The feeding point (13, 4)

39.5 mm

125 mm

GND

FR_4

1.
5

m
m

Patch

(A)

125 mm (Y Direction)

12
5

m
m

(X
D

ire
ct

io
n) 39.50 mm

(13,4)

30.00
m

m

(B)

FIGURE 8 Geometry of the source antenna: (A) side view and
(B) top view
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in mm is shown in Figure 8B. The size of the patch is
30 mm × 39.5 mm, printed at the center of the dielectric
plate. The material of the dielectric is FR_4 (ɛr = 4.48,
tan σð Þ ¼ 0:00321) with a thickness of H1 = 1.5 mm.

The verification model of the MS is shown in Figure 9.
The MS is placed above the microstrip antenna, and it is
supported by four dielectric cylinders. This verification sys-
tem is simulated by a high‐frequency structure simulator
(HFSS) and measured using the SATIMO's Starlab system.
The simulation and measurement results are in good agree-
ment, as shown by Figure 10.

As shown in Figure 10A, the antenna operates at
2.4 GHz; the antenna exhibits a high gain when the MS is
placed over the source antenna (Figure 10B). Figure 10C
shows the polarization conversion of the antenna to circular
polarization using the MS; the measurement results agree
well with the simulation results within the main beam. Owing
to SATIMO's measurement system, the axial ratio equal to or
greater than 20 dB is displayed as 20 dB. Therefore, the
maximum values for the measured results are 20 dB. The
measurement result of the 3D pattern at 2.4 GHz is shown in
Figure 10D to prove the smoothness of the pattern.

6 | CONCLUSIONS

The cavity mode theory is used to design MS by analyzing
the electromagnetic wave propagation characteristics
between the source antenna and the MS. Based on these
analysis, we propose an MS can achieve polarization con-
version. Furthermore, by introducing the cutting structure
in MS, the electromagnetic phase difference between the
incident and transmitted wave can be adjusted to −90°/90°
from 1 GHz to 5 GHz. The proposed MS have circular
polarization conversion functionality with a wider applica-
tion operation bandwidth and higher gain than that of the
previous structure. In addition, the proposed MS have
potential applications in reconfigurable antennas and it will
be carried out in the future.
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