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ABSTRACT Herein, we design a polarization convertor (PC) using two orthogonally polarized, tightly
coupled dipole arrays (TCDAs) connected in cascade, of which one is used for the reception of incident waves
and the other is used for their transmission. The operation of the PC is elucidated via a cascading equivalent
circuit of unit cells of orthogonally polarized TCDAs. The critical role of vertical metal strips (VMSs)
with regard to wide-angle insensitivity is discussed. Moreover, it is found that the undesirable common
mode occurs under oblique incidence and its frequency is related to the size-to-height ratio of the unit
cell. To demonstrate the performance of the proposed PC, a 40 × 40 array structure is fabricated and
measured using the Naval Research Laboratory (NRL) arch method. The simulated bandwidth range is
2.06 to 14.54 GHz (7.06:1) for a polarization conversion ratio (PCR) ≥ 80%, and the measured bandwidth
range is 1.68 to 14.51 GHz (8.64:1) for a PCR ≥ 72% at an incident angle of 10◦. At an incident angle of
40◦, the simulated and measured bandwidths are 2.15 to 14.13 GHz (6.57:1) and 2.43 to 13.87 GHz (5.71:1)
for a PCR ≥ 80%, respectively.

INDEX TERMS Reflection-type polarization convertor, ultra-wideband, tightly coupled dipole array.

I. INTRODUCTION
The demand for polarization control has expanded to include
the manipulation of electromagnetic wave propagation [1].
Such manipulation can be broadly divided into two cate-
gories, namely reflection [2], [3] and transmission [4], [5],
according to the direction of the outgoing wave. Polar-
ization state conversion can also be classified as linear-
to-linear, circular-to-linear, or circular-to-circular [6]–[8].
This study focuses on reflection-type polarization conver-
tors (PCs) with linear-to-linear conversion. PCs can be used
in several applications, such as in the reduction of spatial field
mutual coupling [9], reduction of scattering cross-sections
(SCSs) [10], and widening of the impedance bandwidth of
antennas [11], [26]. When designing PCs, the main factors
to be considered are the bandwidth, thickness, and inci-
dent angle sensitivity. Typically, if wide-angle insensitivity
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or ultra-thin properties are attained, then the bandwidth is
strictly narrow, and vice versa [12]–[16]. Numerous PCs are
ultra-thin and have fundamentally limited bandwidths owing
to their resonant-type structure. The operating principle of
a resonant-type structure is to make the phase difference of
two orthogonally polarized reflected waves be equal to 90◦,
as well as to ensure that the polarization of the reflected wave
is orthogonally rotated.

In this paper, a novel approach is proposed to design a
PC. A tightly coupled dipole array (TCDA) can be a non-
resonant-type PC. It was introduced by Volakis and Sertel
in 2011 [17]. They utilized TCDAs to reduce the velocity
of waves laterally traveling along the structure and achieved
smaller radiofrequency (RF) structures. As a result, TCDAs
can provide ultra-wideband capabilities when large arrays are
employed. Subsequently, many papers on TCDA antennas
have been published [18]–[27]. According to the reciprocity
theorem, a wideband transmitting antenna can function as
a wideband reception antenna. Therefore, several studies
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have applied TCDAs in applications such as phase mod-
ulated reflect arrays [28], [29], transmit arrays [30], and
absorbers [31], [32]. As an extension of the concept of
TCDAs as ultra-wideband and wide-angle transmission and
reception arrays, we propose the use of two orthogonally
polarized TCDAs connected in cascade for the design of
PCs. Here, a vertically polarized TCDA is connected to a
horizontally polarized TCDA, wherein one TCDA is used for
the reception of incident waves and the other functions as
a transmission array corresponding to the orthogonal polar-
ization direction. Numerous resonant- or non-resonant-type
antenna arrays have been developed over the past decades.
Therefore, it should be noted that by using the proposed
approach, almost all antennas array can be utilized for devel-
oping PCs, including resonant-type antenna arrays such as
patch-antenna arrays.

The remainder of this paper is organized as follows: the
design procedure of the wideband TCDA unit cell antenna
and the wideband TCDA-based PC unit cell is presented. The
operating principles of the TCDA antenna and PC are slightly
different. Therefore, the equivalent circuits for the unit cells
of the TCDA antenna and TCDA-based PC are presented and
compared. The vertical metal strip (VMS) [22], [33] plays
a significant role in making the PC wide-angle insensitive.
Therefore, this concept is explained in detail. The results of
this study are then compared with those of existing state-of-
the-art studies. Important design constraints required to elim-
inate the common mode resonant frequency from the target
band are considered. The experimental results obtained using
horn antennas are discussed next. Finally, the conclusions of
the study are summarized.

II. BRIEF DESCRIPTION OF THE TCDA ANTENNA
OPERATION PRINCIPLES
TCDA antennas are widely used for their low-profile, wide-
band, and wide-angle-insensitive characteristics. Figure 1
shows the proposed unit cell of a TCDA antenna. The four
side boundaries represent the unit cell boundary conditions,
and the top surface is terminated by the Floquet port (FP).
The dielectric superstrate reduces the Floquet air impedance
and changes the responses for oblique incident or radiating
waves [21], [34], [35]. Based on a previous TCDA struc-
ture [21] and a cylindrical VMS structure [22], [33], the
optimized geometrical parameters of the unit cell to achieve
the best performance were determined as follows: A = 8 mm,
C = 5.19 mm, D = 1 mm, H = 9 mm, a = 6 mm,
b = 0.59 mm, c = 0.2 mm, d = 1.41 mm, e = 0.5 mm,
f = 0.65 mm, g = 0.1 mm, h = 0.12 mm, i = 0.17 mm,
j = 0.75 mm, k = 0.28 mm, l = 0.18 mm, and m =
0.1 mm. Figure 1(c) shows an equivalent circuit of the TCDA
antenna [22]. For the dominant radiating Floquet modes, the
wave numbers are as follows:

k+z00 =
√
εrk0 cos θ, k−z00 = k0 cos θ (1)

where εr is relative dielectric constant of the superstrate, k0
is the wave number in free space, and θ is the propagation

FIGURE 1. Unit cell structure of the single-polarized TCDA antenna used
to design the proposed PC. (a) Schematic diagram of the structure. The
height of the space between the superstrate and ground is H , and the
length of the VMS is A; H > A as the VMS is not in contact with the
superstrate. The superstrate is Taconic RF-30 (εr = 3, tanδ = 0.0019).
(b) Bottom-side metallic pattern of the superstrate with unit cell size
a× a. The discrete port (DP) is located at the space with length c between
the side arms. (c) Equivalent circuit of the TCDA antenna where the H-A
(= 1 mm) region is ignored to simplify the model. (d) Antenna impedance
at the DP for broadside radiation.

angle from the +z-axis. The characteristic impedance of the
transmission lines can be expressed as follows:

ZTE = η0

√
µr

εr

dx
dy

1
cos θ

, ZTM = η0

√
µr

εr

dx
dy

cos θ (2)

where η0 is the characteristic impedance in free space (377
�), µr is the relative permeability (in this case it is equal to
1), and εr is 1, except for the case of ZCTE/TM . Here, TE/TM
indicates the transverse electric/magnetic field mode. For the
TCDA unit cell structure, the TE and TM modes are excited
when scanning along the y- and x-axes, respectively. In the
other directions, both modes are simultaneously excited. dx
and dy are lengths of the unit cell along the x- and y-axis,
respectively (in this case, the ratio of these values is 1).
0DP,TE/TM is the reflection coefficient of the TE and TM
modes at the DP, which is expressed as 0DP,TE/TM = (Zant–
Zport )/(Zant + Zport ) where Zant and Zport are the antenna
impedance and internal impedance of the DP, respectively.
Zant is plotted in Fig. 1(d), and Zport was set to 150 � in
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this study, which is the average real value of the antenna
impedance utilized to minimize reflection.

The interdigital capacitance increases the series capaci-
tance (Ccoupling) and partially cancels out the shunt inductance
from the downward transmission line with a length of k−z00H
terminated by the aluminum ground at low-frequency bands.
Furthermore, at high-frequency bands, the self-inductance
of the dipole (Ldipole) partially cancels out the shunt capac-
itance from the transmission line. Finally, this results in
a wideband operation. Zant can be expressed as Zant =
Zdipole + Zupper //Zlower . At low-frequency bands, Zlower is
the dominant factor of Zant . In particular, this parameter
is significant when scanning the beam and the TM mode
is dominantly excited because k−z00 and ZHTM simultane-
ously decrease. That is, Zlower and Zant rapidly become
a small value that can be determined using the following
equation (3) [22]:

Zlower = jZHTE/TM tan(k−z00H ). (3)

For the TM mode, the VMS can alleviate this rapid behavior
by making k−z00 and Z

H
TE/TM to be k0 and ZHTEM , respectively,

where ZHTEM is 377 �. Therefore, Zlower is independent of θ
and may be expressed as Equation (4) [22], [33]:

Zlower = jZHTEM tan(k0H ). (4)

As a result, the TCDA with a VMS can be wide-angle insen-
sitive. It is worth noting that the reflections at the surface of
the VMS region (ZHTEM–ZHTM )/(ZHTEM + Z

H
TM ) are < −10 dB

up to θ = 60◦. Conversely, for the TE mode, Zlower does
not exhibit rapid behavior because ZHTE increases while k−z00
decreases. In general, the bandwidth of TCDA antennas is
>5:1, and the thickness is ∼0.1 λlow at the lowest oper-
ating frequency [18]–[27]. Moreover, the response is well-
preserved up to a scanning angle of 45◦.

III. DESIGN AND OPERATION PRINCIPLES
OF THE TCDA-BASED PC
The design of a PC using a conventional TCDA is simple
as the transformation is achieved by combining two linear
TCDAs orthogonal to each other such that each dipole arm
is connected to an orthogonal dipole arm. The proposed PC
using the TCDA structure (Fig. 1(a)) is shown in Fig. 2. Based
on the reciprocity theorem, wideband transmitting antennas
can function as wideband receiving antennas. The TCDA
dipole with polarization matched to that of an incident wave
acts as a wideband receiving antenna, and the orthogonal
dipole connected to it works as a wideband transmitting
antenna with polarization orthogonal to that of the incident
wave. All dimensions of the structure are same as in Fig. 1,
except for the connecting lines m and l.
Figure 3(a) schematically presents the operating principle

of the proposed PC. When the y-polarized wave impinges on
the PC, the y-polarized TCDA acts as a receiving array such
that a surface current Jind is induced along the same direction
as the incident polarization, and the induced current flows

FIGURE 2. Proposed unit cell structure of the dual-polarized PC; the
patterns are based on the TCDA (Fig. 1a). (a) Overall view of the structure.
(b) Bottom-side of the superstrate. Each arm of the vertical (horizontal)
TCDA dipoles is connected to the corresponding orthogonal dipole arm by
a connecting line of width l .

along the orthogonal dipole arm. As a result, the x-polarized
TCDA now acts as a transmitting array and generates the
x-polarized reflected wave. It should be noted that the orthog-
onal current is induced only when two orthogonal dipoles
(i.e., two TCDA antennas) are impedance-matched. In the
impedance-matched band (in this case, 1.98 to 14.59 GHz),
the induced current flows along the orthogonal dipole arm,
as shown in Fig. 3(b).

The operation principle of this system can be explained
based on the incident and scattered fields, as shown in Fig. 4.
It is important to note that although the Jx and Jy surface
currents are simultaneously induced, the net radiating field
component only corresponds to Jx when the y-polarized
wave is irradiated. Considering the operation principle of
the TCDA, the b and c or d and e fields are in phase at
the operating frequency band [17]. Moreover, the c and e
fields involve multiple reflection effects between the TCDA
surface and the aluminum ground. Due to the boundary con-
dition of the TCDA copper surface, the direction of induced
current is the same as that of incident electric field and
opposite to that of the scattered electric field. As a result, the
a(+z traveling), b, and c fields cancel out one another, and
only the d and e fields radiate in the z-direction, which is
referred to as the polarization conversion principle. However,
it should be noted that outside of the operating band, Jx and Jy
are not induced. Therefore, a, b, and c do not cancel one
another out.

In Fig. 5, the operation principle of the PC can also be
interpreted by comparing the equivalent circuits of the TCDA
antenna and dual-polarized PC. For the TCDA antenna,
the impedance matching at the DP can be achieved when
0DP,TE/TM ≈ 0 (Zant ≈ Zport ). Conversely, for the PC,
impedance matching of the reflection coefficients ryy (y- to
y-polarization) at the FP can be achieved when 0DP,TE/TM ≈
(0DP,TM/TE)∗ because the networks of the TCDA (TE and
TM modes) are passive and nearly lossless [36], wherein
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FIGURE 3. Schematic representation of the operating principle of the
proposed PC. (a) Operating concept (the superstrate is hidden); the
y-polarized incident wave is scattered and converted to an x-polarized
reflected wave by the induced current on the PC. (b) Induced current on
the PC unit element at various frequencies.

FIGURE 4. Schematic of the incident and scattered fields wherein the
superstrate is hidden.

the internal impedance of the FP is ZairTE/TM . Moreover, the
amplitudes of ryy and rxx are nearly equivalent. We therefore
focused only on ryy in this study. Thus, it is important to
design a wideband PC wherein the real and imaginary com-
ponents of 0DP,TE/TM are not extreme values. Conventional

FIGURE 5. Equivalent circuits for the single-polarized TCDA antenna (top)
and dual-polarized PC (bottom). For the circuit of the PC, the incident
wave is assumed via the TM mode. The parasitic effects corresponding to
the connecting line with gap m and width l in Fig. 2(b) are ignored
because the result is almost unchanged by these effects. Here, the
superstrate is hidden.

TCDAs satisfy this condition in general [18]–[27]. The equiv-
alent circuit of the PC includes the equivalent circuits of the
TE and TM modes of the TCDA in cascade because the TM
mode that is obliquely incident to the PC is converted to the
TE mode in the specular direction, and vice versa. Owing to
the VMS, the VMS region of the equivalent circuit for the TM
mode differs from that of the TE mode.

In Fig. 6, the real and imaginary values of the reflec-
tion coefficient 0DP,TE/TM at the DP are not large owing
to the operation principle of the TCDA [18]–[27], which
results in a wideband PC. In the frequency range satisfying
0DP,TE/TM ≈ (0DP,TM/TE)∗, the real components have sim-
ilar values, the imaginary components are sufficiently small
or exhibit opposite signs, and impedance matching at the FP
can be achieved. In Fig. 7(a), the reflection coefficients of
0DP,TE are unchanged by the VMS when the beam scans in
the H-plane (φ = 90◦ ) exciting the TE mode. In contrast,
0DP,TM is significantly decreased because Equation (4) is
constant as a result of the VMSs, as explained in Section II.
Interestingly, due to the dual-polarized PC, the reflection
coefficients ryy at the FP are simultaneously improved by
the VMS even when the incidence angle is changed. This
occurs because the equivalent circuits of the TE and TM
modes are connected in cascade. Therefore, these two cir-
cuits inevitably affect one another. Moreover, considering the
VMSs at 2.2 to 5.0 GHz, the condition 0DP,TE ≈ (0DP,TM)∗
is roughly satisfied, as shown in Fig. 7(b). We considered
only this frequency range because the difference between the
reflection coefficient ryy with and without the VMS is the
most significant in this range of the operating band, as shown
in Figs. 8(a) and (b). Notably, although 0DP,TE is large when
the incident angle is 60◦, it is conjugately matched to0DP,TM,
as shown in Fig. 7(b), which leads to impedance matching
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FIGURE 6. Real and imaginary components of the reflection coefficient at
the DP of the Fig. 1(a) structure as the beam is scanned along φ = 0◦
(TE-mode-excited) and φ = 90◦ plane (TM-mode-excited). (a) θ = 0◦ (the
lines of the TE and TM modes are perfectly overlapped), (b) θ = 20◦,
(c) θ = 40◦, and (d) θ = 60◦.

at ryy ≈ 0. This demonstrates the operation principle of
the wide-angle insensitivity of this system. Moreover, the

FIGURE 7. (a) Reflection coefficients at the DP of the single-polarized
TCDA antenna (Fig. 1(a)) with or without the VMS. When scanning in the
plane with φ = 0◦ and φ = 90◦, the TM and TE modes are excited,
respectively. (b) Curves of the reflection coefficients normalized to 50 �,
which are drawn in the Smith chart for 2.2 to 5 GHz.

transmission coefficient rxy (y- to x-polarization) has the
relationship |rxy|2+|ryy|2 ≈ 1 because the proposed structure
is nearly lossless. This indicates that wideband polarization
conversion can be realized.

IV. RESULTS AND DISCUSSION
Figure 8 shows the results of a unit cell simulation using rxy
and ryy with and without the VMSs for incidence angles in
the range of 0◦ to 60◦. Without the VMSs, 0DP,TM becomes
large in Fig. 7(b) and rxy is significantly degraded when the
PC is obliquely illuminated in Fig. 8(a). However, with the
VMSs, 0DP,TM becomes small in Fig. 7(b) and there is little
change in rxy up to 60◦, as shown in Fig. 8(b). The bandwidth
is 1.98 to 14.59 GHz (7.37:1) for rxy ≥ −2 dB under nor-
mal incident illumination, and the corresponding thickness
(equivalent to H + C) at the lowest operating frequency is
0.09 λ1.98GHz. For an incidence angle of 60◦, the bandwidth
is 2.11 to 12.86 GHz (6.09:1) for rxy ≥ −2 dB, and the
corresponding thickness at the lowest operating frequency is
0.1 λ2.11GHz. Figure 8(c) shows the phase of rxy. Because
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FIGURE 8. Unit cell simulation results for rxy and ryy of the proposed PC
(a) without and (b) with the VMS. (c) Phase of rxy.

the proposed PC is not a resonance-type structure like
narrow-band PCs, the phase changes progressively and not
suddenly.

Table 1 shows a comparison of reflection-type PCs based
on the simulated results for a unit cell of the proposed PC
and those reported for other state-of-the-art designs. Many
previous studies presented results involving rxy at oblique
incidence angles without considering the polarization con-
version ratio (PCR). Therefore, we present the rxy values
to compare the responses of oblique incident waves. The
presented PCs [12]–[16] have narrow bandwidths and are
insensitive only at small incidence angles, although their
thicknesses are small and they possess planar array structures.

TABLE 1. Comparison of unit cell simulation results using reflection-type
polarization convertors.

To the best of our knowledge, the proposed design has a
bandwidth that is considerablywider than that of any other PC
and wide-angle insensitivity at the expense of the thickness.
In fact, the bandwidth is approximately double that of the
PC [13]. In addition, even if the PC is illuminated at 50◦,
the lowest operating frequency and bandwidth do not change
significantly for rxy ≥ −1 dB. The wide bandwidth observed
for normal incident waves is due to the TCDA structure.
Moreover, conventional TCDAs have bandwidths of approx-
imately 5:1. However, the bandwidth of the TCDA-based
PC can be wider than that of conventional TCDAs because
the condition of Zant = Zport (Zport = 50 � in general),
which limits the band [37], [38], is not required; the matching
condition of the PC is only 0DP,TE ≈ (0DP,TM)∗. In addition,
the VMSs contribute to the observed wide-angle insensitivity.
However, it should be noted that the VMSs can only affect
a current sheet array such as TCDAs due to the operation
principle of this system [22], and they cannot be applied to
parallel-resonance-type PCs [12]–[16]. Therefore, this is a
significant advantage of TCDA-based PCswithVMSs, which
can uniquely provide a wide bandwidth and exhibit wide-
angle insensitivity.

A peculiar phenomenon was observed in the proposed PC
array. Even though the structure is symmetric, commonmode
resonance can be generated when the PC is illuminated at
oblique angles, resulting in asymmetric excitation, as shown
in Fig. 9(c). The unit cell size a of the TCDA is an impor-
tant parameter in the design of the TCDA and PC system.
In this study, it is found that the unit cell size is related to
the common mode generation frequency given the height H ,
as shown in Fig. 9(b). The proposed length of the unit cells is
6mm and the height is 9mm. If the length of the unit cells was
9 mm, then awould equalH and the commonmode would be
generated at 10.6 GHz with an incidence angle larger than 5◦
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FIGURE 9. Unit cell simulation of rxy of the proposed PC when varying the
angle of the incident plane wave or unit cell size. (a) Varying the
incidence angle, rxy with a = 9 mm. (b) Varying the unit cell size, rxy when
the incidence angle θ is 5◦. (c) Illuminated at θ = 5◦, surface current
density of the dipoles with a = 12 mm at 8.5 GHz.

in Fig. 9(a). Therefore, even for a sufficiently small incidence
angle, an infinite periodic PC array would generate common
mode resonance in the operating frequency band. Fig. 9(c)
shows the common mode current at 8.5 GHz when the PC
unit cell structure with a = 12 mm is illuminated at 5◦.
The common mode current cannot excite a radiating wave
effectively, and therefore, the polarization of the incident
wave cannot be converted at that frequency and angle. Two
observations can be made from Fig. 9(b). First, unit cells
with a ≤ 10 mm do not significantly affect the operating
band, except at the common mode frequency. In particular,
the lowest operating frequency does not change. Moreover,
the height H has a significant effect on the operating band

and the lowest operating frequency [32]. Second, the common
mode resonant frequency is dependent on a for a given height,
where the resonant frequency decreases as the unit cells
become larger.

Therefore, to avoid resonance in the band of interest, it is
important to select a sufficiently small unit cell size for a
given height.

V. EXPERIMENTAL VERIFICATION
Figure 10 shows images of the fabricated 40 × 40 PC array
structure. The superstrate comprised two layers of Taconic
RF-30 and one layer of adhesive (εr = 4.3, tanδ = 0.025).
As shown in Fig. 10(a), the edge elements of the array were
capacitively coupled to the ground plane via metallic pat-
terns and aluminum spacers, which improved the impedance
matching condition [26]. The assembled structure is shown
in Fig. 10(b). To avoid any unwanted electromagnetic scat-
tering, plastic bolts were used to tighten the structure through
perforated holes in the superstrate. The plastic spacers shown
in Fig. 10(c) were used to support the superstrate andmaintain
the distance between the VMSs and TCDA patterns. The

FIGURE 10. Fabricated 40 × 40 PC array structures. (a) Bottom of the
superstrate. The edge elements are capacitively coupled to the ground
plane via the rectangular edge patterns and aluminum spacers.
(b) Overview of the PC. The superstrate is fixed to the aluminum spacers
by plastic bolts. (c) The 40 × 40 VMS array with aluminum and plastic
spacers is shown without the superstrate. The plastic spacers support the
inner space of the superstrate. The plastic spacers have a larger inner
diameter than that of the VMSs; the outer diameter of spacers is less than
the unit cell size a, and the length of the spacers is equal to H , which is
larger than the length of the VMS A.

52122 VOLUME 10, 2022



S. Kim, S. Nam: Novel Reflection-Type Polarization Convertor Design Using Connected Orthogonal TCDAs

FIGURE 11. Setup for measurements using the fabricated PC array. The
transmitting (Tx) and receiving (Rx) antennas were ultra-wideband
single-polarized horn antennas covering a range of 1 to 15 GHz and
placed at the far-field region relative to the sample. In this figure, the
polarizations of the Tx and Rx are vertical and horizontal, respectively
(cross-polarization). Measurements were obtained by changing the angle
between the two antennas.

VMSs were attached to the perforated aluminum ground
plane, and there were the same number of VMSs as PC
elements.

Figure 11 shows the measurement setup for the fabricated
PC array based on the NRL arch method [39]. To elimi-
nate the ground reflection signal and edge diffraction of the
sample, the absorbers were placed on the plane correspond-
ing to the specular direction of reflection and the edges of
the sample. Measurements were obtained by replacing the
sample plate with an aluminum plate of the same size for
reference reflections. Signals from the sample plate were
measured, and the transmission and reception antennas were
co-polarized and cross-polarized following the rotation of
the Rx antenna by 90◦. The measurements were obtained
over an angular range of 10◦ to 40◦. The minimum mea-
surement angle was observed due to the physical size of
the transmitting and receiving horn antennas, as well as the
ambiguity of the multiple reflections between the two anten-
nas and the reflected wave from the sample. The multiple
reflections were relatively large when the two antennas were
co-polarized. The maximum angle was observed due to the
large direct coupling signal that was indistinguishable from
the desired reflected signal. To eliminate undesired signals,
the time-gated function TG was introduced. Accordingly, rxy
and ryy were obtained using Eqs. (1) and (2), respectively:

rxy =

∣∣∣∣∣ TG[SHV21 (sample)]

TG[SVV21 (reference)]

∣∣∣∣∣ (5)

ryy =

∣∣∣∣∣ TG[SVV21 (sample)]

TG[SVV21 (reference)]

∣∣∣∣∣ (6)

where S21 is the transmission coefficient between the trans-
mitting horn antenna port and the receiving horn antenna
port, measured by the vector network analyzer (VNA). The
first and second letters of the superscripts HV and VV in
S21 indicate the polarization of the receiving antenna (port
2) and the transmitting antenna (port 1), respectively. H and

FIGURE 12. Simulated and measured PCRs of the unit cell and fabricated
40 × 40 array structure.

V refer to the horizontally and vertically polarized antennas,
respectively. The terms ‘‘sample’’ and ‘‘reference’’ in paren-
theses indicate that the illuminated target is the fabricated PC
array or a reference aluminum plate with a same-sized PC
array, respectively. Measurements may be obtained sequen-
tially via the inverse fast Fourier transform (IFFT) of the
measured frequency domain signal S21, proper time-gating,
and a fast Fourier transform (FFT) operation.

The PCR is defined as |rxy|2/(|rxy|2+|ryy|2). In Fig. 12, the
measured bandwidth is 1.68 to 14.51 GHz (8.64:1) for PCRs
≥ 72% at an incidence angle of 10◦. The corresponding thick-
ness at the lowest operating frequency was 0.08 λ1.68GHz.
At an incidence angle of 40◦, the bandwidth was 2.43 to
13.87 GHz (5.71:1) for PCRs ≥ 80%, and the correspond-
ing thickness at the lowest operating frequency was 0.11
λ2.35GHz. For a wave incident at an angle of 10◦ when the
transmission and reception antennas are relatively close to
each other, the degradation of the measured PCR may result
from the imperfect separation of the reflected wave from the
sample and the multiple reflected waves between the trans-
mission and reception antennas by the time-gating function.
Furthermore, the reception signal at the reception side could
be distorted. Although the measured PCR for an incidence
angle of 10◦ at 4 to 6 GHz exhibited degradation, the entire
measured operating bandwidth was in good agreement with
the simulated bandwidth.

VI. CONCLUSION
In this paper, we presented a novel approach for designing an
ultra-broadband and wide-angle-insensitive PC, which can be
implemented by simply connecting two orthogonal, tightly
coupled dipole arrays in cascade. One TCDA was used as an
incident wave reception array antenna, while the other acted
as the transmission array antenna in the orthogonal polar-
ization direction. The operation of the proposed PC may be
understood considering the equivalent circuit of two orthog-
onal TCDAs, which is valid according to the reciprocity
theorem. We also showed that the TCDA-based PC with
a VMS was wide-angle insensitive because the equivalent
circuit for the PC corresponded to a cascade connection of
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the TCDA in the TE and TM modes. Therefore, the VMS is
always effective regardless of the input polarization, which
clearly differs from the effect of the VMS in TCDA anten-
nas [22]. It was also found that the ratio of the unit cell
size to the height of the PC should be sufficiently small
to avoid the common mode generation of oblique incident
waves in the band of interest. As a result, for rxy ≥ -1 dB, the
simulated bandwidth of the unit cell was 2.06 to 14.45 GHz
(7.01:1) and 2.19 to 13.89 GHz (6.34:1) at incidence angles
of 0◦ and 50◦, respectively. The corresponding thicknesses
of the PC were 0.1 λ2.06GHz and 0.1 λ2.19GHz at the lowest
operating frequencies. Compared with other state-of-the-art
PCs, the proposed design exhibited an excellent performance
and can be used for applications requiring an ultra-wideband
and wide-angle-insensitive PC.
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