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ABSTRACT Due to the huge potential of application in the communications, electronic jamming, and
radar fields, circularly polarized (CP) array antennas with wide axial ratio (AR) scanning performance at
wide frequency bandwidth have received great attention. A wideband scanning CP planar array antenna
built by new, tightly coupled dipole array (CP-TCDA) elements, which have achieved promising results in
terms of both scanning AR bandwidth and angle range in all scanning planes, is presented in this paper.
Based on the shorted transmission line model, a CP-TCDA element arranged along the ±45◦ direction
is constructed, which can shift the middle-frequency scanning blind zone out of band and thus obtain a
wideband scanning AR bandwidth. Furthermore, the proposed CP-TCDA element adopts four shorting pins
and four square parasitic strips, which improve wide-angle CP performance for xz-plane and diagonal-plane
scans, respectively. An 8×8 left-handed CP planar array antenna based on the proposed CP-TCDA elements
is designed and prototyped. The results show that the array antenna is able to operate over a 3:1 (4–12 GHz)
overlapping bandwidth, and it meets the requirements of AR< 3 dB and active VSWR< 2.9 within a±45◦

scanning angle range.

INDEX TERMS Array antenna, circularly polarized, phased antenna, scanning antennas.

I. INTRODUCTION
Beam scanning antennas are a typical type of array antennas
and the beam control is realized by changing the excita-
tion phase of the antenna elements. Beam scanning anten-
nas have been widely used in military and civilian fields
because of the flexibility and agility of beam pointing, and
the ability of searching and tracking target signals on mov-
ing carriers [1]. Particularly, with the increasing number of
modern electronic devices and large buildings, our electro-
magnetic environment becomes more complex. Compared
with linearly polarized antennas, circularly polarized (CP)
antennas have many unique advantages, such as being insen-
sitive to electromagnetic wave polarization, suppressing
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multipath interference, and avoiding Faraday rotation effects
[2], [3]. CP antennas can better ensure the quality of sig-
nal transmission than linearly polarized antennas, so CP
beam-scanning antennas are widely used in wireless com-
munication, satellite communication, remote sensing detec-
tion, electronic jamming, radar, navigation, and other fields.
Usually, the axial ratio (AR) of themain beamwill deteriorate
when the scanning angle is moved away from broadside,
so the CP array antenna with wide AR scanning perfor-
mance at wide frequency bandwidth, hereinafter referred
to as wideband scanning CP array antenna, is hard to
obtain.

Existing CP beam scanning antennas mainly include
sequential rotation CP spiral antenna [4], dielectric resonator
antenna [5], switched-beam array antenna with But-
ler matrix [6], space-fed multi-beam reflectarray [7],
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TABLE 1. Performance comparison of CP beam scanning antennas and CP TCDA antennas.

reconfigurable patch array antenna [8], frequency scanning
leaky wave antenna [9], and amplitude- and phase-controlled
dual-polarized antennas [10]. The above CP beam scanning
antennas have achieved promising results in some respects,
yet leave a lot to be desired in terms of wideband scanning,
particularly in the scanning AR bandwidth and angle range
in all scanning planes.

In recent years, the tightly coupled dipole array (TCDA)
antenna has gained wide attention because it expands the
scanning bandwidth due to the coupling of its elements [11].
In order to improve the scanning bandwidth of TCDA anten-
nas, one important aspect is to suppress the in-band common
mode resonance; for example, by using a TCDA antenna with
integrated balun [12], or planar ultrawidebandmodular anten-
nas based on shorted via [13] or capacitively loaded via [14].
However, most reported TCDA antennas worked with linear
polarization or dual linear polarization (DP) [12]–[17], and
few papers deal with CP-TCDA antenna. A 4 × 4 CP tightly
coupled crossed dipole array antenna was designed in [18].
However, due to the use of absorbers, the real gain of the
antenna was about 4 dB lower than the ideal gain. Bold-
C spiral array elements were used to design an 8 × 8 CP
array antenna in [19], but the AR bandwidth was dependent
on the oversampling spacing. It is worth noting that these
CP-TCDA antennas only achieved wideband CP, without
considering scanning [18]–[21]. Recently, Son et al. [22]
reported a CP tightly-coupled array with chamfered corners
and etched cross slot patch elements. However, the simulated
3dB AR bandwidth is only 15%.

In this paper, based on the wideband CP characteristics
of double-feed structures [23] and the wide-angle scanning
characteristics of TCDA antennas, we construct a low-profile
CP-TCDA element arranged along the ±45◦ direction. An
8 × 8 left-handed CP (LHCP) planar array antenna based

on the proposed CP-TCDA elements is fabricated and mea-
sured. The measured results show that the antenna has a 3:1
(4–12 GHz) overlapping bandwidth (the overlapping AR <
3 dB and active VSWR< 2.9 bandwidths), i.e., 100% relative
bandwidth, within a ±45◦ scanning range. Our planar array
antenna has great application potential in vehicle, airborne,
space-borne, and missile-borne radio frequency front-ends.
To the best of our knowledge, there has been no report where
the CP beam scanning antenna has achieved a 100% relative
bandwidth within a ±45◦ scanning range. Table 1 shows
the comparison between several typical CP beam scanning
antennas and the fixed beam CP TCDA antennas. It can be
seen that the proposed planar array antenna based on the pro-
posed CP-TCDA elements has achieved good AR bandwidth
and scanning angle performance. The novel features of the
antenna are as follows.

(1) We have established an analytic model of the in-band
scanning blind zone. Although the introduction of the tight
coupled environment mitigates the low-frequency AR band-
width limit, it also results in the appearance of a scanning
blind zone. By equating Reference Element I arranged along
the grid direction (Figure 1), which is nonradiating, with
a λg/4 shorted two-wire transmission line, where λg is the
waveguide wavelength, we establish a relationship between
the element structure parameters and the frequency corre-
sponding to the scanning blind zone. The theoretical results
are in good agreement with the simulation results, with only
a 5.3% frequency error.

(2) We have also verified the solution for the in-band scan-
ning blind zone. Based on the short-circuited transmission
line model, we constructed a CP-TCDA element arranged
along the ±45◦ direction (Figure 6), which can shift the
middle-frequency scanning blind zone out of band, so as to
achieve a wide scanning AR band.
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FIGURE 1. Reference element I arranged along the grid direction. (a) Top
view. (b) Perspective view.

(3) A comprehensive scheme to improve the scanning
angle range is studied. Four shorting pins were introduced to
solve the problem of AR degradation in the xz-plane caused
by common-mode resonance, and four square parasitic strips
were added to improve the CP performance of the diagonal-
plane (D-plane) scans. The combination of the two methods
achieves a wide-angle scanning CP in all scanning planes.

II. THEORETICAL MODEL
It is a challenge for the CP beam scanning array antenna
to achieve a 3:1 bandwidth within a ±45◦ scanning range.
Before the introduction of the proposed CP-TCDA element
(Figure 6), we first discuss the problems faced by Reference
Element I, and we then propose a simple theoretical model of
a shorted two-wire transmission line. Based on the theoreti-
cal model, we explain the principle of Reference Element II
(Figure 5) shifting the scanning blind zone to the low
frequency band.

A. CP-TCDA ELEMENT ARRANGED ALONG THE GRID
DIRECTION
The DP TCDA antenna achieved promising results in terms
of scanning bandwidth and scanning angle. However, the
traditional DP TCDA antenna usually adopts a dual-offset
topology with a grid layout, as shown in Figure 1(a).
The dual-offset topology can reduce the undesired coupling
between orthogonal array elements [24], yet this topology is
a disaster for CP beam scanning array antennas, because the
AR performance deteriorates at wide steering angles and the
high frequency band [25]. Therefore, in order to implement
wideband scanning for the CP array antenna, the phase cen-
ters of the orthogonal dipoles should coincide.

Figure 1 shows the coincident phase center CP element
designed based on the concept of the DP TCDA antenna, with
a grid layout, and it is referred to as Reference Element I.

TABLE 2. Parameters of reference element I.

Reference Element I has three layers; these are, from bottom
to top, the dipole layer, the coupling layer, and the wide
angle impedance matching (WAIM) layer. F4B (εr = 2.2
and tanδ = 0.001) is used as the dielectric substrate for all
three layers, and the thickness t0 of copper foil of each layer
is 0.018 mm. A prepreg of Rogers 4450F is used for layer
bonding. The relative dielectric constant and loss tangent of
the prepreg are 3.52 and 0.004, respectively, and the thickness
is 0.1 mm. In order to avoid the intersection of the coupled
feeding structure, an overpass structure is used in the design
to lead the signal to the upper surface of the dipole layer, and
then two shorting pins are used to lead it back to the coupling
layer. The main parameters of Reference Element I are shown
in Table 2.

For ease of analysis, the ϕ = 0◦ plane is defined as the
xz-plane, the ϕ = 90◦ plane as the yz-plane, and the ϕ = 45◦

plane as the D-plane, as shown in Figure 1(a). Element sim-
ulation is carried out under two-dimensional periodic bound-
ary conditions. Figure 2 shows the AR curve of Reference
Element I during broadside and xz-plane/D-plane scanning.
When the antenna is scanned, unbalanced push-pull current
and common mode resonance may appear, resulting in dete-
rioration of low-frequency AR [15]. It can be seen that the
introduction of the tightly coupled environment (that is, the
grounded coupling patch) mitigates the low-frequency AR
bandwidth limitation.

FIGURE 2. AR curves. (a) Without grounded patch. (b) Reference
element I.

We aim to achieve the design objective of wideband
scanning CP, that is, a 3:1 overlapping bandwidth within a
±45◦ scanning range. Reference Element I has a limited AR
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FIGURE 3. Folded dipole and current density vector of reference element
I at different frequencies. (a) Folded dipole and its equivalent
transmission-line and antenna mode models [26]. (b) Current density
vector of reference element I at 9.4 GHz. (c) Current density vector of
reference element I at 6.6 GHz.

bandwidth and a poor D-plane scan behavior: (1) there is a
spike of the AR at f1 = 6.6 GHz, which is independent of
the scanning plane and scanning angle, and seriously affects
the scanning AR bandwidth, and (2) with the increase of the
scanning angle, the AR in each scanning plane deteriorates.
This is especially true during wide-angle scanning in the
D-Plane. For example, at θ = 45◦, most of the frequency
points in the band of interest (4–12 GHz) do not meet the
requirement of AR < 3 dB.

B. CAUSES OF THE SCANNING BLIND ZONE
For completeness, we give a brief description of the folded
dipole and its equivalent transmission-line and antenna mode
models. The interested reader is referred to [26] for a com-
plete presentation on the transmission line model of the
folded dipole. A folded dipole can be analyzed by assuming
that its current is decomposed into two distinct modes: a
transmission-line mode and an antenna mode. The antenna
mode divides the folded dipole into separate dipoles. Near
L = λ/2, the transmission-line mode current is small because
its input impedance is an open circuit, and the transmission-
line mode reduces the antenna to the series connection of
two nonradiating λ/4 stubs. This type of an analytical model
is mainly used to predict the input impedance provided the
longer parallel wires are close together (L � d). However,
this model helps explain the feasibility of equating Reference
Element I, which is in the nonradiating state, with a λg/4
open-circuit two-wire transmission line.

The current density vectors of Reference Element I
at different frequency points under the scanning con-
dition (45◦ scan in xz-plane) are compared, as shown

in Figure 3(b) and (c). When f2 = 9.4 GHz, the current distri-
bution on Reference Element I is similar to the antenna mode
of the folded dipole, the dipole and the coupling patch are
considered as two pairs of parallel dipoles, and the radiation
field of the antenna is the superposition of the two pairs of
dipoles. As shown in Figure 3(c), at f1 = 6.6 GHz, the current
distribution on Reference Element I is similar to the transmis-
sion line mode of the folded dipole. Although the tightly cou-
pled environment mitigates the low-frequency AR bandwidth
limit, it also causes the transmission line mode to be excited
at a certain frequency. The transmission line mode makes
two opposite currents appear on the fan-shaped feeding line,
resulting in the antenna being unable to work normally, caus-
ing the scanning blind zone. In the case where this nonradiat-
ing state dominates, Reference Element I is equivalent to two
shorted two-wire transmission lines in opposite directions,
where the length of the transmission line is L1 = λg/4, where
λg is the waveguide wavelength.

In order to shift the transmission line mode out of the
frequency band of interest, the shorted two-wire transmission
line model is used to quantitatively analyze the relationship
between the frequency value corresponding to the axial ratio
spike and the structural parameters. A shorted two-wire trans-
mission line can be approximated as an excitation dipole with
a length of L2 and a coupled dipole with a length of L3, and
L1 = L2 +L3. The scanning blind zone frequency f11 can
be calculated according to the shorted two-wire transmission
line model:

f11 =
c

4
√
εr (L2 + L3)

(1)

L2 =

{
p/2− l1 − l4 + r l0 < p/2− (l4 + r)
p/2+ l0 − 2l1 − l4 + r l0 ≥ p/2− (l4 + r)

(2)

L3 =

{
p/2− l0−l4−r+h2+h3+t l0 < p/2−(l4 + r)
l1−l0+h2+h3+t l0 ≥ p/2− (l4 + r)

(3)

where c is the speed of light, using the variables shown in
Figure 1. For simplicity of analysis, the transmission line
length L1 is rewritten as: L1 = L20 +L30,

L20 =

{
p− l0 − l1 − 2l4 l0 < p/2− (l4 + r)
p/2− l1 − l4 + r l0 ≥ p/2− (l4 + r)

(4)

L30 = h2 + h3 + t (5)

Figure 4 and Table 3 show the simulation results (Ansys
HFSS) and theoretical calculation values. Considering the
parameters that can be adjusted in practice, three parameters
h3, l0 and εr are selected as control variables.
As shown in Figure 4 (b), when l0 ≥ p/2 − (l4 + r), the

calculated frequency is 7.22 GHz, while the simulated value
is between 7.3–7.5 GHz. There might be errors in the theo-
retical model, and there may be other coupling factors that
cause the frequency offset. However, overall, the theoretical
results are in good agreement with the simulation results, with
only a 5.3% frequency error, suggesting the effectiveness for
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FIGURE 4. Simulation results (solid line) and theoretical calculation
values (symbols). (a) h3. (b) l0. (c) εr.

TABLE 3. Comparison of shorted transmission line model with
simulation.

the shorted two-wire transmission line model. The following
three conclusions are obtained. (1) Instead of shifting the
common-mode resonance existing in TCDA antenna out of
the high frequency band [12]–[14], an effective solution to
deal with this scanning blind zone is to shift it out of the
low frequency band, by increasing the length of L1; (2) An
increase in h1 or εr shifts the spike to low frequency. However,
after increasing to a certain value, a new spike appears at
high frequency; (3) When it does not significantly increase
the antenna profile height, L20 should be increased. Because
the period p should meet the grating lobe condition, the

TABLE 4. Parameters of the Cp-Tcda element.

adjustment range of the length L20 for Reference Element I is
limited.

C. SHIFTING THE SCANNING BLIND ZONE OUT-OF-BAND
In order to shift the scanning blind zone out of the low fre-
quency bandwithout increasing the antenna profile,L20 needs
to be increased as much as possible. In this paper, we increase
the length L20 through the rotation of dipoles, as shown in
Figure 5(a).We can see that L21 becomes larger as the rotation
angle β increases, which makes it possible to shift the scan-
ning blind zone out of the low frequency band. Figure 5(b)
shows the scanning AR at different rotation angles. As the
rotation angle β increases, the scanning blind zone gradually
shifts to low frequencies.Whenβ = 45◦ (diagonal-direction),
the element is referred to as Reference Element II, and the
spike of AR is close to the low frequency band edge, which
validates the effectiveness of this method.

FIGURE 5. Rotation angle scheme. (a) The schematic of element. (b) The
AR of the scanning plane (θ = 45◦).

III. CP ELEMENT DESIGN AND SIMULATION
In Section II, we proposed and verified the method of rotat-
ing the cross dipole to shift the scanning blind zone out of
the low frequency band. In this section, based on Reference
Element II, the proposed CP-TCDA element is designed, and
the performance is assessed via simulation.

A. THE STRUCTURE OF THE PROPOSED CP-TCDA
ELEMENT
As shown in Figure 5(a), when β = 45◦, L22 > L21 > L20.
If the grounded coupling patch is shifted to the diagonal
direction, the length L1 would further increase, thereby reduc-
ing the frequency of the scanning blind zone. In order to
ensure the symmetry of the structure, all dipoles are changed
to hollow rings, and the sector feeding is changed to a
Y-shaped feeding. The proposed CP-TCDA element is shown
in Figure 6, the main parameters of which are shown in
Table 4. The other parameters are the same as in Table 2.
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FIGURE 6. The schematic of the proposed CP-TCDA element. (a) Top view.
(b) Bottom view (90◦ phase shifter). (c) Perspective view.

The diagonal-direction (±45◦ direction) layout topology
solves the scanning blind zone problem affecting the scanning
AR bandwidth. Next, we study the improvement of the high
frequency wide-angle AR on the scanning planes. Due to the
symmetry of the proposed CP-TCDA element, the scanning
behavior of the xz- and D-plane are selected for analysis.

FIGURE 7. The influence of the number of shorting pins on the scanning
AR. (a) n = 0. (b) n = 1. (c) n = 2. (d) n = 4.

For xz-plane scanning performance, we mainly need to
solve the problem of AR deterioration caused by common-
mode resonance. Similar to the method of dual-polarization
TCDA antenna to expand the impedance bandwidth [13],
the common-mode resonance, especially the broadside

common-mode resonance, is shifted out of the high frequency
band by introducing shorting pins, as shown in Figure 7. The
number of shorting pins plays a key role in the scanning
AR performance of the xz-plane. When the number of short-
ing pins is n ≤ 2, the wide-angle AR performance of the
high frequency band is poor. As the number of shorting pins
increases, the common-mode resonance is gradually shifted
out of the high frequency band, and the absolute value of the
AR gradually decreases. When n = 4, the scanning AR in the
xz-plane meets the requirement of AR < 3 dB.

In the case of CP beam scanning antennas, the reason for
the degradation of AR performance is the difference between
horizontal polarization (H-pol) and vertical polarization
(V-pol) [27]. As the scanning angle increases, the difference
also increases, especially for wide-angle scanning on the
D-plane. To improve the D-plane scan behavior, we introduce
parasitic strips on the coupling layer. Figure 8 shows the
AR curve of the xz-plane/D-plane with/without strips, which
reveals the influence of parasitic strips on the AR perfor-
mance in each scanning plane. It shows that after adding the
parasitic strips, the scanning AR in the D-plane is improved,
within the scanning range of ±60◦ and the scanning AR on
all planes less than 3.5 dB.

FIGURE 8. The influence of parasitic strips on the scanning AR.
(a) Broadside and xz-plane (without strips). (b) D-plane (without strips).
(c) Broadside and xz-plane (with strips). (d) D-plane (with strips).

B. THE RESULTS OF THE PROPOSED CP-TCDA ELEMENT
The DP TCDA element arranged along the ±45◦ direction
provides the amplitude conditions, a wideband 90◦ phase
shifter provides a stable phase difference, and then wideband
scanning CP element is finally constructed. The measured
amplitude and phase characteristic curves of the 90◦ phase
shifter are shown in Figure 9. It is noted that the insertion
loss at low frequency band is relatively large (the maxi-
mum is 0.8 dB), which may be due to poor matching for
the low frequency band. The active VSWR and AR of the
proposed CP-TCDA element are shown in Figure 10. There is
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a 3:1 (4–12 GHz) overlapping bandwidth within the ±45◦

angle range for all scanning planes, which meets the require-
ment of AR< 3 dB.We observed that, except for the D-plane,
the proposed CP-TCDA element can reach a broader angle,
e.g., a ±60◦ scan range.

FIGURE 9. The output amplitude and phase characteristics of the 90◦
phase shifter. (a) Amplitude characteristics. (b) Phase difference.

FIGURE 10. The active VSWR and AR of the proposed LHCP-TCDA element.
(a) Active VSWR. (b) AR.

FIGURE 11. The schematic of the wideband scanning CP-TCDA antenna.
(a) Top view. (b) Bottom view.

IV. FABRICATION AND MEASUREMENT
An 8 × 8 LHCP planar array antenna based on the pro-
posed CP-TCDA element is designed, fabricated, and tested,

as shown in Figure 11. The array antenna is composed of four
layers, and technics of the pressing of microwave multilayer
printed circuit board lamination is used to ensure effective
electrical contact. The outermost elements of the antenna are
expanded to maintain the integrity of the circular coupling
patches and shorting pins. Figure 12 shows the active VSWRs
of the center element and the scanningARs of the planar array
antenna. The measured results show that the proposed CP
beam scanning array antenna works well at a 3:1 (4–12 GHz)
bandwidth. Within a±45◦ scanning angle range, it meets the
requirement of AR < 3 dB and active VSWR < 2.9. Some
methods can be used to solve the problem that the active
VSWR of the proposed array antenna is relatively large. For
example, one may use a frequency-selective surface resistive
card within the substrate [28] or a printed frequency-selective
surface instead of the WAIM layer [29].

FIGURE 12. The measured active VSWR and AR. (a) Active VSWR of the
center element. (b) The ARs of the array antenna.

FIGURE 13. The measured realized gains and antenna efficiency at
different scanning angles. (a) Measured gains. (b) Antenna efficiency.

Fig. 13 shows the measured realized gain and antenna
efficiency in the xz-plane and D-plane at different scanning
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FIGURE 14. Measured (dashed line) and simulated (solid line) scan
patterns in the xz-/yz-/D-plane (0◦, 15◦, 30◦, and 45◦). The
co-polarization (LHCP) components are not labeled, and
cross-polarization (RHCP) components are labeled with symbols.
(a) xz-plane at 4 GHz. (b) xz-plane at 11.8 GHz. (c) D-plane at 4 GHz.
(d) D-plane at 11.8 GHz. (e) yz-plane at 4 GHz. (f) yz-plane at 11.8 GHz.

angles. The ideal aperture gain is calculated using 4πA/λ20,
where A is the aperture area and λ0 is the wavelength in
free space. The efficiency in the entire band exceeds 70%
in all scanning planes. Figure 14 shows the radiation pat-
terns for beam scanning in the xz-, yz-, and D-planes at 4.0,
11.8 GHz, respectively. It can be seen that the measured
patterns agree with the simulated ones, and the discrepancies
are mainly due to the strong reflection at the edge of the
electrically small aperture [30]. The error in the measured
beam pointing angle may be caused by the discrete value of
the digital phase shifters. The antenna shows a good cross-
polarization (RHCP) discrimination (XPD) of better than
−15.7 dB at different scanning angles in all scanning planes
from 4 to 12 GHz. The side-lobe level is close to is −13 dB
at the broadside.

V. CONCLUSION
In this paper, we design a wideband scanning CP TCDA
antenna by combining the advantages of CP double-fed
structure and TCDA antennas. A simple shorted two-wire
transmission line model is proposed, which qualitatively and
quantitatively explains the causes of and solutions to the
scanning blind zone. The CP-TCDA element arranged along

the 45◦ direction shifts the scanning blind zone out of the
low frequency band and ensures the AR performance in
all scanning planes. An 8 × 8 LHCP planar array antenna
based on the proposed CP-TCDA element is fabricated and
tested. The results demonstrate that the antenna achieved a 3:1
(4–12 GHz) overlapping bandwidth within a ±45◦ scanning
angle range.

Future studies will be aimed at introducing the novel feed-
ing and low-profile parasitic structures, which can be used to
increase the scanning bandwidth and scanning angle.
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