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A compact circular polarized antenna array with a convenient gain/bandwidth/dimension trade-off is proposed for applications in
theC-band.The design is based on the recursive application of the sequential phase architecture, resulting in a 4 × 4 array of closely
packed identical antennas. The 16 antenna elements are disc-based patches operating in modal degeneration, tuned to exhibit a
broad while imperfect polarization. Exploiting the compact dimension of the patches and a space-filling design for the feeding
network, the entire array is designed to minimize the occupied area. A prototype of the proposed array is fabricated with standard
photoetching procedure in a single-layer via less printed board of overall area 80 × 80mm2. Adequate left-hand polarization is
observed over a wide bandwidth, demonstrating a convenient trade-off between bandwidth and axial ratio. Satisfying experimental
results validate the proposed design, with a peak gain of 12.6 dB at 6.7 GHz maintained within 3 dB for 1 GHz, a very wide 10 dB
return loss bandwidth of 3GHz, and a 4 dB axial ratio bandwidth of 1.82GHz, meaning 31% of fractional bandwidth.

1. Introduction

Modern wireless and mobile communication systems as well
as remote sensing applications have pushed the limits of
printed antenna technology.While widely employed for their
inherent advantages in terms of low profile, conformabil-
ity, light weight, and low manufacturing cost, the narrow
bandwidth limit of printed antennas is still of concern. Over
the last decade, there have been considerable efforts toward
finding solutions for this issue. A good example is the use of
nonresonant structures like vivaldi antennas [1] or wideband
monopole [2].

Antennas operating in circular polarization (CP) offer
even more interesting features, like robustness against
adverse weather conditions and the capability to communi-
cate regardless of source and target relative orientation.These
characteristics make CP antennas the best candidates for out-
door communication systems [3–5], as well as emerging and
nonconventional indoor applications [6, 7]. Furthermore, a
wide range of applications in the C-band, such as Dedicated
Short Range Communication for Electronic Toll Collection
and the emerging Intelligent Transportation System, are in

need of cost-effective and lightweightCP antennas. Compact-
ness, wide band, and robustness are stricter needs than high
gain and extreme polarization purity, [8].

Unfortunately, printed CP antennas suffer even more
critical bandwidth limits in comparison to linearly polar-
ized (LP) antennas. The bandwidth issue is of particular
concern in antennas designed exploiting the mechanism of
modal degeneration [9], which is popular for the compact
dimension. Sequential Phase Architecture (SPA) is a well-
known approach to improve CP bandwidth. It consists in the
rotation of antenna elements fed with a 90∘ progressive phase
[10, 11]. The SPA technique can be applied to a broad range
of elementary antennas, such as printed dipoles [11], vivaldi
antennas [12], slot antennas [13], patch antennas [10], and
many more [14, 15]. One of the most interesting features of
the SPA approach is the fact that it can be reiterated, with
subsequent enhancement of the polarization purity and gain
[10, 16, 17].

In this paper a compact sequential antenna array oper-
ating in the C-band is proposed, analyzed, and fabricated.
The array is composed of 16 elements arranged as a sequen-
tial array of 4 subarrays, which are designed as 2 × 2
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Figure 1: Patch characteristics and pictorial representation of the degenerated modes.

sequential phase arrays in turn. The basic element of the
array is a compact disc-based patch antenna operating in
modal degeneration. The feeding network is a space-filling
Sequential PhaseNetwork (SPN) structured in two levels.The
elements are designed to exhibit a wide operation bandwidth,
despite a suboptimal polarization performance and an input
impedance characterized by a high variability. The use of
SPN based on tapered lines grants the adequate power
distribution, restoring appropriate gain and polarization
performance over a wide bandwidth.

A single-layer via-less prototype is printed on a board of
overall volume of 80mm × 80mm × 1.6mm. The prototype
has been fabricated with standard photo-etching technique
using high quality dielectric substrate (isola 408). Adequate
matching between simulation and measurement is observed.
A peak gain of 12.6 dB at the center frequency of 6.7 GHz
is measured and maintained within 3 dB for 1 GHz, and a
very wide 10 dB return loss bandwidth of 3GHz, covering
almost half of the C-band, is measured. A broad axial ratio
below 4 dB, adequate for many applications in the C-band, is
observed for more than 1.8 GHz.

This paper is organized in the following manner. The
design of the antenna element is analyzed in Section 2;
then SPN is described in Section 3. In Section 4 the array
arrangement is presented. Then, in Section 5, the simulation
and experimental verifications are shown, compared, and
discussed. In Section 6, some final conclusions are drawn.

2. Element Design

The basic element of the array is a disc-based patch already
presented by the authors [18, 19]. It consists in a disc-
based patch centrally cut with a thin elliptical shaped slit, as
depicted in Figure 1(a). The disc radius is indicated with 𝑅,
the ellipse axes are labeled by 𝐴 and 𝐵, and 𝜃 is the angle
individuated by the feeding line with the direction of the
ellipse major axis. The patch operates in modal degeneration
with the central elliptical cut detuning the fundamental TM
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mode of the disc into two overlapping ones, labeled TM
𝑥
and

TM
𝑦
, forced by the different current paths through the ellipse

axes.
Different from the classic truncated corner square [9],

which is typically used for SPA array based on printed
patch antenna [10, 20], the proposed disc element exhibits
more degrees of freedom, permitting a better trade-off
between polarization purity and broadband operation. Fixing

the radius 𝑅, the axes 𝐴 and 𝐵 quantitatively control the
modal splitting, while 𝜃 modulates the response dictating
the actual combination of the modes. This mechanism is
well illustrated by the circuital equivalence approach. In the
range of frequency around the fundamental resonance of the
unperturbed disc, the input impedance can be seen as the sum
of the two second-order resonators, which are the equivalent
circuits of the two modes:

𝑍in = 𝑍𝑥 + 𝑍𝑦

=

𝑅
𝑥
(𝜃)

1 + 𝑗𝑄
𝑥
(𝑓/𝑓
𝑥
− 𝑓
𝑥
/𝑓)

+

𝑅
𝑦
(𝜃)

1 + 𝑗𝑄
𝑦
(𝑓/𝑓
𝑦
− 𝑓
𝑦
/𝑓)

.

(1)

The equivalent circuital parameters𝑓
𝑥
, 𝑓
𝑦
,𝑅
𝑥
, 𝑅
𝑦
, and𝑄

𝑥
, 𝑄
𝑦

depend on the patch geometry, feed position, and substrate
characteristics [9, 18, 19]. In particular, in [21], it was shown
that𝑓

𝑥
and𝑓
𝑦
are inversely proportional to both𝑅 and𝐴×𝐵,

according to an almost polynomial law [21, eq 2], making the
modal synthesis relatively easy.

The 𝑍
𝑥
term is associated with the lower mode, labeled

TM
𝑥
, and it is excited if 𝜃 = 0

∘, since 𝑅
𝑦
(0
∘
) = 0 (i.e.,

a zero of TM
𝑦
modal field is associated with this position)

and 𝑅
𝑥
(0
∘
) = 𝑅

max
𝑥

(corresponding to the edge impedance of
the patch). The modal eigenfunction depicted in Figure 1(b)
presents a distribution similar to one of the unperturbed discs
in the fundamental mode, and it is the source of linearly
polarized 𝑥-directed far-field. In a similar manner, the term
𝑍
𝑦
, associatedwith the uppermodeTM

𝑦
which is orthogonal

to the former, is excited if 𝜃 = 90∘, being 𝑅
𝑦
(90
∘
) = 𝑅

max
𝑦

and
𝑅
𝑥
(90
∘
) = 0. Figure 1(c) shows the eigenfunction of TM

𝑦
,

associated with a 𝑦-directed far-field. The two modes are
excited according to the ratio of the modal response, which
in turn depends on 𝜃 in the range [0∘, 90∘].

Figure 2 depicts the characteristics of a disc element
critically tuned to exhibit perfect modal recombination at
the central frequency of 6.5 GHz. In particular Figure 2(a)
depicts the disc input impedance. It can be observed that
the modal responses are strongly overlapped: each peak is in
the bandwidth of the other, separated by less than 500MHz.
At the intermediate frequency, corresponding roughly to
6.5 GHz, the two modes are excited with almost the same
magnitude and phase quadrature, as it can be observed in
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(a) De-embedded input impedance 𝑍in(𝑓) = 𝑍𝑥(𝑓) + 𝑍𝑦(𝑓). Continu-
ous lines: real part, dotted lines: imaginary part
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Figure 2: Critically tuned condition: the modal responses are perfectly combined about the center of their natural resonances.

Figure 2(b). Indeed, the total gain of the patch coincides with
the left-hand CP component at the central frequency with
about 6 dB, and the cross-polarized component is at least
17 dB below this level. This critical condition can occur only
over a narrow band around the central frequency.

Recently, Zhang et al. [22] demonstrated that the use
of elliptically polarized (EP) antennas can be successfully
exploited in designing CP array based on SPA with better
bandwidth performance than perfectly polarized antennas.
The idea is to allow a broad though imperfect polarization,
which can be enforced by a wideband SPN. In this way, nom-
inal CP radiation can cover awider bandwidthwith respect to
the case of critically polarized/narrowband antenna. In [22] it
was demonstrated that the use of EP antennas with moderate
axial ratio permits an increase of 3 dB axial ratio bandwidth
up to 76%, when an ideal SPA network is employed.

Focusing on the proposed disc-patch design, a controlled
detuning of the modes is more interesting than the critical
condition, according to the previous reasoning. Figure 3(a)
shows the input impedance of an overtuned disc. The two
modal peaks are approximately 1 GHz apart in frequency;
hence only partial modal superposition occurs. Indeed, the
antenna is at the limit between imperfect CP operation and
dual-band/dual-polarization operation. In this condition, the
gain response in Figure 2(b) is obtained, with an almost
constant, while imperfect, LH polarization over a wider band
of frequency, much wider than the bandwidth of the critically
tuned case in Figure 2.

The main drawback of this condition is the significant
variability of the input impedance, which is difficult to match
with canonic matching networks.

3. Sequential Phase Network Design

Figure 4(a) depicts the equivalent circuit of a canonic
Sequential Phase Network (SPN), the feeding network
enabling the SPA mechanism [10, 23]. In the case of 4 anten-
nas, three cascading networks operate as Phase Shifter and
Power Dividers (PSPDs), and four output matching networks

(MNs) provide the adequate impedance transformation to
match the four antennas to the outputs of the network.

With reference to Figure 4(a), at the first junction the
available power 𝑃

0
from the source splits between the first

output section and the rest of the network with a 1 : 4 ratio,
that is, (1/4) 𝑃

0
in the first output and (3/4) 𝑃

0
in the

remaining structure. At the second junction, the power ratio
between the second output line and the rest of the network
is 1 : 3, in order to have the same power toward the first and
second antenna. At the next junction, the power splits in half,
to excite the third and the fourth antennas.

In the canonic case, shown in Figure 4(b), the three
PSPDs are implemented as transmission lines of 90

∘,
which provide the required phase progression and also
impedance transformation operating as quarter wave trans-
former (QWT). The output MNs are implemented as QWTs
as well, exploiting the same matching property. Various
implementations of this network can be found in the litera-
ture [16, 23].

To cope with the strongly resonant behavior of the
antenna impedance, depicted in Figure 3(a), the solution
introduced in [21, 24] and shown in Figure 4(c) is applied
here. The main improvement regards the implementation
of the four MNs as tapered lines instead of QWTs. While
longer than 90∘, tapered lines achieve enhanced impedance
transformation which is more robust against impedance
variation for a wider bandwidth.

To demonstrate the improvement, Figures 5 and 6 show
the performance obtained with a canonic SPN based on
QWTs in comparison to a tapered solution. For the sake of
clarity the two designs are based on ideal transmission lines
and tapers. The input impedance is 50Ω, while the output
impedance is 100Ω; the latter is approximately the mean
value of the resonances of the overtuned patch in Figure 3(a).

The canonic network is defined as follows (all inΩ): 𝑅
𝐴
=

138, 𝑅
𝐵
= 127, 𝑅

𝐶
= 96, 𝑅

𝐷
= 64, and 𝑅

1
= 𝑅
2
= 𝑅
3
=

55. The involved lines are 90∘ at center frequency, which is
6GHz for the sake of clarity.The tapered solution is based on
exponential tapers. Each taper starts with a different 𝑅

𝐴,𝐵,𝐶,𝐷
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Figure 3: Overtuned condition: the modal frequency is so apart that the perfect combination never occurs.

PD PS/PD1 PS/PD2 PS/PD3

RL RL RL RL

MNA MNB MNC MND

R0

(a) Generic circuit

QWT1 QWT2 QWT3

QWTA

RA

QWTB

RB

QWTC

RC

QWTD

RD

R0

R0

R1 R2 R3

RLRL RLRL

(b) Implementation with quarter wave transformers

QWT1 QWT2 QWT3

RLRLRLRL

RLRLRLRL

TaperA TaperB TaperC TaperD
RA RB RC RD

R0

R1 R2 R3R0

(c) Implementation with tapered transmission lines

Tuning
stub

ATL1 ATL2 ATL3

RL RL RL RL

RL RL RL RL

TaperA TaperB TaperC TaperD
RA RB RC RD

R0
R0

(d) Implementation with tapered transmission lines and
artificial transmission lines

Figure 4: Implementations of the Sequential Phase Network.

which ends with the antenna impedance𝑍
𝐿
= 100. The taper

length is 30mm, and the following characteristic resistances
are picked: 𝑅

𝐴
= 110, 𝑅

𝐵
= 105, 𝑅

𝐶
= 44, 𝑅

𝐷
= 27, and

𝑅
1
= 𝑅
2
= 𝑅
3
= 35.

From the inspection of Figure 5(a) it can be observed
that the magnitudes of four transmission parameters are
identical only at center frequency, with a wide deviation
at the edge of the observed band. The same quantities in
Figure 5(b) are less scattered. Fixing the value of 1 dB as the
maximum tolerable deviation between the four tracks, the
canonic solution exhibits a bandwidth of 1.8 GHz (30% of
fractional bandwidth), while the tapered solution is enhanced
to 3.2GHz (53%).

The phase progression of the two solutions, depicted in
Figures 6(a) and 6(b), is similar. Despite a higher frequency

slope in the second case, which is a consequence of longer
(while identical) output lines, the dispersion at the edge of
the bandwidth is similar in the two cases.

4. Assembling of the Array

To assemble the array of 16 elements, the subarray of only 2×2
element is designed first, serving as the element of the final
arrangement.

4.1. Subarray. Following the analysis of Section 2, a set of four
discs tuned to exhibit approximately the response depicted
in Figure 3 is designed and sequentially arranged in a square
lattice according to the progressive phase principle.
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Figure 5: Comparison between canonic network and modified network. Magnitude of the transmission parameters.
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Figure 6: Comparison between canonic network and modified network. Phase of the transmission parameters.

To better accommodate the structure the output tapered
lines are curved to better fit between the antenna elements,
avoiding waste of space. This geometry is obtained using the
following analytical profile (introduced in [21]):

𝑥 (𝑡) = 𝐾
± sin(𝜋

2

𝑡) ,

𝑦 (𝑡) = 𝐻
± cos(𝜋

2

𝑡) sin(𝜋
2

𝑡)

𝑚

±𝑊(1 − 𝑡) ;

𝑡 ∈ (0, 1) .

(2)

Each equivalent tapered line is implemented adjusting 𝐾±,
𝐻
±, and 𝑊 to provide the adequate matching between the

junctions and the antennas.
Furthermore, instead of canonic QWTs, T-section loaded

lines are employed for the PSPD (cf. Figure 4(d)). The T-
section line consists of the symmetric combination of two
TLs loaded with an open-circuit stub. An ATL is physi-
cally shorter than canonic QWLs but provides the same
nominal 90∘ phase at center frequency. Despite a low-pass

behavior, the use of ATL is not a limiting factor, being its
corner frequency compatible with the wideband behavior
in Figure 5(b). In addition, high impedance lines, which are
used to implement the T-line structure, are an aid to contrast
the spurious radiation. As a final tuning a central stub is
added after the first junction; see Figure 4(d).

The result of the subarray design stage is depicted in
Figure 7, along with the parameters reported in Table 1,
obtained after a full-wave optimization with a commercial
CAD [27].

Among the various geometric parameters, the element
spacing 𝑑 is very important for the array performance, since
it was proven to be the key parameter for the gain and cross-
polarizationmaximization [28]. In [29] it was experimentally
proven that the optimal 𝑑 is 0.7𝜆

0
. Here, for the sake of

compactness, a spacing of 20mm is adopted, about 0.43 𝜆
0

at 6.5 GHz. While suboptimal, this value permits arranging
the subarray in the compact space of 40 × 40mm2, which
is compatible with the goal of 80 × 80mm2 for the entire
structure.
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Table 1: List of the geometric parameters of the subarray in Figure 7.
The dimensions are in mm, and the angles are in degree.

Param. 𝑅 𝐴 𝐵 𝜃 𝑊
𝐿

𝑊in 𝑊
0

𝑊
1

Value 7.2 4.6 0.25 44 0.62 0.75 0.88 0.20
Param. 𝑊

2
𝑊
3

𝑊
4

𝑊
𝑆

𝐿
𝑆

𝑤stub 𝐿 stub 𝑑

Value 0.42 1.85 2.89 0.40 17.4 0.5 2 20

Figure 8 shows the reflection coefficient of the subarray.
A 10 dB return loss of 1 GHz is achieved, recovering for
the nonuniform behavior of input impedance observed in
Figure 3(a). In Figure 9 the three components of the realized
gain are shown, that is, total gain, LHgain, andRHgain. It can
be observed that the total gain and the LH gain are coincident
at the frequency of 6.7 GHz. The gain is about 9 dB of gain,
while the polarization purity exceeds 22 dB.

4.2. Entire Array. The four subarrays described in the pre-
vious section are arranged as shown in Figure 10(a). The
subarray spacing is 40mm (𝑑

1
), in order to regularly arrange

the element in a 20mmgrid. A central SPNbased on the same
principle applied to the subarray is designed and arranged
at the center of the board, to provide the necessary feed
to the four sub-SPNs. The available space is adequate to
implement the output lines of the central SPN as straight
tapered transmission lines (instead of curved lines as for the
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Figure 9: Simulated boresight gain of the subarray.

second-level SPNs). Each line is tapered with a raised-cos
profile ending with the same width 𝑤

5
, which is coincident

with the input width 𝑤in of the subarrays (cf. Figure 7). The
geometry of the structure is depicted in detail in Figure 10(b),
and the actual dimensions of the parameters are reported in
Table 2.The result structure is very compact, with the antenna
elements very close to the transmission lines of both the
central and peripheral SPNs.

Starting from the available preliminary design obtained
combining the four subarrays, a full-wave optimization has
been carried out with a full-wave CAD. The optimization
goal is a trade-off between the maximization of the gain
and the wider enlargement of the polarization bandwidth.
The best design has been fabricated as shown in Figure 11
using standard photo-etching procedures on a high quality
substrate (isola FR408: thickness = 1.6mm, 𝜖

𝑅
= 3.65, and

tan 𝛿 = 1𝐸 − 3). The entire structure is arranged in a single-
layer via-less square PCB of side 80mm, meaning 3𝜆2

0
at

6.5 GHz.

5. Experimental Validation

Themeasurements of the fabricated prototypeweremade and
compared to the simulations. Figure 12 shows the measured
and simulated reflection coefficients of the array. The 10 dB
return loss (RL) defines the bandwidth from 4.5GHz to
7.75GHz, meaning a very large fractional bandwidth exceed-
ing 53%. A slight frequency shift between simulation and
measured is observed. It can be attributed to the design sensi-
bility to the fabrication tolerance.This sensitivity is caused by
the coupling of the various structures of the proposed design
which are in extreme proximity. For applications tolerant to a
slightly worst input matching, the 9 dB RL bandwidth spans
from 4.4GHz to 8.2GHz, almost the entire C-band, which is
better than the simulated result.

Figure 13 depicts the frequency behavior of the realized
gain in the bore-sight direction. Both the copolar (left-
hand) and cross-polar (right-hand) components are depicted.
The target “gain/broadband trade-off” is obtained, with a
maximumgain of 12.6 dBi at 6.7 GHz and a secondmaximum
of 12 dBi at 6.20GHz. The gain deviation is inside the range
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Table 2: List of the geometric parameters of the central network in Figure 10. The dimensions are in mm.

Parameter 𝑊input 𝑊
0

𝑊
1

𝑊
2

𝑊
3

𝑊
4

𝑊
5

𝑤
𝑆

𝐿
𝑆

𝑑
0

𝑑
1

𝐷
1

𝐿 sub

Value 1.80 0.90 0.25 0.40 1.80 2.80 0.75 0.40 17.0 20 40 4.70 80
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Figure 10: Detail of the central area.

Figure 11: Photograph of the proposed prototype.

of 3 dB in the frequency bandwidth from 6.0GHz to 7.0GHz,
about 1 GHz. Comparing simulated and experimental results,
it can be observed that the simulation presents a narrower
region characterized by higher gain, while the experimental
behavior exhibits a wider bandwidth affected by a deviation.
Nevertheless, considering the relatively limited entity of the
ripple, the experimental result can be considered satisfactory.

Themeasured axial ratio, depicted in Figure 14, is affected
by the tolerance fabrication. Fixing the tolerated deviation of
nominal axial ratio at 4 dB, the polarization bandwidth spans

Measured
Simulated
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Figure 12: Simulated and measured reflection coefficients.

from 5.18GHz to 7.1 GHz, almost 2.0GHz of left-hand polar-
izationwhich represents a fractional bandwidth of about 30%.
Following the strict 3 dB definition, the bandwidth splits in
two regions (from 5.25GHz to 6.2GHz and from 6.3GHz to
7.05GHz), because of an axial ratio relativemaximum around
6.25GHz. Considering the extreme level of coupling the
wideband behavior demonstrates the validity of the proposed
design. In Figure 15, the measured pattern of the prototype is
depicted for various central frequencies among the C-band.
For each case, the co- and cross-, 𝑥-, and 𝑦-cuts are given. It
can be observed that the pattern shape is maintained over the
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Figure 14: Simulated and measured bore-sight axial ratio.

entire band, despite the gain reduction depicted in Figure 13.
This feature is obtained thanks to the two levels of SPNwhich
are tolerant to the element overtuning.

6. Conclusions

A compact wideband circularly polarized antenna array for
application in the C-band was designed, simulated, and
fabricated. The array is based on the recursive application
of the sequential phase arrangement on a compact disc
patch element capable of broad while imperfect circular
polarization.

The fabricated array occupies a square of 80mm × 80mm
and hence a surface of 3𝜆2

0
at the mean frequency of 6.5 GHz.

A peak gain of 12.6 dB is achieved at the frequency of 6.7 GHz
and a second peak of 12 dB at 6.2 GHz. Furthermore, the LH
gain is above 8 dB from 5.9GHz to 7.0GHz, meaning more
than 1.0GHz. Moderate polarization purity is observed over
a wide band of frequency. Excluding a “notch” region around
6.25GHz, the 3 dB AR bandwidth spans from 5.25GHz
to 7.0GHz, meaning 28%. A more conservative bandwidth
tolerant to 4 dB of AR spans from 5.18GHz to 7.1 GHz,
meaning 31%.

Table 3: A comparison of the proposed array with other similar
arrays.

2 × 2 array [25] [26] The present paper
10 dB RL BW (GHz) 4.82–5.12 4.40–5.45 4.50–8.00
4 dB AR BW (GHz) 4.78–5.22 4.40–5.50 5.20–7.05
Max gain (dB) 10.5 11.5 12.6
3 dB gain BW (GHz) 4.86–5.12 4.80–5.50 6.00–6.90
Global BW (%) 5.2% 13.5% 14.0%
Size (cm2) 100 cm2 81 cm2 64 cm2

Size (𝜆2
0
) 2.7 𝜆2

0
3.2 𝜆2
0

3.0 𝜆2
0

The compact dimension of the proposed design affects
the gain and polarization performance, for both subopti-
mal arrangement and strong mutual coupling. However, if
compared to similar single-layer array with similar occupied
area, the proposed array presents a more convenient perfor-
mance/dimension trade-off. In particular, a better max gain
and a wider global bandwidth are observed despite a smaller
normalized area (cf. Table 3).
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(e) 𝑥-cut at 6.00GHz
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(f) 𝑦-cut at 6.00GHz
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(m) 𝑥-cut at 7.00GHz
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Figure 15: Principal cuts of the proposed array, according to the reference in Figure 10(a). Solid line with dots: copolar (LH). Dashed line
with squares: cross-polar (RH).
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