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1. Introduction

polarization purity and symmetric radiation patterns. When
the SR techniques are used, the radiated polarization type
of the element cannot be considered and the overall bandwidth performances of CP antenna arrays can be significantly improved. Until now, many CP antenna arrays using
SR feed networks have been reported [4–10]. In [4], CP
antenna array with wide axial ratio (AR) bandwidth was
obtained by rotating linearly polarized elements sequentially. However, the use of linearly polarized elements
leads to a high gain loss. In [5], two simple and compact
sequential-phase feed networks for CP SR arrays were presented. The proposed SR feed networks could extend the
bandwidth of the AR and improve the gain-level obviously.
However, the narrow bandwidth limits its application in
wideband systems. In [6], a novel broadband CP antenna
array was presented using SR feed technique. Instead of
using linearly polarized elements in [4], [7] and [8], CP
antenna elements were used to improve the AR bandwidth.
However, the defected ground structure leads to back radiation and difficult encapsulation. In [9], a Ka-band CP microstrip antenna array with a high-gain level was designed.
The serial feed SR technique improved the bandwidth,
radiation pattern, and polarization purity over a wider
frequency band compared with the coplanar corporate feed
network. In [10], three different types of wideband feeding
networks, including parallel feeding network, series feeding network and hybrid ring feeding network, were studied
to optimize the CP bandwidth. For the CP dielectric resonator antenna subarray with hybrid ring feeding network, the
impedance matching bandwidth (|S11| < 10 dB) and 3-dB
AR bandwidth achieved were 44% and 26%, respectively.

Due to their low profile, easy fabrication and flexibility in orientation angle between transmitter and receiver
antennas, circularly polarized (CP) microstrip antenna
arrays have become an excellent choice for applications in
communication systems such as satellite, mobile, radar
tracking and the remote control and telemetry [1–3]. However, many disadvantages, such as narrow bandwidth and
relatively high-fed line losses, are often along with the
merits. Recently, many techniques have been investigated
to overcome these disadvantages. Among them, sequential
rotation (SR) feed technique has been proved an effective
way to design CP antenna arrays with broadband, high

In this paper, a novel method to design SR feed network for a broadband CP microstrip antenna array is presented. The network employs a balun and two orthogonal
power dividers. The balun is achieved by back-connecting
a conventional in-phase power divider and a 180º phase
shifter together, and the orthogonal power divider is
achieved by back-connecting a conventional in-phase
power divider and a 90º phase shifter together. Both the
180º phase shifter and the 90º phase shifter are designed
using the reported simplified composite right/left-handed
transmission lines (SCRLH-TLs) [11], [12]. To validate the
design methodology, four coupled stacked CP antenna ele-
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ments are excited rotationally by the designed network to
form a CP antenna array. The experiment results show that
the antenna array based on the new SR feed network obtained not only a wide AR bandwidth, but also a high gain
level. Besides, the easy fabrication of the antenna array
makes it very useful in broadband systems.

2. Broadband SR Feed Network Based
on SCRLH-TL
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2.1 Phase Shifter using SCRLH-TL
As reported in [11], a SCRLH-TL, which has a nonlinear phase response, was proposed. The distributed microstrip structure and its corresponding equivalent lumped
circuit model are shown in Fig. 1(a) and Fig. 1(b), respectively. Referring to the equivalent lumped circuit model,
the shunt capacitance CR and a part of series inductance LR
are provided by a wide microstrip line, while the other part
of LR is realized by a short narrow microstrip line. The
shunt inductance LL is implemented by a narrow short stub.
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Fig. 1. SCRLH-TL without a series capacitor. (a) Distributed
structure. (b) Equivalent lumped circuit model.

Based on the Bloch-Floquet theory, the dispersion
relation can be expressed as
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where β is the propagation constant, p is the physical length
of the SCRLH-TL, ω is the working frequency, and Z(ω)
and Y(ω) are the series impedance and the shunt admittance
of the SCRLH-TL, respectively.
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Fig. 2. Dispersion curve for the SCRLH-TL.
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Combining (1)-(3), when βp = 0,

  1 

1
LR

 LL  4


(4)


 CR


And when βp = π,

  2  1 1 

4 LL
.
LR

(5)

So, the transmission bandwidth of the SCRLH-TL is
determined by ω1 and ω2.
If the operating band of the TL is from ω1 to ω2, the
differential phase shift ΔΦ of the output signal compared to
a normal microstrip TL of electrical length θr can be expressed as
 Z ( )  Y ( )  .
(6)
Φ   r  cos 1 1 



2



Fig. 3. S-parameters of the SCRLH-TL.

θr is defined as

r  r 0
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where, θr0 is the electrical length of the reference line at
frequency f0.
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Fig. 5. The sketch map of the SR feed network.

Fig. 4. Phase response of the 45º phase shifter.

In this paper, the design destinations are f0 = 6 GHz
and ΔΦ = 45º, and the lumped elements are chosen as:
LR = 1.12 nH, CR = 1 pF, and LL = 3.8 nH. The dispersion
curve, which is calculated using the values of the lumped
elements, is shown in Fig. 2. The curve indicates that the
bandwidth of the SCRLH-TL is from 2.49 GHz to
9.51 GHz and the SCRLH-TL has a nonlinear phase response in band. According to the values of the lumped elements, the dimensions of the SCRLH-TL are optimized as:
L0 = 3.5 mm, L1 = 0.9 mm, L2 = 6.5 mm, L3 = 0.4 mm, W0 =
1.36 mm, W1 = 0.4 mm, W2 = 1.32 mm, W3 = 2.45 mm,
D = 0.3 mm. The required physical length of the 50 Ω normal TL is 17.46 mm. A substrate with a dielectric constant
of 2.65 and a thickness of 0.5 mm is used. The simulated
results of the 45º phase shifter are depicted in Fig. 3 and
Fig. 4. The return loss of the SCRLH-TL from 2.91 GHz to
9.31 GHz is better than 10 dB, and a differen tial phase
shift of 45º±5º is achieved from 3.18 GHz to 10 GHz. So,
the designed phase shifter can be used for the band from
3.18 GHz to 9.31 GHz.
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Combining the expressions in (9), the relation
between the normalization incident wave voltages ai and
normalization reflection wave voltages bi of the SR feed
network can be achieved
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Namely, the S-parameters of the SR feed network is

2.2 Theory of the SR Feed Network
Figure 5 presents the sketch map of the SR feed network. ai, dm (i = 1,2,…,5; m = 1,2) are normalization incident wave voltages and bi, cm (i = 1,2,…,5; m = 1,2) are
normalization reflection wave voltages. It can be seen that
the network consists of a balun and two orthogonal power
dividers. Based on the principle of microwave network
[13], the S-parameters of a balun and an orthogonal power
divider can be expressed as
S balun 

 0  j j
1 
 j 0 0 ,
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These two networks are matched at the input ports
and have transmission coefficients of –3 dB at two output
ports of them. The balun has an opposite phase response
and the orthogonal power divider has an orthogonal phase
response between their output ports. Based on these two
expressions, the following relations for the SR feed network can be obtained

SSR network
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From (11), it can be seen that the SR feed network
provides 90º phase shift between adjacent output ports,
which can be used for generating circular polarization with
a wide AR bandwidth.

2.3 Synthesizing of SR Feed Network
Based on the theory, a broadband SR feed network,
which consists of a balun and two orthogonal power dividers, is designed. The distributed model of the proposed SR
feed network is presented in Fig. 6. The balun is synthesized using a Wilkinson power divider and a 180º phase
shifter, and the orthogonal power divider is synthesized
using a Wilkinson power divider and a 90º phase shifter.
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3.5 GHz to7.5 GHz and a differential phase shift of 90º±10º
from 3 GHz to 8 GHz. And from Fig. 7(c) and (d), it can be
seen that the SR feed network based on the normal TLs
achieves a differential magnitude of 7.25±0.75 dB from
3.5 GHz to 7.5 GHz and a differential phase shift of
90º±10º from 5 GHz to 5.9 GHz. The results show that the
SR feed network based on SCRLH-TLs has a broader band
than that of the network using the normal ones.

3. Antenna Element
Fig. 6. Distributed model of the SR feed network using the
SCRLH-TLs.

Here, two 45º phase shifters are cascaded for 90º phase
shifter and four 45º phase shifters are cascaded for 180º
phase shifter.
The simulated results of the SR feed network using
the SCRLH-TLs are depicted in Fig. 7. For comparison, the
results of a SR feed network using the normal microstrip
TLs are also depicted. From Fig. 7(a) and (b), it can be
seen that the SR feed network using the SCRLH-TLs
achieves a differential magnitude of 7.7±0.65 dB from

To design a broadband SR antenna array, the radiating
element should satisfy the requirements including:
1) A broadband low VSWR level. Elements with a broadband low VSWR level cannot only reduce the unbalance
influence of the feed network, but also improve the array
radiation efficiency. 2) Good CP performance and a broad
AR bandwidth. The antenna array based on radiation elements with good CP performance and a broad AR bandwidth has a better ability to distinguish the cross-polarization and reduce the loss of cross-polarization. 3) Convenient to form array and easy to be fabricated. When we design a radiation element for SR antenna array, the cost and
the complexity of fabrication should be taken into conside-

(a)

(b)

(c)

(d)

Fig. 7. Simulated results of SR feed network. (a) S-parameters for SR feed network based on the SCRLH-TLs. (b) Phase difference for SR
feed network based on the SCRLH-TLs. (c) S-parameters for SR feed network based on the normal TLs. (d) Phase difference for SR
feed network based on the normal TLs.
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ration. The easier the elements can be integrated for a network, the more simple the fabrication is, the less cost is.
From Fig. 7(a) and (b), it can be seen that the SR feed
network using the SCRLH-TLs achieves a differential
magnitude of 7.7±0.65 dB from 3.5 GHz to 7.5 GHz (the
center frequency is 5.5 GHz) and a differential phase shift
of 90º±10º from 3 GHz to 8 GHz (the center frequency is
also 5.5 GHz). To ensure the design antenna array with
good performances, we chose 5.5 GHz as center frequency
for the antenna element and the antenna array. Based on the
above design principles, a coupled stacked CP antenna element shown in Fig. 8 is designed in this paper. Because the
coupled stacked structure can overcome several of the performance hindrances associated with direct contact excitation procedures (probe and edge feeding). These include
the inherent narrow bandwidth of direct contact fed patches
and also the spurious radiation associated with the current
discontinuity where the feed and the patch join [14]. In our
design, a square patch with a dimension of L1 × L1, which
has a pair of symmetrically truncated patch corners, is
etched between the bottom substrate and the middle substrate. The bottom substrate has a thickness of h1 and
a relative permittivity of εr1, and the middle substrate is air
with a thickness of h2. The square patch is driven by a microstrip feed line. A parasitic patch element with a dimension of L2 × L2 is etched between the middle layer and the
upper layer and a pair of patch corners is also symmetrically truncated on it. And the upper dielectric layer has
a thickness of h3 and a relative permittivity of εr3. A branch
on the feed line is used for impedance matching. The detail
parameters are given as follows: h1 = 0.5 mm, εr1 = 2.65,
h2 = 3.5 mm, εr2 = 1, h3 = 1.5 mm, εr3 = 4.1, L1 = 17.3 mm,
L2 = 17.2 mm, ΔL1 = 4 mm, ΔL2 = 17.3 mm, d1 = 3.8 mm,
l1 = 3.25 mm, w1 = 1.36 mm, w2 = 1.36 mm.

Fig. 9. Simulated VSWR for the antenna element.

Fig. 10. Simulated AR for the antenna element.

Figure 9 and 10 present the simulated VSWR and AR.
The results indicate that the bandwidth of VSWR < 2 is
essentially 25.45%, from 4.8 GHz to 6.2 GHz, and the
bandwidth of AR < 3 dB is 9.26%, from 5.15 GHz to
5.65 GHz. Figure 11 shows the gain of the stacked patch
antenna element. It can be seen that the gain of the element
varied between 7.75 dBic and 10.1 dBic across the frequency band between 4.5 GHz to 6.5 GHz and a peak gain
of 10.1 dBic appears at 6.1 GHz. The simulated results of
the normalized electric field radiation patterns in two orthoFig. 11. Simulated gain for the antenna element.

gonal planes for the antenna at 5.15 GHz, 5.5 GHz and
5.65 GHz are plotted in Fig. 12(a)-(c). It can be observed
that good right-hand CP radiations are obtained and the
cross-polarizations are low.

4. Broadband CP Antenna Array
Fig. 8. Cross-sectional view of the stacked patch antenna
element.

Photographs of the fabricated 2×2 CP SR antenna array are shown in Fig. 13. The feed is attached to a connector through an opening in the ground plane. The VSWR
of the proposed antenna array shown in Fig. 14 was meas-
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(a)

(b)

(a)

(c)
Fig. 13. Photographs of the fabricated 2×2 antenna array.
(a) Exciting layer. (b) Parasitic layer. (c) Assembly.

(b)

Fig. 14. Simulated and measured VSWR of the antenna array.

(c)
Fig. 12. Simulated normalized electric field radiation patterns
of the antenna element. (a) 5.15 GHz, (b) 5.5 GHz,
(c) 5.65 GHz.

ured using the Agilent ME7807M network analyzer. It can
be seen that the measured VSWR is below 1.8 from 4 to
7 GHz. The VSWR is 1.39 at the center frequency
(5.5 GHz) and the minimum point of the curve appears at
4.5 GHz with a magnitude of 1.09. The simulated and
measured results of the AR of the antenna array are depicted in Fig. 15. We can observe that the measured AR
bandwidth of the array is 42.8% (from 4.4 to 6.8 GHz) with

Fig. 15. Simulated and measured AR of the antenna array.
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Fig. 16. Simulated and measured Gain of the antenna array.

AR < 3 dB and is 32% (from 4.85 to 6.7 GHz) with
AR < 2 dB. From 4.95 to 6.6 GHz, the measured AR is
below 1 dB. Compared with the antenna element, the antenna array has a wider 3-dB AR bandwidth, which indicates that the proposed SR feed network provides an excellent CP property in a wide bandwidth. Fig. 16 shows the
simulated and measured gain of the proposed antenna array. A standard linearly polarized horn antenna was used to
measure the total gain characteristics of the proposed design. The measured gain levels of the antenna array, which
are generally lower than the simulated ones, varied between 5 dBic and 13.7 dBic from 4.46 GHz to 6.58 GHz.
The maximum difference between the simulated and measured gain is up to 1.1 dBic at 5 GHz. The differences between the simulation and measurement could be attributed
to fabrication imperfectness, material parameters inaccuracy, and measurement errors.
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(a)

(b)

In Fig. 17, the simulated and measured results of the
normalized radiation patterns of the array at 5.5 GHz are
presented. It can be seen that the normalized radiation patterns of the center frequency 5.5 GHz are symmetrical at
φ = 0º and φ = 90º. The half-power beamwidths at φ = 0º
and φ = 90º are all 28º. The sidelobe levels are –16.33 dB
and –16.39 dB at φ = 0º and φ = 90º, respectively. The normalized radiation patterns of the array at 5 GHz and 6 GHz
have the same characteristics with those ones at 5.5 GHz.
The antenna array has a total size of 100 × 100 mm2. All of
the results indicate that the proposed SR feed network has
a good potential in designing a broadband CP antenna
array.
(c)

5. Conclusion
A 2×2 CP antenna array comprising sequentially rotated coupled stacked CP antenna elements has been presented in this paper. The SR feed network is synthesized
using a balun and two orthogonal power dividers. The
balun is composed of a Wilkinson power divider and
a broadband 90º phase shifter, and the orthogonal power
divider is composed of a Wilkinson power divider and
a broadband 180º phase shifter. The merits of the proposed
antenna array include a relatively simple structure, low

Fig. 17. Simulated and measured normalized radiation patterns
of the antenna array. (a) 5 GHz. (b) 5.5 GHz.
(c) 6 GHz.

fabrication cost, and broadband operation bandwidth. The
measured results show that the bandwidths of the array
with VSWR < 1.8 is from 4 to 7 GHz and with AR < 3 dB
is from 4.4 to 6.8 GHz. The maximum gain of the array is
13.7 dBic. From the comparison between the results of
an antenna element and those of the antenna array, it can be
known that the proposed SR feed network can enhance the
VSWR and AR bandwidths significantly.
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