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Abstract

A class of circularly-polarized cavity-backed slot antenna arrays with simplified

feeding structure are proposed. Power dividing network is an essential feeding

structure for the design of conventional antenna arrays, which results in com-

plicated antenna structure. A novel feeding technique based on the electric

field of cavity modes is introduced to feed the array elements. The slots on the

top wall are directly fed by the electric field without additional feeding

structure. Crossed slots with different lengths are introduced to achieve the

self-phased CP radiation as they produce different perturbation on the two

degenerate cavity modes. Therefore, high efficiency and simple antenna struc-

ture of the CP slot antenna array are achieved. Then, two CP slot arrays with

3 � 3 and 8 � 8 elements are presented to show the designed feasibility.

Finally, the 3 � 3 CP antenna array is fabricated and measured to validate the

design concept, which can achieve 12.6 dBic gain, 94% total efficiency, 80%

aperture efficiency, and �25 dB cross polarization.

KEYWORD S
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1 | INTRODUCTION

Cavity-backed slot antenna (CBSA) is a good candidate
for the high-efficiency and high-gain wireless communi-
cation systems. SIW CBSAs designed in References 1-3
have low profile and low cost, but has low efficiency pro-
duced by dielectric loss. The air-filled SIW4,5 can reduce
the dielectric loss, which can be used to design efficiency-
enhanced slot antennas.6,7 In general, due to the involve-
ment of the substrate, air-filled SIW slot antennas still

have relatively lower efficiency compared with the full-
metal slot antennas.8-10 Besides, full-metal slot antennas
are highly demanded in high-power communication sys-
tems for their high power-handling capacity.

Circularly polarized antennas are widely used in sat-
ellite and radar communication systems to reduce polari-
zation mismatch and multi-path interference. The
degenerate modes is a widely-used method to design CP
antennas,11-20 including CP patch antennas,11-14 CP SIW
slot antennas,15-19 and metal cavity slot antenna.20 This
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design method results in a narrow AR bandwidth, the
AR bandwidth of the CP antennas in References 11-20
were around 1%, and some CP antennas had AR band-
width less than 0.5%.11,13,19 These narrowband CP anten-
nas have their own application. For instance, the
navigation systems, such as GPS/GLONASS/Galileo, only
needs a narrow CP bandwidth (less than 0.5%, the GPS
band is less than 0.2%).

To improve the antenna gain, CP antenna arrays
composed of multiple radiating elements were designed
in References 18,21-26. In Reference 18, a two-layer 1-to-
16 power dividing network was used to feed the 4 � 4
radiating elements and a layer of metallic waveguide
polarizer was used to achieve the CP radiation. In Refer-
ence 25, a complicated feeding network with multiple-
state power dividers was used to feed the array elements.
The utilizations of power dividers, polarizers or phase
shifters resulted in a complicated structure and an
enlarged size. Besides, the energy dissipating on the feed-
ing network may reduce the radiation efficiency.

In this article, a novel simplified feeding structure is
proposed to design CP antenna slot array. The radiation
slots placed on the top wall can be directly excited by the
electric field of the cavity modes. Two degenerate cavity
modes perturbed by the cross-slots are introduced to
achieve the CP radiation. By these means, all the CP radi-
ation elements (cross-slots) can be directly fed without
any power dividers and phase shifters, which can signifi-
cantly reduce the antenna complexity and design com-
plexity. Then, two CP antenna arrays with 3 � 3 and
8 � 8 elements are designed based on the proposed
design concept. The 8 � 8 CP array can achieve 99.5%
radiation efficiency. Finally, the 3 � 3 CP antenna array
is fabricated and measured to validate the concept. In the
measurement, the antenna can achieve 12.6 dBic gain,
94% total efficiency and 80% aperture efficiency.

2 | CIRCULARLY-POLARIZED
CAVITY-BACKED CROSS-SLOT
ANTENNA

The basic principle of the CP antenna with single feeding
point is to produce two degenerate modes with 90� phase
difference. We firstly consider the single-element CP slot
antenna shown in Figure 1, of which the cutting XY-plane
is in a square shape. The feeding slot, feeding cavity and
probe are combined to form a coaxial-to-waveguide transi-
tion, which is used to excite cavity modes. The rotated
cross-slot with different sizes is used to achieve the CP radi-
ation property.

Based on the equivalent circuit of CP rectangular
patch antenna,27 the equivalent LC-circuit model of the

antenna is given in Figure 2A, which includes two bra-
nches corresponding to the two degenerate modes fa and
fb. These two modes have electric field distributions Ea

and Eb, respectively, as shown in Figure 1C. The
shunt inductance Lr and capacitance Cr represent the
LC-resonator model of the cavity modes TE101 and TE011

without any perturbation. Cf represents the loading
capacitance of the feeding slots. This equivalent circuit
can help to understand the operation mechanism of the
proposed CP antenna, that is, how to individually control
the resonant frequencies of the two degenerate modes to
obtain desired 90� phase difference. The original resonant
frequencies of them are calculated using Equation (1).
The Ca and Cb represent the perturbations of Slot-a and
Slot-b on fa and fb, respectively. The resonant frequencies
of them under the effect of the cross-slot are calculated as
(2a) and (2b), respectively.

If the sizes of Slot-a and Slot-b are equal, that is,
L1 = L2, we obtain that Ca = Cb and fa = fb. Thus, these
two modes have equal resonant frequency and excitation
phase, as can be seen from Figure 2B, which indicates
that the antenna is linearly polarized.
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FIGURE 1 Proposed CP cavity-backed rotated cross-slot

antenna: (A) Perspective view; (B) Top-view; (C) Side view. Initial

dimensions (Unit: mm): a = 60, h = 49, L1 = 38, L2 = 38, W = 2.5,

D1 = 36.5, t1 = 2.5, t2 = 3, Dp = 5.5, Wf = 8, Lf = 39, Lp = 21,

P = 48, q = 25, s = 25
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FIGURE 2 Realization of the CP property

of the proposed cavity-backed rotated cross slots:

(A) Equivalent circuit model after perturbation

by the slots, (B) Phase performance under

condition of L1 = L2; (C) Phase performance

under condition of L1 > L2
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FIGURE 3 Simulated axial ratio against the slot length L2

FIGURE 4 Electric field distribution at different time instances

for L1 = 38 mm and L2 = 35.5 mm (at AR minima in Figure 2):

(A) At the XY-plane with a depth of h/2; (B) At top wall

CHEN ET AL. 3 of 12



to the Equation (2b). Thus, fb is higher than fa. This fre-
quency difference can produce a phase difference at the
frequency between the two resonances. By properly mod-
ifying L2, a 90� phase difference can be obtained at fc, as
shown in Figure 2C, which consequently generates the
CP radiation. To prove the previous analysis, the simu-
lated AR versus different L2 is shown in Figure 3. It can
be seen that the AR over the frequency is infinite
(defined as AR = 40 dB) under the case of
L1 = L2 = 38mm, which means that the antenna is line-
arly polarized. A better AR is achieved when the L2 is
decreased from 38 to 35.5mm, as the phase difference
is increased to approximately 90�, and approximately-
equal amplitude is remained. It can be also predicted that
when L2 is decreased to 0mm, the antenna returns to lin-
ear polarization.

To directly understand the CP radiation, the electric
field distributions at the XY-plane (h/2 depth) and on
the top wall at AR minima are provided in Figure 4.
These two modes are a pair of degenerate modes, as

they have orthogonal electric fields at �45� and +45�

orientation, respectively. Besides, they have a 90�

phase difference at adjacent quarter periods to achieve
the CP radiation.
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FIGURE 5 Proposed CP cavity-

backed rotated cross-slot antenna array:

(A) Perspective view; (B) Top-view;

(C) Side view. Initial dimensions (Unit:

mm): a = 120, h = 49, L1 = 38, L2 = 38,

W = 2.5, D1 = 36.5, t1 = 2.5, t2 = 3,

Dp = 5.5, Wf = 8, Lf = 39, Lp = 21,

P = 48, q = 25, s = 25
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3 | CIRCULARLY-POLARIZED
CAVITY-BACKED SLOT
ANTENNA ARRAY

3.1 | Simplified feeding structure

After discussing the achievement of the CP radiation
based on single feeding point and two crossed slots, we
focus on the design of the circularly-polarized slot
antenna array with simplified feeding structure. A 3 � 3
slot antenna array is firstly presented and designed,
whose configuration is shown in Figure 5. The 3 � 3
rotated cross-slots are symmetrically placed on the top
wall and form a 3 � 3 slot antenna array. All the radia-
tion slots are fed by the electric field of the two degener-
ate modes without utilizing any power dividers and
phase shifters. Among them, the 3 � 3 slot units with
rotation angle of �45� are excited by the mode fa with an
electric field distribution Ea, while the 3 � 3 slot units
with rotation angle of +45� are excited by the mode fb
with an electric field distribution Eb.

Similarly, the CP radiation is obtained under the con-
dition of L1 ≠ L2. To investigate the achievement of CP
radiation of the 3 � 3 slot array, the simulated AR of the
antenna versus different L2 is shown in Figure 6. It can
be seen that the AR over the frequency is infinite when
L1 = L2 = 38 mm, and a low AR is obtained when the
length of slots with +45� rotation, that is, L2, is decreased
from 38 to 35 mm.

The electric field distribution at the cutting plane (h/2
depth) and on the top wall at 3.17 GHz is provided in
Figure 7. Figure 7A indicates that the two cavity modes
are TE101 and TE011 with an inclined electric field distri-
bution, and they have a 90� phase difference at adjacent
quarter periods. Figure 7B shows the electric field distri-
bution on the radiation slots. At time t = 0, all the slots
with �45� rotation are directly and simultaneously
excited and corresponded to the radiation, while at
t = T/4, all the slots with +45� rotation are directly and
simultaneously excited and corresponded to the radia-
tion. This is an attractive advantage that no power divider
is used to feed the array elements. This simplified feeding
structure can reduce the structure complexity and design
complexity.

3.2 | Parametric study

Then, the parametric study of the proposed CP slot
antenna array is presented. The AR performance is
mainly affected by the radiation slots. Figure 6 has shown
the effect of the length of the radiation slots. Here, the
effects of some other parameters are then studied.

Figure 8 shows that the varying slot width W and spacing
D1 can slightly affect the AR. Thus, the AR performance
of the CP slot array can be optimized by L1, L2, W,
and D1.

After analyzing AR performance, the impedance
matching is then discussed. Figures 8 indicate that the
varying dimensions have effect on AR as well as on
the impedance matching. In fact, all the physical dimen-
sions can affect the impedance matching, but not always
affect the AR. Figure 9 shows that the increasing length
of the feeding slot, that is, Lf, and the decreasing spacing
between the probe and bottom wall, that is, Dp, can
achieve a better impedance matching, while they have no
effect on the AR performance. The reason is that they
have same perturbation on the two degenerate modes.
The dimensions of Wf, Lp, and t1 shown in Figure 5 can
be also used to optimize the impedance matching with-
out affecting on the AR performance. Thus, the imped-
ance matching of the proposed slot array can be
individually optimized without affecting the AR perfor-
mance, which gives the convenience in the design of the
proposed CP antenna arrays.

3.3 | Antenna design and experimental
results

Based on the above analysis, the design procedure of pro-
posed CP slot array includes four main steps:

Step I: According to the operating frequency and
Equation (1), the initial size of the resonant cavity is
obtained.

Step II: Optimize the AR performance by adjusting
the dimensions L1, L2, W, and D1, as shown in Fig-
ures 6 and 9.

Step III: After obtaining the desired AR performance,
the impedance matching is conducted by adjusting Lf, Dp,
Wf, Lp, and t1 without affecting the AR performance.

Step IV: The frequency shift during the optimization
can be complemented by slightly modifying the cavity size.

Then, the proposed 3 � 3 CP antenna array is
designed following the four steps. For proof-of-concept,
the proposed 3 � 3 antenna array is fabricated and mea-
sured, and the photographs of the antenna and measure-
ment setup are shown in Figure 10A,B, respectively. The
comparison of simulated and measured results is shown
in Figures 11 and 12. The center frequencies in the simu-
lation and measurement are 3.18 and 3.172 GHz, respec-
tively. The slight frequency offset is due to the fabrication
roughness. The 10-dB impedance bandwidth and 3-dB
AR bandwidth of the 3 � 3 array are 50 MHz/1.6% and
16 MHz/0.5%, respectively. The measured gain is
12.6 dBic, which is a little lower than the simulated one
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of 12.9 dBic. The measured total efficiency and aperture
efficiency are as high as up to 94% and 80%, respectively,
which are a litter lower than the simulated ones of 98%
and 84%. The discrepancy is due to the conductor loss of
the metal material, the power loss on the sub-miniature-
A port, and the machining accuracy of the antenna. The
radiation patterns depicted in Figure 12 indicates that the
measured co-polarization (LHCP) is almost the same
with the simulated one, and the measured cross-
polarization (RHCP) is better than �25 dB (The RHCP
gain is about �12.4 dBic). The good agreement between
the measured and simulated validates the design concept.

To show the effect of the number of slots, three anten-
nas with 2 � 2, 3 � 3, and 4 � 4 slots in a same aperture
size of 1.33λ0 � 1.33λ0 at 3.18 GHz are designed and com-
pared, the top views are shown in Figure 13. All the three
CP antennas are designed based on the same cavity
modes. The comparison of the simulated results of the
three antennas is provided in Table 1. It can be seen that
the 4 � 4 array only has 0.1 dB higher directivity than
the 3 � 3 array, but has a more complicated antenna
structure. While the 2 � 2 has 0.6 dB lower directivity
than the 3 � 3 array. Besides, all the three antennas have

FIGURE 7 Electric field distribution at different time instances

for L1 = 38 mm and L2 = 35 mm (at 3.17 GHz): (A) At the cutting

plane T � T0 of a depth of h/2; (B) At top wall
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effect on AR and jS11j: (A) Slot
width W; (B) Spacing D1
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FIGURE 10 Photograph of

(A) Proposed fabricated antenna

and (B) Antenna under test.

Final dimensions (Unit: mm):

a = 120, h = 49, L1 = 37.5,

L2 = 35, W = 2.5, D1 = 36.5,

t1 = 2.5, t2 = 3, Dp = 5.5, Wf = 8,

Lf = 37, Lp = 21.2, P = 48,

q = 25, s = 25
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similar operating bandwidth. Thus, the 3 � 3 array in
such aperture size shows a good trade-off between the
antenna complexity and the antenna performance. In
the 3 � 3 array, the lengths of the crossed slots (L1 and L2)
and distance (D1) between slots are all about 0.4λ0.

4 | FURTHER DESIGN

To further show the feasibility of proposed design con-
cept, a large-scale CP slot array with 8 � 8 cross-slots is
designed. The physical structure is shown in Figure 14A,
it only includes an air-filled resonant cavity, the radiation
slots on the top wall and a coaxial-to-waveguide

transition. The same degenerate modes are used to design
CP antenna, which can be seen in Figure 14B. Similarly,
all the elements of the CP array are directly fed by the
electric field of the cavity modes without using any other
feeding structure. The antenna's aperture size is
332 mm � 332 mm (about 3.52λ0 � 3.52λ0). The simu-
lated results are depicted in Figure 15. It can be seen that
the antenna operates at 3.18 GHz, the in-band return loss
is better than 19 dB, the radiation gain is about 20.6 dBic.
Besides, this antenna can achieve 99.5% total efficiency
for such large antenna array, which is mainly due to the
simplified feeding structure without using the power
dividing network. The simulated gain and total efficiency
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FIGURE 13 Three types of

slot arrays: (A) 2 � 2 array;

(B) 3 � 3 array; (C) 4 � 4 array

TABLE 1 Comparison of three types of slot antenna arrays in a same-size cavity

Array
Frequency
(GHz)

Aperture
size (λ0 � λ0) L1 / L2 (λ0) D1(λ0) IBW (%) ARBW (%) OBW (%)

Directivity
(dBic) TE (%) AE (%)

2 � 2 3.18 1.33 � 1.33 0.45/0.43 0.6 1.9 0.5 0.5 12.4 95 72

3 � 3 3.18 1.33 � 1.33 0.4/0.38 0.39 1.6 0.5 0.5 13 97 82

4 � 4 3.18 1.33 � 1.33 0.33/0.31 0.3 1.2 0.4 0.4 13.1 98 84

Abbreviations: AE, aperture efficiency; ARBW, AR bandwidth; IBW, impedance bandwidth; OBW, overlap bandwidth of IBW and ARBW; TE, total efficiency.

FIGURE 14 Proposed 8 � 8 CP cavity-backed slot antenna

array: (A) Full-view; (B) Electric field distribution at XY-plane.

Final dimensions (Unit: mm): a = 332, h = 46, L1 = 37, L2 = 35.2,

W = 2.5, D1 = 40, t1 = 2.5, t2 = 3, Dp = 8.5, Wf = 12, Lf = 50,

Lp = 22, P = 70, q = 27, s = 25

3.12 3.15 3.18 3.21 3.24
-30

-20

-10

0

10

20
EfficiencyGain

3 dB

G
ai

n
 a

n
d

 A
R

 (
d

B
)

|S
1
1
| 
(d

B
)

Frequency (GHz)

|S11|

-10 dB

AR

0.5

0.6

0.7

0.8

0.9

1.0

T
o

tal effi
cien

cy

FIGURE 15 Simulated results: Reflection coefficient, AR,

gain, and efficiency

8 of 12 CHEN ET AL.



include the conductor loss of the lossy copper. The
detailed performances of the proposed 3 � 3 and 8 � 8
CP arrays are listed in Table 2.

The comparison with other reported cavity-backed slot
antennas is provided in Table 3. The proposed slot antenna
array (up to 8 � 8 elements) owns a simple antenna struc-
ture without using any power dividers and phase shifters/
polarizers. These merits are obtained along with a narrow
bandwidth, which is due to that: (1) The degenerate cavity
modes11-20 are used to achieve CP radiation (Main factor);
(2) The high unloaded Q-factor of the rectangular cavity
modes; (3) The proposed simplified feeding structure based
on the electric field of the cavity modes.

5 | CONCLUSION

In this work, a novel simplified feeding structure is pro-
posed to design the CP slot antenna arrays. The rotated
cross-slots with different length serve as the CP elements,
and they are directly fed by the electric field of the cavity
modes without using the complicated power dividing net-
work and phase shifters. High efficiency and simple
structure of the antenna arrays are achieved by using pro-
posed feeding technique. A measured prototype of the

3 � 3 CP slot array is presented to validate the design
concept. An 8 � 8 CP slot array is also presented to show
the feasibility in designing large-scale slot array, which
can also achieve a high efficiency of 99.5%. Besides, due
to the simple structure and individual tuning of imped-
ance matching, the proposed design concept is easily
duplicated for practical applications.
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TABLE 2 Performance of two proposed antenna arrays

Works State Frequency (GHz) jS11j (VSWR) Gain (dBic) AR (dB) ARBW (%)

3 � 3 Measured 3.172 <�12 dB (1.68) 12.6 0.8 0.5

Simulated 3.18 <�12 dB (1.68) 12.9 0.5 0.5

8 � 8 Simulated 3.18 <�19 dB (1.25) 20.6 0.6 0.35

Abbreviation: ARBW: AR bandwidth;

TABLE 3 Comparison with reported CP cavity-backed slot antennas

Reference
Frequency
(GHz) Elements

IBW
(%)

ARBW
(%)

OBW
(%)

Cavity
type DM PD

PS
or P

Peak gain
(dBic)

TE
(%)

AE
(%)

Size
(λ0 � λ0 � λ0)

15 10.1 1 3 0.8 0.8 SIW Yes N.A. N.A. 6 N.G. N.G. N.G.

18 35.43 4 � 4 0.7 0.9 0.7 SIW Yes Yes Yes 18.14 N.G. 47 3.3 � 3.3 � 1.8

19 5.73 1 1.63 0.44 0.44 SIW Yes N.A. N.A. 6.96 N.G. 57 0.69 � 0.64 � 0.02

20 3.59 2 � 2 �5 �0.7 �0.7 Full metal Yes No No 8.8 N.G. N.G. N.G.

21 19.88 16 � 16 15.9 13.8 13.8 SIW No Yes Yes 25.9 N.G. 21 11.9 � 12.6 � 0.15

24 30 16 � 16 N.G. N.G. 16 Full metal No Yes Yes 32.8 N.G. >60 13.1 � 13.1 � 5

26 31 8 � 8 22 21.8 21.8 Full metal No Yes Yes 23.5 85 41 6.6 � 6.6 � 1.7

This work 3.172 3 � 3 1.6 0.5 0.5 Full metal Yes No No 12.6 94 80 1.33 � 1.33 � 0.52

This worka 3.18 8 � 8 1.35 0.35 0.35 Full metal Yes No No 20.6 99.5 72 3.52 � 3.52 � 0.48

Abbreviations: AE, aperture efficiency; ARBW, AR bandwidth; DM, degenerate mode; IBW, impedance bandwidth; N.A., not applicable; N.G., not given;
OBW, overlap bandwidth of IBW and ARBW; P, polarizer; PD, power divider; PS, phase shifter; TE, total efficiency.
aSimulated results.
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