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Based on microstrip antenna technology, a compact single-layer circular aperture array is proposed in this paper. The proposed
method is suitable for designing large-scale and high-efficiency patch array in Ka band. By using the high-impedance char-
acteristic of the coupled microstrip line, a novel multi-stage feeding network that can realize large power division ratio is proposed,
and its structure is center-symmetrical and is fed through a coaxial probe at the center. The parallel branch of the multi-stage
divider is connected to the row array, and the array elements can obtain uniform excitation through the design of the division ratio
of each stage. A 256-element patch array operating at 35 GHz is proposed, the length and width of the antenna unit are 2.74 mm
and 3 mm, respectively, the horizontal spacing between the array elements is 0.7421,, the vertical spacing varies from 0.677A, to
0.737A0, and the radius of the proposed array is 60 mm (71, at 35 GHz). At the end, a prototype is fabricated and measured, the
measured results show that the maximum gain is 29.5 dBi at 35 GHz, which correspond to the radiation efficiency and aperture
efficiency of 61.66% and 46.07%, respectively, and the results show that the proposed antenna achieves high efficiency in Ka band,
which verifies the correctness of the design. The proposed array antenna is compact in structure and only needs single-layer
design, which can achieve high efficiency and low in manufacture cost, which is an excellent candidate for millimeter-wave large-

scale array application.

1. Introduction

Due to the characteristics of available spectrum resources
and small size, Ka-band wireless systems are widely used in
millimeter-wave applications. To improve system perfor-
mance and reduce costs, a low-cost, low-profile, and high-
efficiency antenna is commonly required for such systems
[1]. However, conventional planar antennas are difficult to
achieve high efficiency due to their large losses in millimeter
waveband. Therefore, in order to obtain higher efficiency,
most of the reported millimeter-wave antennas are in the
form of non-planar antennas, such as metal waveguides, to
achieve high gain by reducing high-frequency loss, but these
antennas usually have the disadvantages of high profile and
high cost, which is difficult to meet the needs of many
millimeter-wave applications. Therefore, the low-cost low-
profile antenna with high efficiency in millimeter-wave band
has important research and application values.

As a classic planar antenna, microstrip antenna is widely
used with the advantages of low profile and low cost, and the
parallel-fed structure is often used in the design of micro-
strip array antennas [2, 3], which can make the array obtain a
wide bandwidth, but it introduces great transmission loss,
and the loss will become larger as the array scale increases.
Using the substrate-integrated waveguide (SIW) or printed
ridge gap waveguide (PRGW) technology to design the
feeding network can greatly reduce path loss [4, 5]. For
example, a high efficiency of 49.5% was obtained by feeding
the slot antenna array through a PRBG unequal power
divider in [4], and 41.6% efficiency was obtained by using
SIW structure to excite a cavity-backed microstrip antenna
in [6], and this design approach can improve antenna ef-
ficiency, but it requires double-layer or even multi-layer
structure, which increases the manufacturing cost. Com-
pared with parallel-fed structure, the microstrip array with
the series-fed structure has lower high-frequency loss [7, 8].
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In [8], 7 subarrays in series structure are excited by 6-branch
edge parallel power dividers, and parasitic patches are added
on the upper layer to enhance the bandwidth; although this
method can reduce some transmission losses, the existence
of the edge parallel power divider will occupy part of the
antenna aperture, which will result in the loss of aperture
efficiency. In order to realize the single-layer series-fed
structure, a method of introducing short stubs arranged
periodically with a waveguide wavelength as a period on the
microstrip line is proposed in [9], but this design is not
suitable for large-scale arrays. The gap waveguide structure is
often used in millimeter-wave antennas [10, 11]; compared
with the microstrip structure, the waveguide structure has
lower loss and higher efficiency in millimeter-wave band;
however, this structure also requires double-layer or even
multi-layer, which leads to its disadvantages of complex
structure and higher manufacture cost.

Although there have been many reports on planar an-
tennas in millimeter-wave band, there are few reported
antenna arrays that can achieve both high efficiency and
single-layer. In addition, most of the reported arrays are
designed with a rectangular aperture, which is not suitable
for some special needs of circular aperture applications.

In this paper, a single-layer circular aperture high-efhi-
ciency microstrip array antenna that works in Ka band is
presented. By using the high-impedance characteristic of the
coupled microstrip line, a novel multi-stage feeding network
that can realize large division ratio is proposed, which can
excite each array element with equal amplitude. The pro-
posed antenna guarantees high efficiency through two as-
pects. On the one hand, the feeding network has a short path
and a compact structure, which reduces the transmission
loss of the feeding path. On the other hand, through the
design of the division ratio of the multi-stage divider, en-
sures that the radiation amplitude of each array element is
uniform. Therefore, higher radiation efficiency can be ob-
tained. In addition, the array elements are compactly
arranged in the aperture, the feeding network does not
occupy additional space, and the antenna aperture is well
utilized, ensuring that the array can achieve high aperture
efficiency. The proposed array only needs single-layer
structure, which is easy to manufacture and low in cost. At
the end, a prototype is fabricated and measured to verify the
validity of the design.

2. Antenna Configuration and Design

The configuration of the proposed antenna is shown in
Figure 1. The antenna array with 256 elements is printed on
Rogers 5880 substrate (¢, = 2.2) with height of 0.254 mm and
radius of 60 mm (7 at 35 GHz). The feeding point is located
at the center of the array and fed by a back inserted coaxial
probe. The central feeding network is composed of multi-
stage one-to-three dividers, the energy is transmitted to each
row array through the parallel branch of the divider at each
stage, and the energy is further divided to each series patch.
Each array element in the array can be excited with equal
amplitude by controlling the division ratio of the feeding
network at each stage, and the excitation obtained by the
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elements can be in the same phase by controlling the dis-
tance between the elements. Therefore, through the careful
design of the feeding network, each element in the array can
be excited with equal amplitude and in-phase.

2.1. Design of High-Impedance Line. In order to realize high
efficiency and high gain in millimeter-wave band, the series-
fed structure is usually chosen instead of the parallel-fed
structure to reduce the transmission loss of the feeding line;
at the same time, it should be ensured that the radiation
amplitude of each array element is uniform. However, it is
difficult to realize a large division ratio for traditional
microstrip divider, and this is due to the difficulty in real-
izing flexible impedance characteristics of traditional
microstrip line. The width of microstrip line will be too thin
to manufacture when the characteristic impedance is large,
and the width of microstrip line will be too wide when the
characteristic impedance is small. In this case, the high-
impedance characteristic of the parallel coupled microstrip
line provides the possibility to design a microstrip power
divider with large division ratio [12]. Figure 2 shows the
structure of the coupled microstrip line with two short-
circuit terminations and its equivalent circuit model [12, 13].
The coupled microstrip line can be analyzed by the even-
odd mode analysis method, and the characteristic imped-
ance of the equivalent structure can be expressed by the
characteristic impedances Z,. and Zy, of the even mode and
odd mode, respectively [12]. The even-mode and odd-mode
characteristic impedances are given as follows [12]:

C
Zoe = me>
(1)
C

Zyy = Zozm»

where C is the coupling coeflicient and Zy, is the required
characteristic impedance. Once the value of C is determined,
the width of coupled line w and the spacing of the coupled
lines g can be easily obtained through software. In the design
of this letter, the resistance value of the high-resistance line is
selected to be 500 Q.

Figure 3 shows the model and simulation results of a
500 Q coupled microstrip line with two short-circuit ends.
The results show that the high-resistance line satisfies |S;|
<-15dB and |S,;| <-0.3dB at 34-36 GHz, which has good
performance in high-impedance characteristics.

2.2. Design of Divider with Large Division Ratio. In order to
verify the feasibility of using the high-resistance charac-
teristic of the coupled microstrip line to realize a large di-
vision ratio, an example of a divider with a division ratio of
12:1:1 is designed. Figure 4 shows the configuration of the
divider. The 100 Q microstrip line is divided into two high-
impedance branches and one low-impedance branch, and
there is a 1/41; matching branch between the three-way
parallel branch and the 100 Q microstrip line for impedance
matching. The two high-impedance branches of the power



International Journal of Antennas and Propagation

Divider with high power division ratio

|
//

_  mamEmm
S mAammmAmRAm
P L LE LI ILLELE L N
AL ELLE LI HLELLLL BN
AL L ELLE NN M LN
A LLILIIIINEIEE TN I
LALEEEEN LI EEEENESN
wmmmmmnmhﬂmmn!nm!nﬂL
M&nﬂww
[m!wm!mm! ALELLLL}
mEAREEA R mmn!nm!mﬂLJﬂ
MEAERRAERAERARER AN
\!!!!ﬁ*!!!!*!!!*!/ﬂLJﬂ
E\nw1nm!mmym!m$!!1/
< ARERRERIEAREERE /
N ELELLELL L LLLE LI
 MERmWERAAE n

Feeding point

FiGgure 1: Configuration of the proposed antenna array.
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FIGURE 2: (a) Structure of coupled microstrip line with two shorts. (b) Equivalent circuit model.

divider are realized by using 500 Q coupled microstrip line,
and main branch uses 40.92 Q) microstrip line. Therefore, the
total parallel impedance of the two parallel branches and the
main branch is 500 Q//500 )//40.92Q=35.16 (), and the
impedance of the 1/4l\; matching branch is
V/35.16 x 1002 = 59.29 Q. According to simulation results, |
S,1| is about —1 dB near the 35 GHz frequency, and |Ss;| and |
S41| are about —11.5 dB, which verifies the correctness of the
theoretical design.

In order to explore the sensitivity of the power divider in
Figure 4(a) to the machining accuracy, the influence of
machining error on the division ratio was simulated. As
shown in Figure 5(a), w is the line width of the high-re-
sistance line, g is the distance between the high-resistance
lines, and At is the vertical offset distance of the short-circuit

ends. Figures 5(b), 6(a), and 6(b) show the variation of
division ratio with offset error At, line width error Aw, and
spacing error Ag, respectively. The simulation shows that the
division effect of the divider is sensitive to the machining
error, especially to the spacing error Ag. Therefore, the
divider using the high-resistance line has higher require-
ments on the machining accuracy.

2.3. Design of Feeding Network. The feeding network with
multi-stage and large division ratio is the key part of the
antenna array in this design. According to the size of ap-
erture and element arrangement of the array, the total
number of array elements is determined to be 256. The
number of elements in each row array starting from the
center of the array to the edge of the array is 18, 18, 18, 16, 16,
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FIGURE 3: (a) Configuration of coupled microstrip line with two shorts. (b) Simulation results.
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FIGURE 4: (a) Configuration of divider with division ratio of 12:1:1. (b) Simulation results.

14,12, 10, and 8. In order to feed each element equally in the
array, the division ratios of the main branch and two parallel
branches of each stage are 12.22:1:1, 10.22:1:1, 8.22:1:1,
7.25:1:1, 5.25:1:1, 4.00:1:1, 2.67:1:1, and 1.20:1:1.
Figure 7 shows the division ratio of each stage of feeding
network of half array, and the label of the stage is shown in
the figure.

Figure 8 shows the configuration of feeding network of
half array. In order to facilitate the design, the feeding
network is divided into two parts: section A and section
B. The two parallel branches of each power divider adopt the
high-resistance line structure and traditional microstrip
structure in section A and section B, respectively. The di-
vision ratio required in section A is relatively small, which
can be realized by traditional microstrip lines, and the di-
vision ratio required in section B is large, which requires the

use of high-resistance lines as parallel branches to realize the
large division ratios.

The resistance value of the main branch in each stage is
defined as Z,, =Z,/r, where Zy, is the parallel branch line
impedance which is 100Q and 500 Q for section A and
section B, where m is the label of the divider stage and r is the
power division ratio between the main branch and the two
parallel branches of the corresponding stage.

Due to the different impedance of the matching branch
of each stage, this will lead to different path distances of the
current under the same phase change. Therefore, the dis-
tance between the parallel branches of each stage is not the
same, and this distance is determined to ensure that the ends
of each parallel branch can obtain the same current phase, so
as to ensure that each array element in the array can obtain
in-phase excitation.
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FiGure 7: Division ratio of each stage of feeding network of half array.

The two parallel branches of each divider are con-

nected to row arrays, and the distance between the array
elements in row arrays is A, at 35 GHz. Figure 9 shows
element arrangement of the row array of section A and

section B respectively, and the equivalent circuit is shown
in Figure 10. The series impedance network of the row
array can be equivalent to parallel admittance network,
each antenna element is equivalent to the admittance of
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Y4 =G +jB, and the imaginary part of Y, is 0 when the
antenna is resonant. The input admittance of the parallel
branch is Yj,, which is matched to 100 Q and 500 () in
section A and section B, respectively. Row-match-branch
is used to match the parallel branch and row array, and the
admittance value of row-match-branch is Y.. Taking the
number of elements of each row array as n, the input
admittance at Y. is Y, =nY,, and the resistance value Z.

of row-match-branch can be calculated by the following
formula:

Zinc' (2)

It is worth noting that for some row arrays, the resistance
of row-match-branch is small; in this case, the microstrip
line width is very wide, which will affect the current path,
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TaBLE 1: Impedance and line width of main branch and row-matching-branch of each stage of feeding network.
Stage number 1 2 3 4 5 6 7 8
Zn (Q) 40.9 48.9 60.8 69.0 95.2 25.0 37.5 83.3
Wi, (mm) 1.05 0.82 0.58 0.47 0.26 2.02 1.19 0.34
Z. () 74.5 74.5 74.5 79.1 79.1 37.8 40.8 44.7
W, (mm) 0.38 0.38 0.38 0.34 0.34 1.18 1.06 0.64
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FiGuRre 11: Element arrangement of the row array. (a) Photograph of the fabricated antenna. (b) Photograph of the antenna tested in the

anechoic chamber.

and it will make the current phase of the element nearest to
row-match-branch to be advanced. Therefore, the phase
compensation stub is added for the first array element ad-
jacent to row-match-branch.

After calculation, Table 1 lists impedance value and line
width of main branch and row-matching-branch of each
stage of feeding network, where W, and W, are the line
widths of the main branch and row-matching-branch,
respectively.

3. Prototype Fabrication and Measurement

A 256-element array antenna at 35GHz is fabricated and
measured. Figure 11(a) shows a photograph of the fabricated
antenna, and Figure 11(b) shows a photograph of the

antenna tested in the anechoic chamber. The measured
results of reflection coefficient and gain of the proposed
antenna are shown in Figure 12. Figure 13 shows the
measured radiation efficiency and aperture efficiency. It can
be seen that the measured bandwidth of the antenna array is
34 GHz to 35.6 GHz within |S;;| <-10dB. The difference
between the simulated and the measured |S;;| is mainly due
to the error of the machining accuracy and the loss of the
microstrip structure, and the machining error of the metal
vias of the coupling line will significantly affect the im-
pedance matching of the divider, which will result in the
difference between the simulation and the measured results.
The maximum simulated gain of the antenna is 31.6 dBi at
35 GHz, and maximum measured gain is 29.5 dBi at 35 GHz,
which correspond to the measured radiation efficiency and
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measured aperture efficiency of 61.66% and 46.07%, re-
spectively. The measured cross polarization of the antenna is
less than —25dB. Figure 14 shows normalized radiation
patterns of the antenna at 35 GHz, and the side lobes on the
E-plane and H-plane are —15.0dB and -17.9 dBi, respec-
tively. Figures 15 and 16 show the radiation patterns of the
antenna at 34.6 GHz and 35.4 GHz, respectively. As the
frequency shifts, the SLL of the H-plane increases, and the
pattern gradually deteriorates.

It can be seen from the radiation pattern of the E-plane
of the antenna that the SLL of is unbalanced; this is because
even if the structure of the multi-stage divider is centrally
symmetric and the designed division ratio is ideal, the

Radiation pattern (dB)

Theta (°)
- Simulated Co-pol
—s=— Measured X-pol
- Measured X-pol
(b)

at 35.4 GHz. (a) E-plane. (b) H-plane.

arrangement of the array elements in the direction of the
E-plane is not symmetrical with the feeding point, and the
coupling relationship between the array elements and the
row feeding line in the E-plane direction is also asymmetric.
The influence of these asymmetric factors causes the im-
pedances at two sides of the feeding point to be unequal,
which causes the energy distributed in the direction of the
E-plane to become unbalanced and finally leads to an un-
balanced SLL of the E-plane beam. At the same time, the
machining error makes this result even more serious.

The coupling between the array elements is very im-
portant for the antenna design. In this paper, no decoupling
design is included, and the element is simulated by the
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TaBLE 2: Comparison with other reported planar array antennas.
f Max Number Impedance R:d;:tt:lc;z/ Feedin Circular Desien
Ref. 0 gain of bandwidth  Aperture size ber Configuration 18 aperture sn
(GHz) . efficiency mechanism . complexity
(dBi) elements (%) (%) design
Single-layer ~ Microstrip Not
[2] 1425 245 256 56 1330, x12.350,  20/N.A. eR feeding  suitable Easy
3-layer PRGW Not .
6] 375 24 64 16 64dox64lg  4L6/NA. o7 gp  feeding  suitable Difficult
SIGW Not .
[5] 34 17.4 16 355 ~5.250%x5.250  N.A./25 3-layer PCB feeding suitable Difficult
. Not
[8] 28 21.8 42 6.3 N.A. N.A./21.2  2-layer PCB  SIW feeding suitable Easy
This Single-layer ~ Microstrip . .
work 35 29.5 256 4.6 TXT7AX7hg  61.66/46.07 PCB feeding Suitable Difficult

periodic boundary of the HFSS software during the design,
which makes the influence of mutual coupling between
elements taken into account. However, [14, 15] provide good
method for future work.

Table 2 lists the comparison with other reported planar
array antennas. The fabrication cost mainly depends on the
number of layers and materials of the antenna. Design com-
plexity is based on the number of parameters required to design
the entire antenna and the number of layers of the antenna. The
antennas in reference [2, 8] only need 10~20 parameters and
1~2 layers, and the design difficulty is relatively easy. The
antennas in reference [5, 6] need 30~40 parameters and multi-
layer structure, which is more difficult to design. Although the
proposed antenna is single-layer structure, there are a total of
78 parameters required for the design; therefore, the antenna
also has high design complexity. Compared with the antennas
in other references, although the antenna in this paper has the
advantages of high efficiency, low cost, and single layer, it also
has the disadvantage of complex design.

4. Conclusion

In this paper, a single-layer circular aperture high-efficiency
microstrip array antenna that works in Ka band is presented.
By using the high-impedance characteristic of the coupled
microstrip line, a novel multi-stage feeding network that can
realize large division ratio is proposed, which can be used to
design large-scale series-fed microstrip array and obtain
high efficiency. According to the proposed theory, an an-
tenna prototype was designed, we fabricated and tested the
designed antenna, and the results show that the maximum
gain is 29.5 dBi at 35 GHz, which correspond to the radiation
efficiency and aperture efficiency of 61.66% and 46.07%,
respectively, and the impedance bandwidth of the antenna
array is 34GHz to 35.6 GHz within |S;;|<-10dB. In
summary, the proposed antenna array has the advantages of
high efficiency, single layer, and low cost, which is an ex-
cellent candidate for millimeter-wave large-scale circular
aperture array application [16-22].
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