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ABSTRACT In this paper, a high-gain low-sidelobe circular-shaped monopulse antenna array operating
in W-band is proposed. The antenna array is distributed on a circular aperture, which maximizes the usage
efficiency of area and is suitable for mounting on a rotating platformwith limited space. By loading dielectric
in the waveguide, more radiating slots can be arranged in the same physical length as compared to the hollow
waveguide, which is beneficial to suppress the sidelobe level. The feed network and the sum-difference
network are placed on different layers to reduce the overall size of the antenna. The proposed antenna
structure ensures good electrical connection between the feed network and the radiation array, and has
high mechanical strength. Besides, the antenna array is low profile and is easy to machine. The measured
results show that at center frequency 93 GHz, the reflection coefficients of sum and difference ports are less
than -15 dB, the maximal gain is 38.58 dBi, the sidelobe level is lower than -20 dB, and the sum-difference
contradictions are less than 4 dB.

INDEX TERMS Circular aperture, monopulse antenna array, dielectric loaded waveguide, sum-difference
network.

I. INTRODUCTION
Monopulse radar is widely used in tracking radar and satellite
systems due to its accurate target tracking ability. As the first
stage component of the radar system, the performance of
the monopulse antenna is of essential importance. In recent
years, the research of monopulse antenna has aroused the
interest of many scholars. In particular, W-band monopulse
antennas have been extensively studied in [1], [2], [3], [4],
[5], [6], and [7], due to the merits of wideband spectrum, low
atmospheric absorption and high spatial resolution.

Monopulse antennas can be implemented by micro-
strip antenna array [8], [9], Cassegrain antenna [10],
[11], [12], and waveguide slot antenna array [1], [13], [14].

The associate editor coordinating the review of this manuscript and

approving it for publication was Qi Luo .

Microstrip structure is compact and easy to fabricate. How-
ever in the millimeter wave band, the spurious radiation at
the discontinuities and the bends causes high loss and results
in low radiation efficiency and high sidelobe level (SLL)
[15], [16], [17]. The Cassegrain antenna can achieve high
gain, but is high in profile and is not suitable to install
on a platform with limited space. Waveguide slot array
antenna can be realized using hollowwaveguide and substrate
integrated waveguide (SIW). The slot array antenna based
on hollow waveguide structure has no dielectric loss and
high power capacity [6]. Recently, there has been significant
research conducted on slot array antennas utilizing hollow
metal waveguides across different frequency bands [18],
[19], [20], [21], [22]. In [18], researchers achieved broad-
band radiation properties through a single-ridge waveguide
excited semiopen radiating slot. This innovation allows the
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array antenna to effectively cover the entire K and Ka
bands while maintaining high aperture efficiency. Addition-
ally, investigations have been made into employing hollow
waveguide arrays to address diverse polarization require-
ments. For example, [21] presents a series-fed single-layer
dual-circularly polarized slot array antenna, which is fed by
a stepped ridge gap waveguide, specifically for automotive
radar operating at 77GHz. Similarly, in [22], a wideband dual
linearly polarized hollow waveguide septum antenna array is
proposed for Ku-band satellite communications, utilizing a
modified low-profile septum polarizer. SIW has the advan-
tages of low profile and ease of integration. To ensure the
energy being effectively transmitted between the waveguide
and SIW, the waveguide to SIW conversion structure needs to
be specially designed [23], [24]. In addition, SIWuses a series
of metal via instead of waveguide metal walls, and exces-
sive metal vias in the W-band may decrease the mechanical
strength of the overall antenna structure.

The sidelobe level (SLL) of the gain pattern affect the
performance of monopulse antenna. It is easy for the array
element to adopt uniform power distribution, which also
simplify the design of the feed network. However, high SLL
are observed in [13], [25], and [26]. In order to suppress the
SLL of the antenna array, the feed power of the array ele-
ments can adopt the Taylor distribution [27]. Taylor synthesis
method discretizes the continuous source on the aperture
surface into a series of point sources. However, when the
physical size of the array aperture is fixed, if the number
of array elements is too small, the SLL of the radiation
pattern may be increased [28]. Therefore, it is necessary to
increase the number of array elements within the limited
space. Therefore, dielectric loaded waveguide can realize
more elements arranged in the same physical size compared
with the hollow waveguide, and is more preferred in the
design of array with high gain and low SLL despite of the
dielectric loss.

To locate and track the targets, monopulse antennas need to
be installed on a rotating platform with miniaturized dimen-
sion. Many existing array antennas adopt the rectangular
shaped aperture [1], [5], [6]. According to Taylor’s synthe-
sis theory [27], [28], the radiation of the array elements
near the four corners of the rectangular aperture surface is
very small. Consequently, removing the array elements near
the four corners has little effect on the radiation pattern of
the antenna array. Compared with the rectangular aperture
surface, the circular aperture surface can reduce the aper-
ture size and ensure the maximum utilization of the area.
Furthermore, the circular aperture is more suitable for instal-
lation on a rotating platform. All structures arranged in one
layer may increase the overall size of the array antenna.
In [6] and [27], the radiation array and feed network are
stacked in different layers to reduce the overall size of the
antenna.

In this paper, a W-band monopulse antenna array with
high gain, low sidelobe and circular aperture is proposed.
The main contributions of this paper lie in the following

FIGURE 1. Decomposition map of array antenna.

points: Firstly, the proposed radiation array is distributed on a
circular aperture, which ensures the maximum utilization of
the area, and the circular aperture is also suitable for installa-
tion on a rotating platform. Secondly, by adopting dielectric
loaded waveguide, more radiation slots can be arranged com-
pared with hollow waveguide with same physical dimension,
resulting in the SLL suppression. And no narrow vias need
to be fabricated as compared to the SIW structure. Finally,
the stacked structure of the monopulse antenna can realize
good electrical connection between the feed network and the
radiation array, and has high mechanical strength. All the
radiation slots can be easily etched on the circular metal plate.
The array antenna is implemented in compact low-profile
structure with 100 mm in diameter and 5.5 mm in height.
The measured results show that at center frequency 93 GHz,
the reflection coefficients of sum and difference ports are
less than −15 dB, the maximum gain of antenna array is
38.5 dBi, the SLL is less than−20 dB, and the sum difference
contradiction is less than 4 dB. The measured performance
shows that the proposed array antenna can be used in target
tracking of radar and satellite systems.

II. OVERALL STRUCTURE OF ARRAY ANTENNA
Fig. 1 shows the decomposition map of monopulse antenna
array. The proposed monopulse antenna is composed of
radiation array, primary and secondary feed network, and
sum-difference network. The radiation array has 864 radia-
tion slot units, which are etched on a circular metal plate.
In order to load the dielectric in the waveguide, the dielectric
substrate is embedded into the metal groove, and its material
is the Rogers 5880. The secondary feed network feeds the
radiating array. The primary feed network and the secondary
feed network are connected by a vertical waveguide. Finally,
the sum-difference network feeds the primary feed network.
All components are closely arranged vertically. The diameter
of the array antenna is 100 mm and its height is 5.5 mm.
To reduce the transmission loss, the two-layer feed network
and sum-difference network both adopt the metallic air-
waveguide structure.
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FIGURE 2. Decomposition map of a subarray with 8 elements.

III. DESIGN OF MONOPULSE ANTENNA
A. RADIATION ARRAY
The radiation subarray adopts the standing wave array as
shown in Fig. 2, and the maximum radiation direction of
monopulse antenna is perpendicular to the aperture surface
of the antenna. The spacing between the centers of adjacent
slots is λg (λg is the wavelength in waveguide). The feeding
position lies in the middle of the metal groove and the offset
directions of the slots on the two sides of the feed position are
opposite, which ensures that all the slots on the waveguide are
excited in phase. When the aperture size of the array antenna
is determined, increasing the number of array elements would
be beneficial for suppressing the SLL [28]. In this design,
a dielectric substrate is loaded inside the metal groove to
further reduce the λg. Therefore, more radiation slots can
be placed on the aperture surface within the same physical
size. The waveguide wavelength λg can be calculated by the
following formula,

λg =
λ√

1 − ( λ
2W )2

(1)

where λ =
λ0√
εr
, λ0 and εr represent the wavelength in

free space and relative permittivity of the dielectric substrate,
respectively. W is the width of the dielectric substrate. The
material of the dielectric substrate is Rogers 5880, the rela-
tive permittivity of which is 2.2 and loss tangent is 0.0009.
It should be noted that the manufacturer does not provide
the exact loss tangent of the Rogers 5880 in the W-band.
However, in [1], it is estimated to be slightly greater than
0.0009 in the W-band (0.0009 is measured at 10 GHz by
the manufacturer). From Equ. (1), λg is calculated to be
2.592 mm at 93 GHz. The related geometry parameters of
the 8-element subarray are listed in TABLE 1. The simulated
results of the reflection coefficient of the 8-element subarray
are as shown in Fig. 3. The reflection coefficient is less than
−10 dB from 92 to 94 GHz and is −28.45 dB at the center
frequency 93 GHz. The simulated gain patterns at 93GHz are
as shown in Fig. 4.

Compared with rectangular shape, circular aperture can
maximize the utilization efficiency of the aperture area.
In addition, circular aperture is more suitable for installa-
tion on a rotating platform. Therefore, the circular-shaped
aperture is adopted in this paper. The interval of adja-
cent slots on the E-plane and H-plane is set to 3 mm and

TABLE 1. Parameters of 8 element array (Unit: mm).

FIGURE 3. Simulated reflection coefficient of 8 element subarray.

FIGURE 4. Simulated gain patterns of 8-element subarray.

2.592 mm respectively, so as to suppress the grating lobe of
the radiation patterns. Too many slots in a waveguide may
reduce the working bandwidth and deteriorate the radiation
pattern [29]. In order to make all the radiation slots arranged
in the circular area, while taking into account the thickness
of the metal wall, several slots are removed on the basis of
a 38 × 33 rectangular array. The final proposed radiation
array is composed by 112 waveguide slot subarrays, and the
maximum number of slots in the subarray is 10 and the total
number of radiating slots is 868. The structure of the radiation
array is as shown in Fig. 1. In contrast, the waveguide wave-
length would be 5.5 mm instead of 2.592 mm, if there is no
dielectric substrate loaded in the metal groove. As a result,
only 324 (18 × 18) radiating slots can be arranged on the
aperture surface within the same physical size. Fewer slots on
the aperture surface will surely result in a higher SLL. There-
fore, loading dielectric substrate into the hollow waveguide
is beneficial to the electrical performance of the antenna. It is

VOLUME 12, 2024 64999



X. Zhang et al.: W-Band High-Gain Low-Sidelobe Circular-Shaped Monopulse Antenna Array

FIGURE 5. Normalized feed power distribution of array elements.

worth noting that we adopted HFSS software to construct a
miniatured array with 5 × 10 slots to extract the mapping
relationship between equivalent conductivity of slots and
their offset as well as length through parameter sweep. The
power distribution on the radiating aperture follows a Taylor
distribution. By the relationship between the radiated power
and the conductivity of the slot, the conductivity of each slot
can be determined, and subsequently, the offset and length of
each slot can be determined.

Although loading the dielectric structure inside a metal
waveguide will result in dielectric losses, particularly at high
frequencies. However, this study concentrates on designing a
low-sidelobe monopulse antenna array, where high sidelobes
can impact the precision of target tracking and localiza-
tion. In this study, the dielectric is loaded inside the metal
waveguide to allow for the placement of more slot elements
under the same physical aperture, which helps to suppress
sidelobe levels. Simulation results show that the maximum
gain of 34.8dBi still meets the application requirements in
engineering.

To feed the radiating array, a waveguide port is constructed
at the bottom of the metal groove, and the feed network can
be easily linked with the radiating array. The thickness of the
narrow wall of each waveguide slot subarray should be no
less than 1mm to ensure themechanical strength. The feeding
power of the antenna array adopts the Taylor distribution.

B. PRIMARY AND SECONDARY FEED NETWORK
As shown in Fig. 1, the feed network is divided into two
layers, i.e., the primary feed network and the secondary feed
network [27]. The secondary feed network is connected to the
radiating array. The primary feed network and the secondary
feed network are connected by a vertical waveguide. As the
slot array is centrosymmetric, only a quadrant of the feed
network needs to be designed. According to the Taylor’s
synthesis theory, the normalized power distribution of the
output of the feed network is as shown in Fig. 5, and the SLL
is set to −25 dB.

As shown in Fig. 1(a), the overall feed network structure
is composed of many H-T power dividers. The geometry

FIGURE 6. The geometric structure of a basic H-T power divider.

FIGURE 7. The changes of power divider performance by shifting
split-block. (a) Simulated port power difference. (b) Simulated reflection
coefficient.

configuration of a basic H-T power divider is as shown in
Fig. 6. A split-block with width of 0.5 mm is embedded
in the waveguide. By shifting the split-block (changing off-
set d), the power distribution between Port 2 and Port 3
can be changed. The effect of offset d on the performance
of H-T power divider is as shown in Fig.7. At center fre-
quency 93 GHz, when the offset d is 0 mm, the power is
equally divided between Port 2 and Port 3. When the offset d
is 0.5 mm, the power difference between Port 2 and Port 3
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FIGURE 8. Port transmission coefficient results of a quarter feed network
at 93 GHz (black number: port order, blue number: theoretical results, red
number: simulated results, unit: dB).

is 9.25 dB. In this design, the maximum power difference
of the H-T power divider should be 8.07 dB. Therefore, the
structure of the proposed power divider can well meet the
requirement of power ratio by changing the offset d . Fig. 7(b)
shows the simulated results of the reflection coefficient of the
H-T power divider. At 92-94 GHz, the reflection coefficient
is less than −15 dB. The phases of Port 2 and Port 3 can be
adjusted by the arm lengths of the power divider, L1 and L2
to ensure the 0 degree difference.

The spacings between the array elements are very small,
which make the distribution of secondary feed network
very crowded. Therefore, the feed network adopts the
non-standard waveguide with dimension 2.2 mm×0.5 mm to
increase the arrangement space of the feed network. Fig. 8
shows the geometry structure of one quarter feed network,
and it has one feed input port and 28 output ports. The primary
feed network is composed of 13 H-T power dividers, and the
secondary feed network consists of 14 H-T power dividers,
which are directly connected to the feed ports of the slot array.
The primary and secondary feed networks are connected by
vertical waveguides. Fig. 8 shows the calculated results of the
transmission coefficient between the 28 output ports and one
input port at 93 GHz. As shown in Fig.8, the maximum error
between the simulated transmission coefficient results and
the theoretical results is only 0.72 dB. In addition, the phase
difference among the 28 output ports does not exceed ±5◦.
The simulated results of the reflection coefficient of the input
port of the quarter feed network are as shown in Fig. 9, and
the values are lower than −16 dB at 92-94 GHz. Due to
centrosymmetric structure, the whole feed network can be
obtained by mirror image of the quarter one. The simulated
performances of the feed network show that proposed power
feed network can well meet the power feeding requirement of
antenna array.

FIGURE 9. Simulated reflection coefficient results of input port.

FIGURE 10. Working principle of sum-difference network.

C. SUM-DIFFERENCE NETWORK
Sum-difference network is the key component of the
monopulse antenna, which can generate the sum and dif-
ference beams by controlling the phase of array elements.
Fig. 10 demonstrates the principle of the sum-difference
network. The sum-difference network consists of four 3 dB
directional couplers and four 90 ◦ phase shifters. When the
sum port is fed, the four arrays are excited by equal amplitude
and equal phase. Therefore, the patterns generated by the
four arrays are superposed in equal phase to generate sum
pattern. When the difference port 1 is excited, the phases
of array 3 and 4 are the same, the phases of array 1 and 2
are the same, but the phases of array 1 and 3 are opposite.
Consequently, the patterns generated by the four arrays are
superposed in opposite phase to generate the difference pat-
tern. Similarly, when the difference port 2 is excited, the phase
of each array excitation signal can also be analyzed.

A 3dB directional coupler based on waveguide narrow
wall coupling is designed as shown in Fig. 11. The energy
is coupled between the two waveguides through a gap. 3 dB
coupling and 90 degree phase difference can be achieved
by adjusting the length of the gap. The side wall of the
waveguide uses a gradually deformed structure to improve the
impedance matching. The simulated S parameter as shown
in Fig. 12 indicated that, at 92-94GHz the coupler can well
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FIGURE 11. Geometry configuration of a 3 dB directional coupler.

FIGURE 12. Relevant simulated results of 3 dB directional coupler.

FIGURE 13. Overall geometry structure of sum-difference network.

achieve the 3 dB coupling and 90 degree phase difference.
In addition, the reflection coefficient of the port is less than
−30 dB.

Fig. 13 shows the overall structure of the sum-difference
network and the 90-degree phase shifter is realized by a
quarter wavelength waveguide. Fig. 14 presents the simu-
lated results of the relevant parameters of the sum-difference
network. The amplitude imbalance of the sum-difference
network is less than 0.15 dB, and the phase error between
ports is within ±4◦. The reflection coefficient of each port
is less than - 20 dB, and the isolation between ports is more
than 25 dB.

D. WAVEGUIDE CONVERSION STRUCTURE
The sum-difference network uses the standard waveguide
with dimension of 2.54 mm×1.27 mm, and the feed net-
work adopts nonstandard waveguide with dimension of
2.2 mm×0.5 mm. Therefore, it is necessary to design
a suitable waveguide conversion structure to connect the
sum-difference network and feed network. The designed

FIGURE 14. Simulated results of S parameters of sum-difference network.
(a) Transmission coefficient, (b) Phase difference, (c) S Parameters.

waveguide conversion structure is as shown in Fig. 15. The
vertical waveguide is designed as a stepped structure to
reduce the reflection coefficient and is used to connect the
sum-difference network and the feed network. The height of
the conversion structure is only 1.5mm. The simulated results
of S-parameters of the conversion structure are as shown in
Fig 16 and the reflection coefficient is less than −28 dB.

E. MATCHING PATCH STRUCTURE
When the feed network and the radiation array are assembled
together, reflection coefficient of the port may deteriorate.
This is because there is structural discontinuity at the con-
nection between the feed network and the radiation array.
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FIGURE 15. Configuration of waveguide conversion structure.

FIGURE 16. Simulated S parameters of the conversion structure.

FIGURE 17. Configuration of matching patch structure.

In order to improve the reflection coefficient of the antenna
array input port, a metal patch as shown in Fig. 17 is added at
the connection between the secondary feed network and the
radiation array [30], [31]. The metal patch with dimension
0.35 × 0.206×0.05 mm3 is located on the surface of the
substrate.

IV. ANTENNA SIMULATION AND MEASUREMENT
In order to further verify the effectiveness of the proposed
array antenna, the antenna model is fabricated as shown in
Fig. 18. The array antenna is fabricated using a layer-by-layer
assembly process. First, the feed network and sum-difference
network are fabricated individually in layers. Then, solder
bumps are added between each layer and high-temperature
soldering is used to ensure tight bonding. Finally, the radi-
ation slots are etched using PCB techniques. The radiation
aperture is bonded to themetal groove through the application
of solder paste, followed by heat bonding. Although these
fabrication processes have significantly reduced power leak-
age, little slight power leakage may still occur. The reflection

FIGURE 18. Photograph of the fabricated prototype. (a) Front view,
(b) Back view.

FIGURE 19. Measured reflection coefficient of array antenna port.

FIGURE 20. Variations of three types of efficiencies within the frequency
range of 92-94GHz.

coefficients are measured by vector network analyzer (Agi-
lent N5244A). Fig. 19 shows the simulated and measured
results of reflection coefficient. The measured reflection
coefficients of each port are less than −10 dB at 93 GHz.
We simulated the aperture efficiency, radiation efficiency,
and total efficiency of the proposed antenna array with an
excitation at the sum port. The variations of three types of
efficiencies within the frequency range of 92-94GHz are
presented in the Fig. 20. Fig. 20 shows that the radiation
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FIGURE 21. Near-field scanning of monopulse array antenna in
microwave anechoic chamber.

efficiency of the antenna array remains above 93.6% across
the entire frequency band. Within the range of 92-93.4GHz,
the total efficiency remains around 90%. However, between
93.4-94 GHz, the total efficiency decreases due to an increase
in the reflection coefficient, yet it remains above 64.4%.
The aperture efficiency of the antenna array is relatively low
throughout the frequency band, with a value of around 30%.
This could be attributed to the coupling between the radia-
tion slots.

The near field pattern of the array antenna is scanned
through a waveguide probe as shown in Fig. 21. The radiation
patterns of the array antenna are calculated by near-to-far
field transformation. The simulated and measured gain pat-
terns are as shown in Fig. 22. TABLE 2 lists the relevant
parameters of measured gain patterns at 93 GHz. It can be
seen fromTABLE 2 that, at 93 GHz, the peak gain of the array
antenna is 38.5 dBi, the SLL is lower than −20 dB, and the
sum-difference contradictions are less than 4 dB, and the half
power beamwidths (HPBW) of the sum gain pattern are 2.31◦

and 2.27◦ at E-plane and H-plane, respectively. Themeasured
results further verify the simulated performance of the array
antenna, which shows the array antenna can meet the needs
of target tracking of radar and satellite systems operating in
W-band.

It is noticeable that the sidelobe level of the measured
difference pattern is smaller than the one of simulated pattern
within the angle range deviating from the main lobe, and
there is no such significant difference for the sum radiation
patterns. The main reason for this difference is attributed to
the errors in mechanical processing and assembly, as well as
the uncertainty of the dielectric substrate in the W-band [32].
Moreover, the ambient noise of the microwave anechoic
chamber is set as UHF-Ka band, and the ambient noise of
W band is unknown, which also has a certain impact on the
results of the measured patterns.

In order to further demonstrate the advantages of the pro-
posed array antenna, Table 3 lists the relevant parameters
of monopulse antennas operating in W-band presented in
other literatures. In [1], a planar low-profile antenna array

FIGURE 22. Comparison of normalized radiation patterns. (a) E-plane
radiation patterns. (b) H-plane radiation patterns.

TABLE 2. Parameters of measured radiation pattern.

is designed based on substrate integrated waveguide, and all
sub-components are integrated in a single substrate. In [4],
a high-gain full-polarization monopulse Cassegrain antenna
based on the sequential rotate polarization theory is pro-
posed. In [5], based on the genetic algorithm, a W-band
2-D monopulse sparse array antenna with suppressed side-
lobe levels is proposed using waveguide -based network
and the radiation element of a box-horn. In [6], a broad-
band monopulse array antenna based on gap waveguide is
presented, which consists of four unconnected layers. Com-
parison among different designs show that our design has
achieved the highest gain and lowest SLL with the smallest
dimension. And the circular shaped aperture is most suitable
to be integrated on a rotating platform to realize the tracking
task.
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TABLE 3. Comparison of related parameters of W-B and monopulse antennas.

V. CONCLUSION
In this paper, a W-band circular monopulse antenna array
with high gain and low sidelobe is proposed. The radiation
array is distributed on a circular aperture, which can not
only ensure the maximum utilization of the area, but also is
suitable for installation on a rotating platform. By loading the
dielectric in the waveguide, more radiation slots are placed on
the aperture surface within the same size as compared to the
hollow waveguide, which is beneficial for the realization of
low SLL. The proposedmonopulse antenna has highmechan-
ical strength and can easily realize the electrical connection
between the feed network and the radiation array. The array
antenna is implemented in compact low-profile structure with
100 mm in diameter and 5.5 mm in height and is easy to
machine. The proposed monopulse antenna can be applied
to target tracking of radar and satellite systems operating in
W-band.
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