
Received April 13, 2021, accepted May 11, 2021, date of publication May 17, 2021, date of current version May 24, 2021.

Digital Object Identifier 10.1109/ACCESS.2021.3081354

An E-Band Beam Sharpening Antenna Based
on Monopulse Comparator
ZHENHUA CHEN 1,2, (Member, IEEE), PENG TENG1, (Graduate Student Member, IEEE),
AND JIANRU WANG1, (Graduate Student Member, IEEE)
1Institute of Radar Technology, Nanjing University of Information Science and Technology, Nanjing 210044, China
2Collaborative Innovation Center on Forecast and Evaluation of Meteorological Disasters, Nanjing University of Information Science and Technology, Nanjing
210044, China

Corresponding author: Zhenhua Chen (zhchen@nuist.edu.cn)

ABSTRACT An E-band antenna module and corresponding beam sharpening method is proposed to achieve
high azimuth resolution for front-looking real aperture radar application. To achieve high angular resolution
with a small antenna aperture size, a solution involving real beam and super-resolution is investigated.
A monopulse antenna is developed to produce two coprime channels, which are essential for the subsequent
beam sharpening in digital domain. A dual-aperture horn antenna and a monopulse comparator that make up
the monopulse antenna are designed respectively, and the experimental prototypes are fabricated and tested.
Experimental results show the antenna module can operate in the 75 to 80 GHz band, more than 20 dBi
gain and 12◦ half power azimuth beamwidth can be maintained in the sum-patterns, and the null-depths
are lower than −20 dB in the difference-patterns. Based on the measured sum and difference patterns,
an azimuth super-resolution processing based on two-channel deconvolution is implemented. The simulation
results show the sharpening ratio can achieve 12 dB with 0 dB signal-noise-ratio and truncated half power
beamwidth. Theoretically, the azimuth super-resolution of 0.8◦ can be achieved with 20 mm aperture size.
The corresponding achievements are valuable in the follow-up E-band civil front-looking imaging system.

INDEX TERMS E-band antenna, monopulse comparator, high angular resolution, super-resolution.

I. INTRODUCTION
In the entire E-band frequency range (60 to 90 GHz), the
77 GHz frequency band has been released to civilian use
in many countries [1]–[5]. A large number of 77G-radar-
based application scenarios are gradually emerging. At the
early stage, the application of 77 GHz band is mainly driven
by the advanced driver assistance system (ADAS) [6], [7].
Thanks to the development of highly integrated silicon
germanium (SiGe) single-chip radar transceiver [8], [9],
numerous applications come true, for instance, perimeter
intrusion detection, airport runway foreign object debris
detection, life signs monitoring, intelligent traffic system,
and so on [10]–[15]. In all the applications, range resolu-
tion and angular resolution are two important indexes of
radar systems. By transmitting signals with wide bandwidth
and pulse compression technology, radars can obtain high
range resolution. However, angular resolution varies due to
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different radar systems. The angular resolution of real aper-
ture radar (RAR) is limited by the antenna aperture size, and
decreases dramatically with the increase of detection dis-
tance. Doppler beam sharpening (DBS) and synthetic aper-
ture radar (SAR) are widely used to improve the angular
resolution by making use of relative motion between radar
and targets, but both of the two system architectures are
usually complex and costly. Moreover, there are blind areas
of front-looking detecting when the DBS and SAR tech-
nologies are adopted, which greatly limits the application
in some fields [16]–[19]. In addition to the DBS and SAR
systems, some super-resolution direction of arrival (DOA)
solutions, such as multiple signal classification (MUSIC) and
improved root MUSIC algorithms are proposed to increase
the angular resolution, but a certain scale of array elements
and enough signal-noise-ratio (SNR) are required to imple-
ment these technologies [20], [21]. Overall, considering the
cost performance, especially of the civil radar products, the
traditional RARs are still primary choice for front-looking
imaging application [22], and improve the angular resolution
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of RARs with a limited aperture size has always been an
attractive research topic.

The motivation of the work mentioned in this paper is
to develop the antenna module of an E-band radar sen-
sor that can realize 360◦ azimuth coverage with adequate
range resolution and azimuth resolution, simultaneously. The
radar sensor features the separate transmitting and receiv-
ing antennas, and works in frequency modulated continuous
wave (FMCW) mode, therefore, the range resolution1R can
be achieved by selecting the appropriate modulation band-
width,

1R = σ ·
C
2B

(1)

where C is light speed, B is modulation bandwidth, and σ is a
coefficient that depends on the windowing function in signal
processing, which is usually taken as 1.2 [23]. Considering
the required range resolution of 40 mm and the working
frequency range of the transceiver, the working range of
antenna module is established as 75 to 80 GHz. In azimuth,
mechanical scanning of real beam is selected to achieve 360◦

coverage. The work presented in this paper focuses on how to
achieve the azimuth resolution of 1◦ with receiving antenna.
As for the receiving antenna, there are several choices. If a
conventional parabolic antenna is adopted and the angular
resolution is achieved only by the beamwidth, the aperture
size can be estimated by the following empirical formula,

θHPBW = 70 ·
λ

D
(2)

where λ is wavelength, θHPBW is half power beamwidth
(HPBW), and D is diameter of parabolic [24]. Given the
required θHPBW is 1◦, the value of D is about 280 mm, which
is a relatively large size, and the requirements for the radome
and servo would be correspondingly high. In order to reduce
the complexity and cost of the radar sensor, a small aperture
antenna would be preferred, therefore, the main challenge is
how to achieve high azimuth resolution with a small aperture.

A concept has been widely accepted that the received
azimuth echoes of RARs are the convolution of azimuth
sampling sequence of antenna beam and distribution func-
tion of target reflectivity. Therefore, in theory, as long as a
proper deconvolution factor can be constructed, the azimuth
information of target can be reconstructed by deconvolution,
even though the receiving antenna features a wide azimuth
beam [25], [26]. In other words, the azimuth beamwidth
is compressed by deconvolution without increase the aper-
ture size of antenna. This is so-called beam sharpening
effect. Because of the band-pass characteristics of a sin-
gle antenna pattern in Fourier domain, there are transmis-
sion zeros in spatial Fourier transform of pattern, small
changes in noise can make deconvolution infeasible, there-
fore, multi-channel deconvolution is proposed to eliminate
the ill-posed deconvolution factor in single receiving channel.
In all the multi-channel solutions, the monopulse radar is con-
sidered a good candidate, since it has two coprime channels,
named sum channel and difference channel. The monopulse

radar is usually used for precise tracking and features high
angle measurement accuracy, while its angular resolution is
dominated by the beamwidth of sum beam, that is to say,
if multiple targets exist in the main beam range, they can-
not be distinguished simultaneously. By deconvolution-based
beam sharpening, the beamwidth can be compressed and its
angular resolution can be improved.

In this work, we first demonstrate the system composi-
tion of beam sharpening antenna module, and then a com-
pact E-band monopulse comparator (MPC) adapted to a
dual-aperture horn antenna is shown. The proposed compara-
tor overcomes the complexity of structure and the incon-
sistent orientation of the waveguide ports of the traditional
comparators, presents good performance of amplitude and
phase balance characteristics, thus the radiation patterns with
enough null-depths can be realized. Based on the measured
sum patterns and difference patterns in azimuth, the sub-
sequent beam sharpening is carried out in digital domain
without any change to the hardware. The performance of
beam sharpening is given and discussed in the last section and
the effectiveness of the proposed beam sharpening antenna is
verified.

II. BEAM SHARPENING ANTENNA FRAMEWORK
The beam sharpening antenna proposed in this paper is com-
posed of a dual-aperture horn antenna and a monopulse sum
and difference comparator in hardware. The ability of beam
sharpening depends not only on hardware, but also on subse-
quent signal processing. The system framework is illustrated
in Fig. 1.

The receiving antenna features two radiating apertures
(aperture 1 and aperture 2) close to each other, thus two
overlapping wide beams in azimuth can be generated, which
is necessary for monopulse system. The echoes reflected
from targets are received by the two apertures, and then
separated into two parts by the sum and difference com-
parator network. Once the receiving antenna and the com-
parator are established, the sum and difference patterns in
azimuth can be measured exactly, and the coprime decon-
volution factors of sum and difference channels can be con-
structed, respectively. Based on the received echoes and the
corresponding deconvolution factors, the beam sharpening
effect can be achieved, this is equivalent to the realization
of azimuth super-resolution. The detailed design process and
performance evaluation about each functional module will be
provided in the following sections.

III. DESIGN OF THE MONOPULSE ANTENNA
A. DUAL-APERTURE HORN ANTENNA
According to the framework illustrated in Fig. 1, the beam
sharpening antenna needs two overlapping beams in azimuth.
In the desired frequency range (75 to 80 GHz), parabolic
antenna, printed circuit board (PCB) based antenna and horn
antenna are often used. The parabolic antenna is usually used
to generate a narrow beam but a separate feed source is nec-
essary, which result in a high profile and complex structure,
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FIGURE 1. Framework of the proposed beam sharpening antenna module.

FIGURE 2. Structure diagram of the dual-aperture antenna.

what’s more, narrow beam is not essential in this work. The
PCB-based antenna is another choice, but the power loss over
E-band is relatively high, and the high frequency interfaces
of the radar transceiver are waveguide flanges. Based on
the above mentioned considerations, a dual-aperture horn
antenna is adopted, the structure diagram is shown in Fig. 2.
It can be found the two apertures are formed by a simple
sandwich structure and separated with a common 1.5 mm
thick metal partition wall. The length and width of each
aperture is 20 mm and 8 mm, respectively. Two standard
WR12 waveguide ports are arranged symmetrically on a
single UG-387/U flange.

Assumed the two apertures are fed with ideal in-phase or
anti-phase signals with equal magnitude, the simulated sum
(6) and difference (1) radiation patterns of two orthogonal
H - and E-planes are shown in Fig. 3 and Fig. 4, respectively.
The H -plane corresponds to x-o-z plane shown in Fig. 2,
while the E-plane corresponds to y-o-z plane.

As presented in Fig. 3 and Fig. 4, the simulated gain of the
dual-aperture antenna is about 20 dBi at 77 GHz, the HPBW
of the sum and difference patterns in H - and E-plane is
18◦ and 12◦, respectively. The first side lobe of E-plane is
about −10 dB, and the null-depth is about −50 dB. The
patterns of E-plane will be adopted as the azimuth patterns in
final application. It should be noticed when the two antenna
elements are excited in antiphase, the symmetry of the electric
field distribution on the radiation aperture is much better than
that of the magnetic field distribution. Therefore, it can be
found the null point of E-plane is much steeper than that of
H-plane, and the null-depth level will be greatly affected by
the phase difference between the two antennas’ feed signals.

FIGURE 3. Simulated sum and difference patterns in the H-plane of the
dual-aperture antenna.

FIGURE 4. Simulated sum and difference patterns in the E-plane of the
dual-aperture antenna.

B. PLANAR MONOPULSE COMPARATOR
The MPCs can be realized with PCB-based micro-strip line
solutions, substrate integrated waveguide (SIW) solutions,
metal waveguide solutions, or monolithic integrated cir-
cuits solutions [27]–[30]. Considering the low loss in mil-
limeter wave frequencies, waveguide solutions are usually
preferred.

The traditional waveguide MPCs are almost realized based
on Magic-T structures, which are inherently low loss and
broadband. However, the four ports of Magic-T point to four
different directions, and the two input ports are orthogonal to
the sum and difference ports. Additionally, to reduce the input
reflection and improve the output phase balance, a hybrid tee
is often needed in the center ofMagic-T structure, all of which
lead to the structural complexity [31].

The adopted MPC is designed based on a Riblet short
slot hybrid coupler, which would lead in a 90◦ phase dif-
ference. Since a MPC is often consists of in-phase and
reversed-phase paths, the remaining 90◦ phase difference is
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FIGURE 5. Schematic of the proposed monopulse comparator.

FIGURE 6. Simulated S-parameters of the Riblet short slot coupler.

introduced with a 90◦ phase shifter. These two functional
parts are designed independently and combined for further
optimization.

A schematic of the proposed MPC is shown in Fig. 5.
It consists of a Riblet quadrature coupler and a 90◦ phase
shifter. Two signals delivered by two similar antennas are
fed into the two ports of MPC (P1 and P2), 90◦ phase
difference is generated between the two signals after they
pass through a 90◦ phase shifter. Then, the two quadrature
signals are combined with a 3 dB Riblet short slot coupler,
which will introduce another 90◦ phase difference. Finally,
the two signals from antennas are combined in phase and out
of phase, and delivered to the sum (6) and difference (1)
ports, respectively.

Most quadrature hybrids are realized using multi-section
branch guide coupler, this kind of couplers can provide low
loss and large frequency coverage, while the structure dimen-
sions bring great challenges to the capability of machining.
The E-plane Riblet short slot coupler is chosen in this paper
for its simple machining and compact size. Fig. 6 gives the
simulated S-parameters curves.

It can be found, the Riblet coupler covers the 75 to 85 GHz
band with the nominal amplitude and phase imbalance better
than 0.6 dB and 0.5◦, respectively, and with an input return
loss better than 15 dB.

As the above mentioned, in addition to the Riblet coupler,
another phase shifter is needed to provide additional 90◦

phase shift. Due to the dispersion effect, it is difficult to
achieve a certain phase shift in a wide bandwidth based on
a conventional waveguide structure [32]. Here, a stub-loaded
topology is adopted, as shown in Fig. 7. The simulated per-
formance show that the phase difference between the two

FIGURE 7. Simulated S-parameters of the stub-loaded phase shifter.

FIGURE 8. Simulated results of sum channel of the proposed monopulse
comparator.

branches (port 1-2 and port 3-4) are 90◦ while the return loss
and insertion loss meet the design requirement.

Based on the Riblet coupler and stub-loaded phase shifter,
the model of the MPC is established. Fig. 8 and Fig. 9 depict
the simulated S-parameters of the difference channel
(1-channel) and sum channel (6-channel). The maximum
amplitude imbalance is about 0.7 dB, and the phase imbal-
ance is better 4◦. The simulation results clearly show that
when two similar signals are fed into port1 (P1) and
port2 (P2), they are combined in-phase and output from
6-port, while cancelled out of phase and output from1-port.
The generated sum and difference signals are greatly affected
by the balance of amplitude and phase.

C. MEASUREMENT OF THE MONOPULSE ANTENNA
PATTERNS
To obtain the radiation patterns of the proposed monopulse
antenna, the prototypes of dual-aperture horn and MPC are
machined with standard CNC process. As shown in Fig. 10,
the interface between the antenna and MPC is UG-387/U
flange with two WR12 waveguide ports. Therefore, the MPC
adapted to antenna cannot be measured directly by VNAwith
standard test interfaces.
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FIGURE 9. Simulated results of difference channel of the proposed
monopulse comparator.

FIGURE 10. Assembled dual-aperture antenna and monopulse
comparator.

To verify the performance of theMPC, a similarMPCmod-
ule with the same internal structure but four independent stan-
dard waveguide flanges is fabricated. Fig. 11 demonstrates
the inner view of the MPC under test, and the measurement
setup.

The measurement instrument is Keysight N5264A vec-
tor network analyzer (VNA) and OML V10VNA2-T/R fre-
quency extenders. As mentioned above, theMPC prototype is
designed to cover 75 to 80 GHz with WR12 waveguide ports,
while the test interface of the instrument is WR10 waveguide
ports. During the test, two ports of the MPC are connected
with the two frequency extenders, while the other two ports
are terminated with fixed waveguide load. The performance
of sum channel and difference channel is measured and given
in Fig. 12 and Fig. 13, respectively. In both sum and dif-
ference channels, the operational bandwidth of Port 6 and
1 can cover from 75 to 80 GHz with return loss larger
than 15 dB. The maximum amplitude imbalance is about
0.8 dB at low frequency end, and the phase imbalance is
better than 9◦ and 13◦, respectively. Comparing the simulated
results shown in Fig. 8 and 9 with the measured results
shown in Fig 12 and 13, it can be found the results are
basically consistent, the small difference may be caused by

FIGURE 11. Measurement setup of the developed monopulse comparator
and the inner structure of the fabricated module.

FIGURE 12. Measured results of sum channel of the proposed monopulse
comparator.

the inconsistency of the interface between the MPC and test
instrument.

Far-field performance of the monopulse antenna has been
measured in a microwave compact range anechoic chamber,
as shown in Fig. 14. The sum-patterns at 77 GHz of the
monopulse antenna in the E- and H -plane are presented
in Fig. 15. It can be seen that 12◦ HPBW of azimuth pattern
can be achieved, where the first side-lobe levels are around
−10 dB and cross polarizations are better than −29 dB.
Fig. 16 shows the difference-patterns at 77 GHz in the E- and
H -plane. The null-depth level for the E-plane difference pat-
tern is as low as −27 dB. These results indicate the proposed
monopulse comparator display good signal comparison capa-
bility for the monopulse antenna in the desired azimuth
plane.

It should be noted that the real beamwidth of the sum
pattern is not narrow enough to achieve the desired azimuth
resolution of 1◦. Therefore, a further beam sharpening is
required and would be given in the next section. Fig. 17 gives
the measured gain and null-depth levels of azimuth sum- and
difference-patterns, respectively. In the entire working fre-
quency band, more than 20 dBi gain can be maintained in the
sum-patterns, while the gain of difference-patterns is about
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FIGURE 13. Measured results of difference channel of the proposed
monopulse comparator.

FIGURE 14. The compact range test scene of the developed monopulse
antenna.

2 dB lower. This value slightly deviates from the theoretical
value of 3 dB, which is mainly due to the non-ideality of the
developed MPC. And the null-depths are lower than −20 dB
in the difference-patterns.

IV. BEAM SHARPENING PROCESSING
A. DUAL-CHANNEL DECONVOLUTION ANALYSIS
As mentioned above, the received signal in azimuth dimen-
sion can be considered as the convolution of the antenna pat-
tern and the angle information of targets, therefore, the decon-
volution method can be utilized in forward-looking imaging.
The algorithm model is as follows.

Consider f (k) is defined as the azimuth sampling sequence
of the target reflectivity distribution function, the azimuth
echo sequence of the target g(k) can be written as

g(k) = f (k) ∗ h(k)+ n(k) (3)

FIGURE 15. Measured sum-patterns of azimuth plane (E-plane) and
elevation plane (H-plane) at 77 GHz.

FIGURE 16. Measured difference-patterns of azimuth plane (E-plane) and
elevation plane (H-plane) at 77 GHz.

where h(k) is the azimuth sampling sequence of antenna pat-
tern, and n(k) is the effect of noise. In the angular frequency
domain, (3) is recast as

G(ω) = F(ω) · H (ω)+ N (ω) (4)

where G(ω), F(ω), H (ω), and N (ω) represent the Fourier
transform of g(k), f (k), h(k) and n(k), respectively. Thus the
azimuth information of the target in the frequency domain can
be given by

F(ω) =
G(ω)− N (ω)

H (ω)
(5)

The corresponding azimuth echo sequences of the target
(respectively denoted by g6(k) and g1(k) can be expressed
as

g∑(k) = f (k) ∗ h∑(k)+ n∑(k)

g1(k) = f (k) ∗ h1(k)+ n1(k) (6)
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In equation (6), n6(k) and n1(k) represent the added white
Gaussian noise in sum and difference channels, respectively.
If h6(k) and h1(k) satisfy the strong coprime condition, then
the corresponding deconvolution factor d6(k) and d1(k) can
be constructed and satisfy the following relationship,

h∑(k) ∗ d∑(k)+ h1(k) ∗ d1(k) = δ (7)

where δ is the impulse function, and equation (6) can be
rearranged as

g∑(k) ∗ d∑(k) = f (k) ∗ h∑(k) ∗ d∑(k)+ n∑(k) ∗ d∑(k)

g1(k) ∗ d1(k) = f (k) ∗ h1(k) ∗ d1(k)+ n1(k) ∗ d1(k)

(8)

Furtherly, f (k) can be derived and written as the following
expression form,

f (k) = g∑(k) ∗ d∑(k)+ g1(k) ∗ d1(k)

− [n∑(k) ∗ d∑(k)+ n1(k) ∗ d1(k)] (9)

Equation (9) denotes the azimuth information of a target
f (k) can be retrieved based on the received echoes from
sum and difference channels (g6(k) and g1(k)) and the two
coprime deconvolution factor (d6(k) and d1(k)). Meanwhile,
the channel noise n6(k) and n1(k) also affect the recovery of
target azimuth information.
In practical engineering applications, as long as the fre-

quency response of each convolution factor is not equal to
zero simultaneously, they are considered satisfy the coprime
condition. Thus, the frequency domain deconvolution factors
of sum and difference channels can be written as the follow-
ing expression,

D∑(ω) =
H∑(ω)∗∣∣H∑(ω)
∣∣2 + |H1(ω)|2 · φ(ω)

D1(ω) =
H1(ω)∗∣∣H∑(ω)
∣∣2 + |H1(ω)|2 · φ(ω) (10)

whereH6(ω)∗ andH1(ω)∗ are complex conjugates ofH6(ω)
and H1(ω), respectively, and φ(ω) is defined as a filter func-
tion with corresponding impulse response in time domain.
To reduce the influence of noise, 3dB beamwidth of the
patterns are usually truncated for beam sharpening [33].

B. BEAM SHARPENING SIMULATION AND DISCUSSION
Based on the above mentioned algorithm model and mea-
sured sum- and difference-patterns in azimuth plane shown
in Fig. 15 and Fig. 16, the performance of the proposed beam
sharpening antenna is verified by simulation in this section.

In the following simulation, an ideal point scatter is set as
the target f (k), such as the impulse function δ(k) at a certain
point. In this way, the received azimuth echo is just the real
beam pattern of the sum channel. Because the real beam has a
certain width, it looks as if the target δ(k) has been extended in
azimuth. After deconvolution of sum and difference channels,
the point target is expected to be restored, in other words,
the real beam appears to be sharpened.

FIGURE 17. Measured gain and null-depth levels versus frequencies.

FIGURE 18. Simulation results of a single point target when the SNR is
0 dB.

FIGURE 19. Simulation results of two close point targets when the SNR is
0 dB.

Suppose that a point target is located at the forward-looking
region of the antenna, the azimuth angle of the point target
is 200◦. Fig. 18 shows the simulated real beam echo of the
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sum channel at 77 GHz and the results processed by the beam
sharpening when the SNR is 0 dB. The added noise obeys a
zero mean Gaussian distribution. It is obviously the real beam
echoes of the point target is extended in azimuth, thus the
azimuth resolution is decreased. After the beam sharpening
processing, the azimuth echoes of the point target is greatly
compressed, and the sharpening ratio is about 12 dB with
SNR of 0 dB and truncated 3dB beamwidth.

To further verify the ability of beam sharpening in azimuth
compression more intuitively, it is assumed that there are two
point targets with azimuth angles of 194◦ and 205◦, respec-
tively. The azimuth angle between the two point targets is 11◦,
which is slight less than the 12◦ HPBWof sum-pattern, just as
shown in Fig. 15. Obviously, when two targets are in the range
of a main beam simultaneously, it is difficult to distinguish
them in azimuth without super-resolution. Fig. 19 shows
the azimuth characteristics of two targets before and after
beam sharpening, and the two close targets can be distin-
guished clearly compared to the real beam echoes without
processing.

V. CONCLUSION
This paper takes the E-band front-looking real aperture radar
as the application background, focusing on how to achieve
high azimuth resolution through a small aperture receiving
antenna. To this end, a monopulse antenna with coprime
channels (sum channel and difference channel) is designed
and measured in detail. Based on the measured sum- and
difference-patterns data, a deconvolution based beam sharp-
ening processing is implemented in digital domain, and simu-
lation results show that the proposed antenna module and cor-
responding super-resolution processing significantly improve
the azimuth resolution. In the follow-up research, the antenna
module will be combined with transceiver and servo to carry
out the actual imaging demonstration.
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