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An X-band monopulse antenna based on trans-
mitarray with light-weight and low-cost features is
designed, fabricated, and measured. The proposed
antenna is composed of a transmitarray lens, a feed
source which combines aperture-coupled microstrip
antennas, and a sum-difference (SUM-DIFF) compar-
ator. According to simulation and measurement results
of the transmitarray based monopulse antenna, gain
of sum beam reaches 21.5 dBi. The sidelobe level is
below —13.4 dB, and the cross polarization level is
below —20 dB. In addition, the gain ratios between
the sum beam and difference beam in E-plane and
H-plane are 5.6 dB and 4 dB, respectively. The trans-
mitarray based monopulse antenna could be applied
in low-cost SATCOM on the move (SOTM) system.

1 Introduction
Monopulse technique, also known as the simul-

taneous beam comparison method, is used mainly to
measure the direction of arrival (DOA) (Sherman and
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Barton, 2011). Before the advent of monopulse tech-
nology, the method most widely used in radar direc-
tion finding was the lobe-switching technique (sequen-
tial lobing) (Lo, 1999). Compared with the sequential
lobing method, the monopulse antenna can obtain in-
formation such as the pitch angle, azimuth angle, and
distance of the target in a single pulse period (Vazquez-
Roy et al., 2019). Due to the need for higher accuracy
of angle measurement, the monopulse technique has
been widely applied in SOTM missile guidance (Roy
et al., 2019). When a monopulse system is working,
multiple independent channels are adopted to receive
signals reflected by targets at the same time. Then
signals enter the comparator and finally the distance
and angle information of targets can be obtained. There
are three main types of monopulse antennas: lenses,
reflectors, and arrays. A dielectric lens is generally a
convex lens (Raman et al., 1998), which is difficult
to manufacture due to its curved shape, high volume,
and large mass. For common reflectors such as dish
antennas, the feed and supporting structure are in front
of the aperture, so a shielding effect will result in
energy loss, sidelobe increase, and angle measurement
error (Kou and Cheng, 2019). A more effective reflec-
tor is the Cassegrain antenna, which is more compact
with dual reflectors (Zheng et al., 2016, 2017). However,
the Cassegrain antenna has the problem of shielding
effect caused by a secondary reflector and support
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rods. With growing demand for low cost and light-
weight monopulse antennas in modern radar and tele-
communications systems, array antennas are increas-
ingly applied in monopulse antennas due to their char-
acteristics of high gain and easy control of the beam
direction. A typical example is the waveguide slot
array, which has the advantages of low loss, low
sidelobe level, and no aperture shielding problem
(Vosoogh et al.,, 2018). The microstrip has attracted
much attention in monopulse antennas because of its
advantages of low profile, simple structure, and low
cost (Yu et al., 2009; Kumar and Kumar, 2018). How-
ever, monopulse microstrip array antennas usually have
a complex feed network, which often makes them
large and expensive. In addition, substrate integrated
waveguides (SIWs) (Cao et al., 2017; Zhu et al., 2018;
Liu et al., 2019; Yang et al., 2019) and leaky wave
antennas (LWAs) (Poveda-Garcia et al., 2019) have
been applied in monopulse antennas, with good re-
sults. Recently, reflectarrays have been proposed for
use in monopulse antennas, and have shown good
performance (Zhao et al., 2017, 2018). As an alterna-
tive to reflectarrays, transmitarrays not only have the
advantages of reflectarrays, but also have no shield-
ing effect from the feeds. Di Palma et al. (2016) pro-
posed a 400-element reconfigurable transmitarray
antenna to synthesize monopulse radiation patterns.
However, the sum and difference patterns generated
by the reconfigurable transmitarray antenna, which is
controlled electronically by switches instead of by a
SUM-DIFF comparator, are in time division.

In this study, we propose an X-band monopulse
transmitarray antenna fed by an integrated structure. The
monopulse transmitarray antenna combines aperture-
coupled microstrip antennas (ACMAs) and a SUM-
DIFF comparator. A two-layered transmitarray element
with patches of variable sizes is adopted in the design
to obtain high gain. A prototype of the X-band mono-
pulse transmitarray antenna has been designed, fabri-
cated, and measured.

2 Feed antenna performance
The configuration of the X-band monopulse trans-

mitarray antenna is shown in Fig. 1. It is composed
of a transmitarray and a feed source which combines
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Fig. 1 Configuration of the X-band monopulse transmitarray
antenna

ACMAs (Didouh et al., 2012) and a SUM-DIFF com-
parator. First, the performance of the ACMA unit cell
is analyzed (Figs. 2a and 2b). The antenna operates
at X-band and has relatively wide-angle radiation
patterns. Next, to generate SUM-DIFF patterns, the
SUM-DIFF comparator needs to be designed to feed
the ACMA (Figs. 2c and 2d). The microstrip SUM-
DIFF network consists of four 3-dB couplers and
four 90° phase shift microstrip lines, all etched on
0.5-mm-thick RO4350B substrate (dielectric layer 1,
from Rogers Corporation) with a dielectric constant
of 3.48 and a loss tangent of 0.005. Four ACMA unit
cells are placed at the terminal positions. Antenna el-
ement spacing is 19.99 mm along the X axis and
19.31 mm along the Y axis. SUM, DIFF1, and DIFF2
ports are linked to the monopulse feed for genera-
tion of sum and difference beams in the E-plane and
H-plane. The dimension of the SUM-DIFF network is
72 mmx70 mm. The ACMA antennas are printed on
a 2-mm-thick FABM-2 substrate (dielectric layer 2,
from Wangling Insulating Material Factory) with a
dielectric constant of 2.2 and a loss tangent of 0.003.

Fig. 2 shows that the ACMA is integrated with
the SUM-DIFF comparator, providing higher reliabil-
ity compared to designs using discrete components.
The fabricated prototype of the integrated feed source
(Fig. 3) contains two layers: the SUM-DIFF network
layer and the ACMA layer. Insertion losses from the
SUM, DIFF1, and DIFF2 ports to the four ports of the
antenna elements can be calculated (Fig. 4). Since the
antenna elements are fed by an aperture-coupled mi-
crostrip structure, in practice the insertion losses
cannot be measured. Hence, we deduce from full-wave
simulation results that the loss of the SUM-DIFF
comparator is acceptable. In addition, a performance
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Fig. 3 Fabricated prototype of the multi-layer feed antenna:
(a) SUM-DIFF network layer; (b) aperture-coupled microstrip
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Fig. 4 Simulated insertion losses from the SUM, DIFF1, and
DIFF?2 ports to the four ports of the antenna elements
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comparison between simulation and measurement of
the multi-layer feed antenna is given in Fig. 5, from
which we can see that the results show good agreement.
The measured |S,,|” s of the SUM, DIFF1, and DIFF2
ports are all below —10 dB from 9.8 to 10.2 GHz.
The measured isolations between two of the three
channels are all below —15 dB from 9.6 to 10.4 GHz.

3 Transmitarray antenna design
To obtain phase regulation for the feed antenna

using the transmitarray, a transmitted element with two
layers of tightly bound substrates is proposed (Fig. 6a).

505

The element is composed of three metallic layers
printed on 2-mm-thick FABM-2 substrates, with two
identical square patches on two sides and one dual
square-ring in the middle. The period of the transmitted
element is 15 mm (4,/2 at the center operating fre-
quency of 10 GHz). All the geometrical parameters
of the dual square-ring (b, ¢, w;,, w,) have a fixed lin-
ear relationship with the length of the square patch a
(Table 1). Hence, to obtain a desired transmission
phase shift, all the geometrical parameters of the
metallic structures are adjusted when «a is varying. At
the same time, the insertion loss of the variable-size
element needs to be as low as possible. Using master
—slave boundary conditions with Floquet ports, the
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Fig. 5 Simulated (sim.) and measured (mea.) |S, | of sum port SUM, difference ports DIFF1 and DIFF2 of the multi-layer
feed antenna (a) and simulated and measured isolation between the SUM, DIFF1, and DIFF2 ports (b)
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transmission coefficient (S,) of the transmitted element
is analyzed (Fig. 6b). When « is changed from 3.7 to
7.3 mm, the insertion loss remains less than 3 dB,
with 1.1 dB on average, and the transmission phase
ranges from —19.5° to —343°, covering 323.5°. Hence,
the proposed transmitted unit cell can satisfy the phase
modulation requirement of the transmitarray to obtain
high gain.

Table 1 Geometrical parameters of the transmitted unit

a b c w w

3.7-7.3 mm 1.83a 0.82a 0.4a 0.24a

Fig. 7 shows the transmission coefficient and
transmission phase of the transmitarray element at
different oblique incidence angles for TE and TM
polarized incident waves. The parameter 6 is the ele-
vation angle of the incident wave. As the oblique
incident angle becomes larger, the feature of the trans-
mission shows a very similar variation trend. In addi-
tion, when designing the transmitarray, elements with
good angle and polarization stabilities are selected.
The transmission coefficients of the transmitarray unit
cells of different sizes as a function of frequency are
analyzed (Fig. 8). As the operating frequency shifts,
the available size range of the transmitarray unit cell
changes. The effective phase shift range also varies
as the frequency shifts.

The topology of the transmitarray-based monop-
ulase antenna is shown in Fig. 9. The phase centers
of the feed source and transmitarray lens are usually
in a direct line with each other. To generate SUM-DIFF
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patterns, the phase shift distribution at position P
can be calculated as follows (Abdelrahman et al.,
2017):

Pp = k0|0P‘ + 2nm, (D

where P is an arbitrary center point of a transmitarray
element, O is the original point of the feed antenna,
k, is the wave number in free space, and n represents
an integer.

To determine the distance between the feed an-
tenna and the transmitarray lens, the spillover, taper,
and aperture efficiencies under different f/D ratios
(focal length to diameter ratios) are analyzed (Fig. 10).
When the f/D ratio increases, the spillover efficiency
decreases, and the taper efficiency increases. The ap-
erture efficiency reaches the peak at f/D=0.5. Under
this condition, the spillover efficiency is 88% and the
taper efficiency is 71.5%. In conclusion, f/D=0.5 is
chosen to design the monopulse transmitarray antenna,
which means that the feed source is placed 100 mm
away from the transmitarray lens, since the diameter
of the transmitarray is 200 mm.

In the measurement setup, the transmitarray and
the multi-layer feed antenna with the SUM-DIFF net-
work are mounted onto a plastic holder (Fig. 11). Two-
dimensional far-field patterns in the XOZ plane (E-
plane) and YOZ plane (H-plane) are measured in the
range of £60° at 10 GHz. Fig. 12 presents a compari-
son of sum patterns between simulation and measure-
ment. From the results we can deduce that co-polarized
sum beams in simulation and measurement agree
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Fig. 7 Transmission coefficient and transmission phase of transmitarray unit cells under oblique incidences with TE

polarization (a) and TM polarization (b)
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Fig. 9 Topology of the monopulse transmitarray antenna

well. The 3-dB beam widths of the sum beam are 11°
in both the E-plane and H-plane. The sidelobe level
of the sum beam is below —13.4 dB. In addition, the
cross-polarization level is below —20 dB. The mea-
sured gain of the sum beam is 21.5 dBi, which means
that the calculated aperture efficiency is 32.2%.
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Fig. 11 Fabricated prototype of the monopulse transmit-
array antenna (TA: transmitarray)

Furthermore, the normalized far-field SUM-DIFF
patterns from simulation (Sim.) and measurement
(Mea.) are compared (Fig. 13). The gain ratios between
the sum and difference beams are 7.56 dB and 4.7 dB
in the E-plane and H-plane, respectively. We can

improve the gain ratio performance of the monopulse
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transmitarray antenna by enlarging the size of the
transmitarray. This can be used to increase the gain of
the difference beam, thus reducing the discrepancy in
gain between the sum and difference beams. The null
depth of the difference beam is —18.6 dB in the E-plane
and -34.9 dB in the H-plane. The null width (the
angle between the two peaks of the difference pattern)
is 13° in both the E-plane and H-plane. However, the
results from simulation and measurement indicate that
the measured sidelobe levels and cross-polarized pat-
terns are both higher than the simulated ones. This
might be caused by manufacturing errors, installation
errors, or the reflection wave of the support struc-
tures. Figs. 14 and 15 show the E-field intensity and
phase distribution maps of the ACMA at a distance of
100 mm, where the transmitarray is placed. Taking
the DIFF2 feeding port as an example, the half area
along the negative X axis is obviously a discontinuous
area compared to that in Fig. 15a, when the SUM port
is excited. When we calculate the compensated phase-
shift distribution on the transmitarray, the reference

Intensity

(a)
Fig. 14 E-field intensity distributions of the feed antenna
at a distance of 100 mm when the SUM (a), DIFF1 (b), and
DIFF2 (c) ports are excited (the size of the observation plane
is 240 mmx%240 mm)

Phase (°)

Fig. 15 E-field phase distributions of the feed antenna at
a distance of 100 mm when the SUM (a), DIFF1 (b), and
DIFF2 (c) ports are excited (the size of the observation
plane is 240 mmx240 mm)

phase distribution should be as shown in Fig. 15a.
Hence, the discontinuous phase distribution of feed-
ing the DIFF2 port will result in gain loss of the far-
field pattern in the corresponding angle. This further
leads to the asymmetry of difference beams of the
transmitarray antenna in both the E-plane and H-plane.

Since all the subassemblies are based on micros-
trip structures, the cost, weight, and dimensions of the
proposed monopulse transmitarray antenna are greatly
reduced. Table 2 shows the comparisons with existing
comparable monopulse antenna designs. The first three
designs adopt a microstrip antenna array fed by a mi-
crostrip comparator. The performance of monopulse
microstrip antenna arrays is stable compared to that
of the last three antennas. However, since the number
of antenna elements in the microstrip array is large,
the structure of the microstrip comparator is complex.
The last three designs in Table 2 have a feed antenna
with a reflectarray or transmitarray, whose feed com-
parator is simple. Among the three designs, ours has
the highest aperture efficiency. Other reflectarray and
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Table 2 Performance comparisons

Operating Null Peak . .
SLL Aperture . Dimension
Reference frequency Antenna form (dB)  efficiency (%) depth gain (mm)
(GHz) (dB) (dBi)

Yu et al., 2009 5.5-6.75 MS antenna array+MS comparator -10 NA -28 18.4 210
Kumar and Kumar, 2018 8.6-10.6 MS antenna array+MS comparator -15 NA =35 244 240
Wang et al., 2006 13.85-15.1 MS antenna array+MS comparator -17 NA =30 245 280
Zhao et al., 2018 35 Horn+SIW comparator+treflectarray -12 22.4 -30 294 170
di Palma et al., 2016 10 Horn antennas+transmitarray -14.4 16.6 -22.7 232 300
This work 10 Multi-layer MS antenna+transmitarray —13.4 32.2 -18.6 21.5 200

MS: microstrip; SLL: sidelobe level; SIW: substrate integrated waveguide; NA: not applicable

reconfigurable transmitarray-based monopulse anten-
nas use horn antennas as the feed source. In contrast,
we use a multi-layer microstrip antenna as the feed
source, whose feed network is relatively simple and
has features such as light weight, low cost, and easy
fabrication.

4 Conclusions

An X-band monopulse antenna based on a trans-
mitarray is proposed in this paper. The combination
of ACMAs and a sum-difference comparator is intro-
duced as feed of the two-layered transmitarray, gener-
ating high-gain sum-difference patterns. Results from
simulation and measurement showed good agreement.
Sum beams with a 3-dB beam width of 11° and a
sidelobe level of less than —13.4 dB were realized.
Difference beams with gain ratios to sum beam of
5.6 dB in the E-plane and 4 dB in the H-plane were
generated. The proposed transmitarray-based mono-
pulse antenna has light weight, low cost, low profile,
and easy fabrication features.
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