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W-band high aperture efficiency monopulse Cassegrain antenna
based on aperture field approach

ZHENG Pei, ZHAO Guo-Qiang”, JIN Cheng, SUN Hou-Jun
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Abstract: A high aperture efficiency W-band Cassegrain dual-reflector monopulse antenna is proposed for helicop-
ter collision avoidance radar applications. Aperture field approach method has been investigated to increase the
whole performance of the proposed antenna with unequal phase aperture distribution in W-band. The proposed mo-
nopulse antenna integrated with the aperture size of 135 mm and focal length of 40. 5 mm was fabricated. A sum-
difference network based on the E-plane branch line bridge was designed to test the antenna. Measured results show
that the gain of the antenna is 38. 6 dBi at 93 GHz, corresponding to the aperture efficiency of 54. 7% . In addition,
it owns the null-depth better than —24 dB and the side-lobe below —18 dB. Measured results are in good agree-
ment with predicted ones. It is demonstrated that the proposed structure is an attentive candidate of high aperture ef-

ficiency W-band monopulse antenna.
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Introduction

Recently, the challenging of obstacle avoidance has
witnessed explosive growth driven by the low-altitude air-
crafts development. For example, helicopters are com-
monly used for the agricultural insecticide spraying oper-
ation and the aerial photography, and they will fly at very

low altitudes closing to the ground"''. Encountering nat-
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ural and man-made obstacles is the biggest risk for low-
altitude aircrafts, like helicopters. With the development
of computational capacity, sensor capability and signal
processing technique, a variety of avionic auxiliary e-
quipments has been adopted in the low altitude flight re-
gimes. Though optical sensors like laser radar'®’ or opti-
cal imaging radar"®’ have higher location accuracy of ob-
stacles, they cannot work under all-weather conditions
and need complex image-processing stage. Microwave ra-
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dar is larger and has lower detection accuracy'*'. With
increasing of the demand for more comfortable and safer
aircrafts, millimeter wave radar can help drivers to deal
with complex traffic scenarios and improve the user-driv-
ing experience. Within it, the micrometerave antenna is
the core component. For the radar to monitor the sur-
rounding accurately, the antenna is required with high
efficiency to obtain high gain, better positioning accuracy
under the condition of limited aperture, low side-lobe
level to avoid false-alarm, and low profile to save space.

Reflector antennas or lens antennas are preferred
comparing with the others by using of dielectric substrate
material, because the loss of substrate at W-band is
large. The encouraging progresses in dielectric lens de-
sign are studied in Ref. 5-7, but the cost is very high.
Though reflectarray antennas have been employed in
many areas'® | some drawbacks exist when working at
W-band. A W-band planar Fresnel printed reflector an-
tenna with the aperture size of 130 mm is introduced
in"”!. However, the aperture efficiency of the antenna is
only 35. 3% . A 94 GHz offset dual-reflector antenna
with reflectarray sub-reflector was proposed''®’ for beam
steering application, with the aperture size of 120 mm
and aperture efficiency of 53% . However, this antenna
is bulky and the reflectarray sub-reflector is complicated.
A 300 mm W-band offset-feed reflector antenna is pres-
ented in Ref. 11 for radiometer application. In this anten-
na, the multi-mode feed was designed to reduce the am-
plitude of cross-polarization, but the measurement gain is
41. 18 dBi with the aperture efficiency of only 15.2%.

A high aperture efficiency W-band Cassegrain mo-
nopulse antenna is proposed in this paper. The antenna
consisting of metal parabolic main-reflector and hyper-
bolic sub-reflector is a good candidate in W-band for hel-
icopter collision avoidance applications. It has been said
that the blockage and near-field effects on smaller size
and lower profile aperture based on the traditional Cas-

. o [1243] !
segrain antenna are serious Hence, aperture field
approach was adopted and investigated to design the pro-
posed high aperture efficiency antenna, which is with
lower profile and better performance than the traditional
approaches of Cassegrain antenna.

The designed antenna is integrated with a sum-
difference network. The reflection coefficient and radia-
tion characteristics of the designed W-band Cassegrain
monopulse antenna were measured. Results show that the
antenna exhibits a high gain of 38. 6 dBi with the aper-
ture of 135 mm. The aperture efficiency is calculated to
be 54.7% . It is found that the proposed structure is an
attractive and promising candidate to design high aperture
efficiency Cassegrain monopulse antenna in W-band, al-
though it is a challenge to design passive components
with rigorous specifications to avoid high fabrication toler-
ance.

1 Proposed antenna geometry and anal-
ysis

In order to integrate the antenna system with the air-
crafts configuration, Cassegrain dual-reflector system
consisting of a parabolic main-reflector and a hyperbolic
sub-reflector is considered here. Figure 1 shows the ge-

Parabolic main-reflector

Hyperbolic
sub-reflector
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Fig.1 Geometry of the high aperture efficiency W-
band Cassegrain dual-reflector monopulse antenna
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ometry of the studied Cassegrain antenna with a sum-
difference network integrated on the back of parabolic
main-reflector. The parabolic main-reflector is described
by the diameter D, of its XY plane projected circular ap-

erture, focal length F,, and half of the main-reflector

edge angle observed of §. The hyperbolic sub-reflector
has a projected aperture in the XY plane with a diameter
of D, focal length of 2¢, and the half of the sub-reflector
edge angle of ¢.

It is known that the antenna gain can be calculated
as

2
¢ =10 logK'sup(wf”’) (dBi) , (1)

where k is efficiency factor, g, is the aperture efficien-
cy, and A is the wavelength of free space in mm. The
helicopter collision avoidance radar has a limited require-
ment on the antenna of aperture D, with 135 mm and fo-
cal length F, of 40. 5 mm, due to the space constraint
and the scanning angle of servo platform. The contour of
the main-reflector should satisfy y* = 162x. Aperture effi-
ciency improvement of the proposed antenna is a critical
problem for designing W-band Cassegrain antennas.

Two design methods based on the theory of equal
path equal phase'”! and Gaussion mode analysis ™! | re-
spectively, have been proposed before. Because of the
short focal length in the Cassegrain antenna, the main-
reflector is placed in the near-field range of the sub-re-
flector and the sub-reflector is also placed in the near-
field range of the feed. So, the wave-front of the W-band
signal radiating from the sub-reflector is not equiphase
when they reach the main-reflector, and unequal phase
aperture distribution and aperture efficiency declining are
realized. Hence, the two design methods mentioned a-
bove are not suitable again for the short focal length Cas-
segrain antenna working in W-band.

Aperture field approach is adopted in this paper to
solve this problem. For the axisymmetric antenna with a
finite aperture D, , one-dimensional aperture field distri-

bution E(x,) and its far-field distribution E( @) are re-
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ciprocal Fourier transforms, given by '

Dr/2 .
E( 0) = J' E(x/\)eﬂﬂ”s”wdx/\

_ZA/z @)
E(x)\) = J' E(Sine)e—ﬂm’)\sinﬁd(sine)

where,x, =x/A, D, =D/A. Far-field distribution is de-
termined according to the system requirement that is 3dB
sum-beam width 1.55°, first side-lobe level of sum-beam
less than — 18dB. And then, aperture field distribution
is obtained by Fourier transform. Based on classic theory
of near-field aperture field distribution and the boundary
conditions in full-wave analysis software, the contour of
the sub-reflector is determined by

L
{7. 13?2 6.36 - (3)
D, =16.29 mm

It should be pointed out that the contour of the sub-

reflector based on the equal path equal phase theory is
o2 ) ¥ |

12.22* 11.96

Cassegrain dual-reflector systems designed based on
the above-mentioned two methods are excited by an inci-
dent electromagnetic plane wave and simulated by hybrid
algorithm of physical optics method and multilevel fast
multipole approach built-in FEKO. The normalized re-
sults at 93 GHz are shown in Fig.2. The gain of the an-
tenna designed by using of the aperture field approach is
39.9 dBi, and the corresponding aperture efficiency is
56% . It is much better than the performance of the an-
tenna based on traditional method, whose gain is only
36. 1 dBi while the corresponding aperture efficiency is
23.2% . In addition, the antenna designed by the aper-
ture field approach obtains lower first side-lobe level than
the one designed by traditional method.

2 Experiments and measurement results

A sum-difference network consists of four E-plane
branch line couplers''®’ and four 90° delay lines was de-
signed to test the proposed W-band monopulse cassegrain
antenna. 90° delay transmission lines are added after the
90° couplers to mimic the function of in- and out-of-
phase feeding mechanism. The sum-difference network
can be constructed in a compact layout as shown in Fig. 3
(a). The photograph of the fabricated sum-difference
network is shown in Fig. 3(b). All ports are standard
WR-10 W-band waveguides, with cross-section dimen-
sion of 2.54 mm x 1.27 mm. The measured reflection
coefficient is less than —15 dB and the isolation greater
than 21 dB from 90 to 98 GHz. The variation of magni-
tude and phase are within +1.25 dB and + 18°, re-
spectively.

The proposed antenna integrated with the sum-
difference network was fabricated and measured operating
from 92 to 94 GHz. Figure 4 shows the prototype of the
fabricated monopulse antenna. The radiation patterns are
simulated and measured to demonstrate the radiation
characteristics of the proposed monopulse cassegrain an-
tenna. Figure 5 is the measurement diagram of the pro-
posed antenna.

Figure 6 shows the normalized sum radiation pat-

Fig.2 Simulated results of sum beam between two methods
(a) H-plane, (b) E-plane
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terns at 93 GHz in H-plane and E-plane. The measured
gain of the antenna is 38.6 dBi. The first side-lobe lev-
els are -20 dB in H-plane and -18.6 dB in E-plane. The
3 dB beam-widths are 1.55° in H-plane and 1.56° in E-
plane. The corresponding aperture efficiency is calculat-
ed to be 54.7% from the experiment results by elimina-
ting the loss and phase errors of the sum-difference net-
work. Table 1 is the aperture efficiency comparison. The
proposed antenna shows the best aperture efficiency.

Table 1 Aperture efficiency comparison
F1 BHHRESRMREMNSNELERLE ORRESS

Aperture size/mm

Aperture efficiency

W-band lens antennal”] 100 32.8%
W-band planar Fresnel printed reflector

(9] 130 35.3%
antenna
A 94 GHz offset dual-reflector antenna

. [10] 120 53%

with reflect array sub-reflector
A 300 mm W-band offset-feed reflector

[ 300 15.2%
antenna
The proposed antenna in this paper 135 54.7%

The normalized difference radiation patterns are shown in
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Fig.3 The waveguide sum-difference network. (a)
Layout, and (b) fabricated photograph
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Fig.4 Prototype of the fabricated monopulse antenna system
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Fig.7. The null-depth is -25.3 dB in H-plane and -
24.7 dB in E-plane. The amplitude balance between the
two peaks is less than 0.5 dB both in H and E-plane.
The gain ratio of sum- and diff-beam is 3. 6dB in H-
plane and 3. 4dB in E-plane. It should be pointed out
that the first side-lobe level unbalance of measured pat-
terns is mainly because of the sub-reflector departing
from axis. The distal side-lobe level of measured differ-
ence radiation patterns is superior to simulated ones.
This is probably due to some reasons, including connec-
tion loosening between test components, harmonic mixer

Fig.5 Measurement diagram of the proposed antenna
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Fig. 6 The measured and simulated normalized sum radiation
patterns of the proposed antenna (a) H-plane,(b) E-plane
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working unstably, turntable jitter. In addition, the meas-
ured radiation patterns are only from —45° to 45° due to
the measurement system. The plotted patterns show good
agreement between the measured and simulated results.
Figure 8 shows the H and E-plane voltage ratio be-
tween difference and sum beams. Firstly, the two curves
are almost overlapping, indicating good symmetry of the
proposed antenna. Secondly, the two curves have larger
slope, which will bring about the better angle measuring
accuracy of the target. In general, the antenna proposed
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Fig.7 The measured and simulated normalized difference ra-
diation patterns of the proposed antenna (a) H-plane, (b) E-
plane

K7 WFFE R LI — 2277 1w Ty A5 R L (a) H
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Fig. 8 The measured E- and H-plane voltage ratio between
difference and sum beams
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in our paper presents an excellent candidate in the W-
band monopulse system.

3 Conclusion

In this paper, a W-band high aperture efficiency
monopulse Cassegrain antenna has been proposed for the
helicopter collision avoidance radar. The parameters of
the proposed Cassegrain antenna were designed based on
the aperture field approach instead of traditional method.
The antenna has been fabricated with integration and its
radiation characteristics have been demonstrated. Both
simulated and measured results have shown that the pro-
posed Cassegrain dual-reflector antenna based on aper-
ture field approach is a promising candidate for W-band
antennas with high gain, high aperture efficiency and low
side-lobe levels.
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