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Design of a W-Band Dual-Circular-Polarization Monopulse
Cassegrain Antenna for Polarization Detection of Radar Target
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Abstract—A W-band dual-circular-polarization (dual-CP) monopulse Cassegrain antenna for
polarization detection of radar target is presented in this letter. The proposed antenna consists of a main
reflector, a sub-reflector, a dual-CP feed source based on the septum polarizer, and a comparator. Two
orthogonal circular-polarized signals [left-hand circular polarization (LHCP) and right-hand circular
polarization (RHCP)] electromagnetic wave can be transmitted and received simultaneously by this
antenna. The principle of the antenna is introduced and analyzed, and then a prototype of the antenna
is simulated, fabricated, and measured. Measured results are in good agreement with the simulated
ones. At 94GHz, the gains of the LHCP and RHCP sum beam (SUM beam) are 38.6 dBi and 38.8 dBi
counting the insertion loss of the comparator, which indicates that the radiation efficiency is better
than 44.2%. The 3-dB beamwidth is about 1.5◦ with a sidelobe level (SLL) of −16.6 dB, and the axial
ratio is lower than 1.43. A null depth of −26 dB for the difference beam (DIFF beam) is observed, and
the gain ratio between the LHCP monopulse beams is 5.9 dB. Measured results demonstrate that the
proposed antenna is very applicable in the polarization detection of radar target at W-band.

1. INTRODUCTION

Recently, due to the development of millimeter-wave components, radar working at W-band with narrow
beam, compact size, and high accuracy in angle measurement is widely employed in many areas,
such as target detection systems, meteorological radar, and security inspection system. Compared
to the single polarization antenna, the dual-polarization antenna is preferred [1–3] due to its ability
to suppress polarization mismatch and multipath interference. Dual-polarization radar systems can
get extra information like polarization scattering matrix from the echo in polarization domain besides
conventional time domain and frequency domain, which is very helpful in target classification and
identification, and greatly enhances the capability of radar target detection [4–6]. Therefore, a dual-
polarization sensor working at W-band is of great significance.

Compared to a linear polarization antenna, a circular polarization antenna has better performance
in transmission through the rain and frog. Meanwhile, circular polarization (CP) antenna can receive
the echo with any polarization angle. Therefore, dual-CP monopulse antenna is more critical in a
W-band dual-polarization detection system. Several dual-CP antennas have been proposed in the
literature [7–10], including microstrip array [7], substrate integrated waveguide (SIW) antenna [8], and
horn antenna [9, 10]. However, SUM and DIFF patterns cannot be generated simultaneously by these
dual-CP antennas, because the monopulse comparator is difficult to design in the restricted space,
where the distance between array elements should be less than λ (wavelength), especially at W-band.
Antennas based on the quasi-optic theory such as lens [11], reflectarrays [12, 13], and reflectors [14–16]
are potentially to be applied in the dual-CP monopulse antenna application at W band. Replacing the
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feeding horn of the dielectric lens with the dual-CP monopulse feed source [11] can easily make the
antenna satisfy the demands, but the dielectric lens antenna suffers great weight and long longitudinal
dimension. Reflectarray can generate dual-CP with the advantages of low cost and low weight, which can
be easily designed at W-band by minifying the dimensions proportionally. However, the transmission
loss is introduced by the longer feed waveguide because the T/R modulates are generally placed behind
the array [12, 13]. A W band parabolic antenna with a dual-CP monopulse feeder is researched [14].
However, it is not high in radiation efficiency due to the blockage introduced by the extra space of the
comparator. To decrease the blockage loss and longitudinal dimension, a Cassegrain antenna with a
sequential rotate polarization feed is developed [15, 16]. By using specific settings of the amplitude and
phase, linear (Horizontal and Vertical) or circular (Left and Right) monopulse patterns are produced.
However, four additional phase shifters are needed to adjust the phase of the polarization feed ports,
which introduces considerable insertion loss and makes the system more complex, less efficient, and the
LHCP and RHCP patterns cannot be radiated simultaneously.

To overcome these disadvantages of antennas in the works [7–16] in dual-CP monopulse applications,
a dual-CP monopulse Cassegrain antenna is presented in this letter. By employing the septum polarizer-
based feed source and the comparator for dual-CP, the antenna can radiate the monopulse patterns with
LHCP and the sum patterns with RHCP simultaneously, which has the advantages of low weight and
profile, and high radiation efficiency. In Section 2, the configurations and detailed design theory are
introduced. Measured and simulated results are compared and discussed in Section 3, and the conclusion
is given in Section 4.

2. ANTENNA DESIGN

The proposed Cassegrain antenna is demonstrated in Fig. 1, which consists of a parabolic main reflector,
a hyperbolic sub-reflector, the comparator, and a feed source. As shown in this figure, the main reflector
and sub reflector share a common focal point O′, and another focal point of the sub reflector is the
phase center of the feed source. The main reflector has a projected aperture in the xoy plane with a
diameter of Dm, and its focal length is Fm. The projected aperture of the hyperbolic sub reflector in
xoy plane is described as Ds, and the sub reflector edge angle is 2φ. The dimension parameters of the
reflector are optimized and obtained by a commercial simulation software HFSSv15 at 94GHz.

In our application, Dm is limited to 130mm, and for the realization of high radiation efficiency,
Fm/Dm is set as 0.46 (Fm = 60mm), which usually ranges 0.3 ∼ 0.5. Empirical formulaDs =

√
2Fmλ/k

given in [17] is employed to obtain the diameter of the sub reflectorDs, where λ and k are the wavelength
and blockage coefficient, respectively. To reduce the blockage and diffraction introduced by the sub

Figure 1. Geometry of the Cassegrain antenna system.
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reflector, we set Ds as 23mm and φ as 20◦. Thus, the contours of the main and sub reflectors in the
yoz plane satisfy z = 240y2 and z2/9.9472− y2/16.8292 = 1, respectively.

2.1. Design of the Septum Polarizer-Based Feed Source

The proposed feed source consists of four septum polarizers, which are arrayed as shown in Fig. 2. The
septum polarizer is a good candidate for dual-CP applications due to its advantages of wideband, low
axial ratio, and simple structure. A thin wall is placed in the middle of the square waveguide, and the
excitation port is divided in two. Two orthogonal circular polarization signals can be excited by the
two ports of the septum polarizer. As can be seen in this figure, the septum polarizer is composed of a
rectangular waveguide section, a septum section, and a square waveguide section.

Figure 2. The structure of the feed based on the septum polarizer.

Figure 3 is the schematic diagram of working principle of the septum polarizer. According to
the waveguide transmission theory, TE10 mode is the fundamental mode in the rectangular waveguide
section when port 1 or port 2 is excited, and the corresponding electric field is annotated as E. The
excited TE10 mode will be converted to TE10 and TE01 modes (annotated as E1 and E2) by the
septum section. The TE10 and TE01 modes are orthogonal, and they can propagate in the square
waveguide section. It is well known that the circular polarization can be generated when the horizontal
and vertical components of the electromagnetic wave are with the same amplitude and ±90◦ phase shift.
A five step spectrum wall is employed to finish the mode transformation. By adjusting the dimensions
of the step spectrum properly, the propagated TE10 (E1) and TE01 (E2) modes are tuned to satisfy
the condition of CP within the desired frequency band. A phase difference of 90◦ and equal amplitude
between E2 and E1 can be achieved. Thereby, port 1 can generate LHCP, and port 2 can generate
RHCP. The LHCP and RHCP electromagnetic waves can be radiated by the stepped septum polarizer
simultaneously.
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(a) (b)

(c) (d)

Figure 3. Schematic diagram of working principle of the septum polarizer: (a) TE10 mode at port
1; (b) TE10 and TE01 mode excited by port 1; (c) TE10 mode at port 2; (d) TE10 and TE01 mode
excited by port 2.

As illustrated in Fig. 2, there are eight excitation ports represented as 1–8 for the proposed feed
source. The LHCP is generated when ports 1–4 are excited, and the RHCP can be generated by the
excitation of ports 5–8. The aperture size of the square waveguide is adjusted to make the 10-dB
beamwidth of the feed source match the sub reflector edge angle 2φ, which is closely correlated to the
size of the feed source aperture. The optimized dimensions of the septum polarizers are also listed in
Fig. 2.

2.2. Design of the Dual-CP Monopulse Comparator

The dual-CP monopulse comparator is achieved by the waveguide form due to its low transmission lost at
W band. The diagram of the comparator is shown in Fig. 4, where the LHCP comparator is in Fig. 4(a)
and RHCP feed network in Fig. 4(b), respectively. Due to the advantages of high isolation and broad
band between the two output ports, a planar magic-T is employed to achieve the sum and difference
functions simultaneously, which is expressed as

∑
and ∆ in this figure. A T-junction power divider is

also used as the sum unit due to its easy fabrication. As shown in Fig. 4(a), by applying three planar
magic-Ts and one T-junction power divider, the monopulse comparator for LHCP is achieved. When
ports P1–P3 are excited, monopulse patterns can be radiated with LHCP. The difference between the
received amplitudes and phase by the monopulse beam of LHCP can be used to measure the direction
of the target. The SUM beam of LHCP can be applied to measure the range of the target. Therefore,
the measurement of direction and range of radar target can be achieved by the comparator of LHCP
independently. It can satisfy the main demand of the traditional radar. Three T-junctions are applied
to produce the SUM pattern for RHCP as shown in Fig. 3(b). It should be noticed that only the SUM
pattern is radiated for the RHCP. The monopulse comparator for RHCP can also be designed by adding
several planar magic-Ts and T-junction power dividers if necessary. The antenna proposed in this paper
is designed to work in two orthogonal polarizations, LHCP and RHCP. By receiving the echo of target
by the LHCP and RHCP SUM beams, information like the polarization scattering matrix of target in
polarization domains can be obtained, which is beneficial for target classification and identification [4].
By the application of the proposed dual-CP monopulse comparator, the capability of the radar in target
detection has been greatly enhanced. The simulation model of the proposed comparator is shown in
Fig. 5, and the key components like planar magic-T and T-junction power divider are marked in this



Progress In Electromagnetics Research Letters, Vol. 109, 2023 97

(a) (b)

Figure 4. Diagram of the proposed comparator: (a) The LHCP monopulse comparator; (b) The RHCP
comparator.

(a) (b)

Figure 5. Simulation model of the proposed comparator: (a) The LHCP monopulse comparator; (b)
The RHCP comparator.

Table 1. Phase values and radiation patterns for each port of the proposed comparator (unit: ◦).

Port 1 2 3 4 Patterns

P1 0 180 0 180 DIFF-pattern: LHCP-xoz plane

P2 0 0 0 0 SUM-pattern: LHCP

P3 0 0 180 180 DIFF-pattern: LHCP-yoz plane

Port 5 6 7 8 Patterns

P4 0 0 0 0 SUM-pattern: RHCP

figure to understand the design principle better. The relationship between the excitations of comparator
ports P1–P4 and the phase values of polarizer ports 1–8 is given in Table 1. Based on this conclusion,
the corresponding radiation patterns of the excitations for ports P1–P4 are determined, which are also
listed in this table. As listed in this table, the comparator can produce monopulse patterns in the xoz
plane and yoz plane for LHCP and the SUM pattern for RHCP simultaneously.

As shown in Fig. 6(a), the LHCP and RHCP monopulse comparators are designed together to save
space. The wide wall of the rectangular waveguide is 3.1mm to match the dimension of the feed source,
and the narrow wall of the waveguide is compressed to 0.8mm for low profile and easy matching. The
four output ports P1–P4 are standard WR-10 waveguide, whose aperture size is 2.54mm × 1.27mm.
The simulation result indicates that the insertion loss of the proposed comparator is about 0.49 dB for
LHCP and 0.41 dB for RHCP. The lower insertion loss of the comparator is attribute to the application
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of waveguide. Simulation result demonstrates that the amplitude and phase unbalance are within
0.22 dB and 2 deg, respectively. Within the frequency band from 92 to 96GHz, the S11 of ports P1–P4
are less than −15 dB, and port isolations are better than 32 dB. The rectangular waveguide cavity and
the slot are milled from the machined aluminum slices structure by a numerical control machine tool.
As shown in Fig. 6(b), the whole comparator structure is divided into four layers in order to facilitate
the manufacture. These four layers of machined aluminum structure are soldered to form the whole
proposed dual-CP comparator, and its thickness is only 10mm. A photograph of the prototype of the
comparator in shown in Fig. 6(c).

(a) (b) (c)

Figure 6. Models of the proposed comparator: (a) The simulation model; (b) The exploded views of
the machining model; (c) The prototype of the proposed comparator.

3. MEASUREMENT RESULTS AND DISCUSSION

A prototype of the proposed antenna is fabricated and measured as shown in Fig. 7. The measurement
is based on the entire antenna system including the sub-reflector, feed source, main reflector, and
comparator. As illustrated in Fig. 8, the measured S11 of ports P1–P4 are all below −12.8 dB within
the frequency range from 92 to 96GHz.

Figure 7. The photograph of the fabricated
prototype.

Figure 8. Measured S11 of the proposed antenna.

The simulated and measured normalized monopulse patterns with LHCP at 94GHz are compared
and shown in Fig. 9, and they are in a good agreement. For the SUM pattern in both the xoz and yoz
planes, the gain is 38.6 dBi; the beamwidth with 3-dB is about 1.5◦; and the SLL is less than −16.6 dB.
For the DIFF pattern, it is observed that the null depth is −40 dB in the xoz plane and −26 dB in the



Progress In Electromagnetics Research Letters, Vol. 109, 2023 99

(a) (b)

Figure 9. Normalized measured and simulated monopulse patterns with LHCP of the proposed
antenna: (a) in the xoz plane; (b) in the yoz plane.

Figure 10. Normalized measured and simulated patterns with RHCP of the proposed antenna.

yoz plane. The unbalance of two peaks for the DIFF pattern is less than 0.4 dB and 0.3 dB in the xoz
plane and yoz plane, respectively. Furthermore, the gain ratios of the monopulse patterns are lower
than 5.9 dB. A good performance of the antenna excited by port P4 with RHCP can also be observed
as shown in Fig. 10. The gain is 38.8 dBi; the beamwidth with 3-dB is about 1.5◦; and the SLL is below
−16.8 dB, whose performance is mainly similar to the LHCP SUM beam. The measured axial ratio
and gain of the proposed antenna system for LHCP and RHCP within the frequency range from 92 to
96GHz are shown in Fig. 11. It is observable from this figure that the gain of the antenna for LHCP
is better than 38.0 dBi, and that for RHCP is better than 38.1 dBi within the frequency range. The
axial ratio of the LHCP and RHCP patterns is below 1.56 dB, which demonstrates that the proposed
antenna has a good performance in circular polarization.

The performances of different W-band monopulse antennas are compared and listed in Table 2.
The aperture sizes of the antennas are different. To be fair, the total radiation efficiencies of the entire
antenna systems are compared. It is worth to notice that the insertion loss of W-band comparator is
taken into account for fair comparison of antenna gains in this table, which are eliminated in [15, 16].
As shown in this table, the same waveguide comparators are applied in [15] and [16]. It is worth noting
that four additional phase shifters are needed for this comparator to adjust the phase of the polarization
feed ports, which introduce the insertion loss about 1 dB. A SIW monopulse feeder, which consists of a
SIW slot antenna array and a SIW comparator, is employed as the feed source of the parabolic reflector
in [14]. The size ratio between the blockage and the reflector is about 0.29, and the simulated blockage
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Figure 11. Measured axial ratio and gain of the proposed antenna.

Table 2. Comparison of different dual-CP monopulse antennas working at W band.

Num Ref. [15] Ref. [16] Ref. [14] This work

Type

Waveguide

comparator

+horns

Waveguide

comparator

+patches

SIW

comparator

+SIW slots

Waveguide

comparator

+horns

Aperture

size (mm)
135 135 140 130

Gain

(dBi)
35.1 38.6 35.6 38.6

Total

EFF. (%)
18.2 41.2 19.1 44.2

loss is about 1.52 dB, which is one of the main reasons that the radiation efficiency is not very high.
Furthermore, the SIW monopulse feeder is excited by the waveguide, and the insertion loss introduced
by this transform structure is not to be neglected. For the proposed antenna in our paper, the phase
shifters are not needed in the comparator, and the feed source (septum polarizer) is excited by the
waveguide comparator directly. Therefore, the insertion loss introduced by the comparator and feed
source in our proposed antenna is much lower than those of the antennas in [14–16]. The total radiation
efficiency of our antenna for LHCP and RHCP at 94GHz is 44.2%, which indicates that the proposed
antenna can radiate with better aperture efficiency than the antennas in the listed references.

4. CONCLUSION

A W-band dual-CP Cassegrain antenna with monopulse patterns is designed, fabricated, and measured
in this letter. By applying a septum polarizer based-feed source and dual-CP monopulse comparator,
the proposed antenna can transmit and receive two orthogonal circularly-polarized signals LHCP and
RHCP simultaneously. The measured results show a good agreement with the simulated ones. For
the LHCP and RHCP at 94GHz, the 3-dB beamwidths are both about 1.5◦, and the SLLs are under
−16.6 dB. The gain is better than 38.6 dB with an axial ratio of 1.43 dB, which indicates that the
radiation efficiency of the radiated LHCP and RHCP is better than 44.2%. The results demonstrate
that the proposed antenna is a good candidate for dual-CP monopulse detector systems at W-band.
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