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Design of a monopulse feeding network including a compact power distribution network and a monopulse comparator for a dual
polarization slotted waveguide array fabricated on an annular disk is presented in this paper. As the slotted waveguide array is
arranged on an annular disk, the feeding network is more complicated than that of a regular array such as a rectangular array. The
design details of some key waveguide components, such as the compact assembly of H-plane T-junctions and E-plane elbows used
to connect power distribution networks and radiation waveguides, are provided. Quasiplanar magic tees are designed and used to
construct the compact sum and difference comparator. The antenna system contains two comparators, which are used to generate
sum and difference beams for horizontal polarization and vertical polarization, respectively. Finally, the monopulse slotted
waveguide array antenna is divided into two modules, a comparator module and an antenna module (including power dis-
tribution network), and fabricated with the layered processing and bonding process. The comparator module is measured using
a network analyzer to verify its amplitude-frequency characteristics and phase-frequency characteristics. Screwing the comparator
module and the antenna module together, a monopulse slotted waveguide array antenna is obtained, and the sum beam and

difference beam characteristics of the antenna are measured in a microwave chamber and presented.

1. Introduction

A tracking radar is widely used not only in military de-
partments, such as fire control of weapons and missile
guidance, but also in civil fields, such as satellite tracking [1]
and meteorology [2]. If the measurement is not based on one
pulse but on multiple pulses, the amplitude fluctuations
between the echo pulses will affect the tracking accuracy [3]. A
radar system that can provide angle error information with
only one echo pulse is called a monopulse (or simultaneous
lobing) radar. In a monopulse radar system, the antenna must
generate more than one receiving beam. By comparing the
relative amplitude or phase of different beams, the angle of the
echo signal (i.e., the angle of the target) can be obtained. Based
on two receiving beams, only a single plane’s angle error
information can be obtained. Therefore, in order to achieve
two-dimensional tracking of the target, which involves
obtaining both azimuth and elevation angle error in-
formation, four antenna beams are required.

The antenna forms of monopulse tracking systems
mainly include reflector antennas, slotted waveguide an-
tennas (SWAs), and microstrip patch array antennas. Due
to significant feed line losses [4-7], especially at high
frequencies, microstrip patch antenna arrays are mainly
used in low-frequency systems. Both the reflector antenna
and SWA can be fed using waveguide-based feeding net-
works to fully utilize the low loss characteristics of
waveguides. Reflector antennas are three-dimensional
structures, which are usually larger in size. The SWAs,
on the other hand, are planar structures, which are compact
and reliable, making them more suitable in space limited
platforms, such as certain aircraft, than the reflector an-
tennas [8]. In a SWA monopulse antenna, the antenna
aperture is usually divided into four quadrants. Each
quadrant contains a slotted waveguide subarray, which is
fed by a power distribution feeding network (PDFN). Four
subarrays are connected to a comparator network to
provide the sum (carrying distance information), the
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azimuth difference (carrying azimuth angle information),
and the elevation difference (carrying pitch angle in-
formation) signals. The comparator contains four hybrids
(magic tees or equivalent), and this is similar to most
comparators for two-dimensional monopulse tracking an-
tennas [9-11]. Here, the PDFN (feeding the subarray) and
the comparator are collectively referred to as a monopulse
feeding network (MFN).

A design of the W-band dual polarized SWA on an
annular disk has been presented in our previous paper [12],
which focuses on the arrangement of rectangular wave-
guides and ridge waveguides in limited space, the layout of
two polarization slots on a circular disk, and the optimi-
zation method of the slot parameters, and so the design
details of the PDEN for feeding the SWA are not specifically
introduced. In this paper, an irregular PDFN (composed of
several key waveguide components) adapted to the slotted
waveguide array arranged on the annular disk will be given,
and more importantly, the design of two comparators (for
two different polarizations) adapted to the SWA designed
will be presented. The comparators are compact in terms of
height as they are designed based on a kind of quasiplanar
magic tee [13]. The MFN composed of the power distri-
bution network and the comparator is then integrated
with the SWA to obtain the final dual polarization
monopulse SWA.

2. Design of the Monopulse Feeding Network

2.1. Design of the Power Distribution Network. The slotted
waveguide array to be fed has two characteristics: orthogonal
dual polarization and annular aperture. To provide the
orthogonal dual polarization, the combination of two sep-
arate waveguide arrays of vertical polarization (VP) and
horizontal polarization (HP) is usually used. Many building
blocks have been reported [14-16] in the C-band and X-
band where the slotted waveguide and feeding structures are
relatively easy to process. However, those structures are no
longer applicable in the W-band due to fabrication diffi-
culties. In our design, a broad wall longitudinal offset slot
array and an edge wall inclined slot array [12] are used to
provide HP and VP, respectively. The typical feeding method
of the slotted waveguide array is shown in Figure 1, where
the feeding waveguide is placed under the radiating wave-
guide array and distributes power though the coupling slots
cut in the shared wall of the radiating waveguide and feeding
waveguide.

This feeding technique is no longer applicable to our
design due to two reasons: (a) the antenna aperture is cir-
cular so the ends of all the radiating waveguides are not able
to arrange in a straight line and (b) the bottom walls of the
ridged waveguides of the HP array and the side walls of the
rectangular waveguides of the VP array are not wide enough,
so the coupling slots cut in those walls cannot provide
enough coupling to the feeding waveguide.

One quadrant of the annular SWA of our design is
shown in Figure 2, where Figure 2(a) is the front of the SWA,
Figure 2(b) is the two PDFNs (for dual polarizations) on the
back of the array, and Figure 2(c) is the 3D view of the
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interconnection between the feed network and the radiation
waveguide. The HP slots and VP slots are cut on a thin metal
layer covering the HP radiation waveguides and VP radi-
ation waveguides, respectively. The layout of the PDFN is
determined by the radiation waveguides distributed along
the annular disk and the stacking and interconnection de-
tails of the radiation waveguide and two PDFNs can be
found in Figure 2(c), where a local part of the VP feeding
network is cut open (see the dashed frame) to display the
connection detail of the HP feeding network and the HP
radiation waveguides. The HP waveguides are bent and
transformed to rectangular waveguides placed at the back of
the array and then connected to a waveguide power divider
network. For the sake of clarity, only the waveguide air
cavities (without metal wall) are given in Figures 2(b) and
2(c). In the VP array, every two adjacent waveguides are
combined through waveguide bends to an H-plane T-
junction (TH in Figure 2(c)) firstly and then bend the
main arm of T-junction to the back of the array and con-
nected to a waveguide power divider network.

For clarity, the PDFNs of HP and VP are pulled out, as
shown in Figures 3 and 4, respectively. Key waveguide
components of the PDFN to be discussed here include
a compact 1 to 4 power divider (as in the dashed box en-
larged and placed in the upper right corner in Figure 3),
arectangular waveguide to ridged waveguide transition bend
(as in the dashed box enlarged and placed in the upper left
corner in Figure 3), and a compact assembly of 1 to 2 power
divider and E-plane waveguide bends (as in the dashed box
enlarged and placed in the upper right corner in Figure 4).
The orange parts of Figures 3 and 4 are identical PDEN,
which is an unequal power distribution network that in-
cludes three unequal power dividers T1, T2, and T3. The
electromagnetic wave amplitude along the diameter of an
annular array should be evenly distributed to obtain good
side lobe characteristics. Therefore, the power distribution
ratio of T1, T2, and T3 must be 4 : 7 (where the meaning of 4:
7 is that the ratio of power distributed to two subports is 4 to
7), 3:4, and 1:2, respectively, to enable each radiating
waveguide obtaining the same power. On the other hand, it
is necessary to ensure that the waves arriving at all subport
are in phase, i.e., all the wave path lengths from main port P1
to all subports must be equal.

2.1.1. Compact 1 to 4 Power Divider of HP PDEN. Due to the
dense arrangement of the radiation waveguide array, the
space for the associated PDFN is also very small.

In particular, a compact 1 to 4 power divider for the HP
waveguide array is required. Generally, a 1 to 4 power di-
vider can be composed of three identical 3 dB power di-
viders, and the input ports of the two secondary-stage 3 dB
power dividers are connected to the output ports of the first-
stage 3 dB power dividers. However, the connection wave-
guide of the two-stage 3 dB power divider needs to be rel-
atively long so that the first and second stages do not
interfere with each other. In our design, there are many
matching steps and wedges, and all matching structures of
this compact 1 to 4 power divider need unified parameter
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FIGURE 1: Typical feeding method of the slotted waveguide array.
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FIGURE 2: Dual polarization SWA and PDFN: (a) front of the slotted waveguide array, (b) feeding network on the back, and (c) 3D view of
the interconnection between the feed network and the radiation waveguide.
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FiGure 4: PDFN of vertical polarization.

optimization. The 1 to 4 power divider (with a central
operating frequency f, of 94.7 GHz) is finally designed
based on a rectangular waveguide of 0.6271, x 0.31351,
(width x height, A is the center frequency wavelength of free
space); the designed 1 to 4 power divider is shown in
Figure 5(a), the optimized structural parameters of the
power divider are given in Table 1, and the corners of the
steps have been chamfered (chamfer radius is 0.0781,) for
ease of machine processing. The simulated results are given
in Figure 5(b); it can be seen that the power input from port
1 is approximately distributed evenly to ports 2~5, and the
reflection coefficient of port 1 is less than —30 dB.

2.1.2. Rectangular Waveguide to Ridged Waveguide Transi-
tion Bend of HP PDFN. A ridged waveguide, which has
smaller width than the rectangular waveguide, is used to
form the HP slotted radiation waveguide array to save space.
The ridged radiation waveguide should be connected to the
feeding rectangular waveguide through a waveguide bend
transition, as shown in Figure 6(a).

The main match structure is a corner step, and by op-
timization of two parameters ¢, and ¢, of the step and the
length ¢; of the connecting waveguide, it is easy to obtain
abend transition with good transmission characteristics. The
final optimized parameters are given in Table 2, and the
simulated transmission and reflection results of the final

optimized waveguide bends are given in Figure 6(b); the
reflection coefficient is less than —20 dB in a 10% frequency
bandwidth.

2.1.3. Compact Assembly of 1 to 2 Power Divider and E-Plane
Waveguide Bend of VP PDFN. In addition to small space,
a compact assembly of a 1 to 2 power divider and waveguide
E-plane bend is required for connecting VP radiation wave-
guides and PDFN. The assembly consists of an H-plane T and
three E-plane bends. As shown in Figure 7(a), many matching
structures, including corner steps, stepped gaps, and chamfers,
are used to obtain good transmission characteristics. Opti-
mized parameters of these matching structures are given in
Table 3. The simulation results of the assembly are given in
Figure 7(b); the reflection parameters are better than —33 dB,
and the power is evenly distributed to ports 2 and 3.

2.1.4. Design of 4: 7 Unequal Power Divider. As described in
Section II-A, the design of a 4: 7 power divider will be given
here as a representative of the unequal power distributor.
The structural details and simulation results of the 4:7
power divider are shown in Figures 8 and 9.

Structure parameters of the 4:7 power divider are
given in Table 4. It can be seen from Figure 9(a) that the
return loss is better than —35dB, and the transmission
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FIGURE 5: 1 to 4 power divider: (a) structural diagram and (b) simulated scattering parameters.
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FIGURE 6: Rectangular waveguide to ridged waveguide transition bend: (a) structural diagram and (b) simulated scattering parameters.

TaBLE 2: Structural parameters of the rectangular waveguide to ridged waveguide transition bend.

51
0.07),

G
0.091,

C3
0.266),

Cq
0.134,

Cs5
0.151,

C6
0.27),

C7

0.53),

coefficients S21 and S31 are —-4.4dB and -2dB, re-
spectively, meeting the power allocation ratio of 4:7. The

phase-frequency characteristics of the electromagnetic  in phase.

signals of port 2 and port 3 are also given in Figure 9(b),
indicating that the signals of the two ports are basically
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parameters.

TaBLE 3: Structural parameters of assembly of 1 to 2 power divider and E-plane waveguide bend.
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FIGURE 8: Structural details of the 4:7 power divider.

2.1.5. Overall Performance of the VP PDEN. After the design
of the key waveguide components mentioned above is
completed, the PDFN can be formed through these com-
ponents and some necessary waveguide connectors such as
the 3 dB waveguide power divider and waveguide bend, and
it is necessary to ensure that all path lengths from port 1 to
other ports are equal. Here, we only give the simulation
results of the overall structure of VP PDEN; the overall
characteristics of the HP PDFN are similar. The port number
of the network is shown in Figure 10(a), and the simulated
amplitude-frequency characteristics and phase-frequency
characteristics of the scattering parameters are shown in
Figures 10(b) and 10(c), respectively. The reflection co-
efficient is less than —25dB at most frequencies, and the
power is basically evenly distributed to each subport. It
should be noted from Figure 10(c) that the phases of
neighboring output ports are out of phase, and this means
that adjacent radiation waveguides of the VP array are

excited by polarization inverted electromagnetic waves, so
the slots of the VP antenna must be so designed that the slot
inclination directions at the same positions of two adjacent
waveguides must be opposite to each other, see Figure 2(a).

2.2. Design of the Sum and Difference Network. As known to
all, to generate sum and difference beams for a monopulse
system, a comparator network is required. Because there are
two types of slot arrays (with orthogonal polarization) in our
design, two comparator networks are needed, which are
connected separately to the VP array and HP array to
generate their respective sum and difference beams. The key
component of the comparator network is the quasiplanar
magic tee (QPMT) shown in Figure 11. Compared with the
traditional magic tee, the QPMT is compact and easy to be
fabricated with the layered processing and bonding process.
The QPMT is composed of an H-plane tee junction (HTJ),
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FIGURE 9: Simulated results of the 4:7 power divider: (a) scattering parameters and (b) phase-frequency characteristics.

TABLE 4: Structure parameters of the 4:7 power divider.

fa fs fa fs
02381, 0.331, 0.0351, 0.0631,

f1
0.0381,

a waveguide, and a coupling hole. The waveguide is offset on
one side of the main arm axis of the HT] and connected with
the HTJ through the coupling hole. The HTJ has a slot for
impedance matching. The simulated results of the optimized
QPMT are shown in Figure 12. It can be seen that when
incident at port 1, the input power is divided equally and in
phase to ports 2 and 3, see Figure 12(a), and when incident at
port 2, the input power is divided equally and out of phase to
ports 2 and 3, see Figure 12(b). The reflection and isolation
characteristic curves are better than 20 dB; see Figure 12(c).

Based on four QPMTs (enclosed in the dashed circle in
Figure 13), a comparator for the VP array is designed and
shown in Figure 13. The comparator for the HP array is
similar and not given any more. The reason why the
comparator is designed in this shape is to match the dual
polarization array on the annular disk. A split structure
diagram shown in Figure 14 is used to illustrate the spatial
layout relationship between the radiation waveguide array,
the PDFN, and the sum and difference comparator, and for
clarity, only one quadrant of the waveguide array and its
PDEFN is shown.

Referring to Figure 13, the small arrows at ports 1, 2, 3,
and 4 represent the integration line direction of the wave-
guide port set in HFSS. Let us use ports 1 and 4 to explain
why the integration line directions are set in this way. When
incident at port Sum, electromagnetic waves reached at ports
1 and 4 are out of phase because ports 1 and 4 are separately
connected with the E-plane elbows and the two elbows bent
90° in the opposite direction. Therefore, the integration line
directions at ports 1 and 4 are set to be opposite to each
other. Waveguide ports marked as Sum, Az., Pit., and Idle
are sum beam port, azimuth difference beam port, pitch

difference beam port, and idle port (connected to a matching
load and not used), respectively. The simulated results of the
comparator are shown in Figure 15. It can be seen from
Figures 15(a)-15(c) that when incident at ports Sum, Az,
and Pit,, respectively, electromagnetic waves are almost
evenly distributed (standard value -6.02 dB) to ports 1, 2, 3,
and 4. When incident at port Sum, all the distributed
electromagnetic wave signals at ports 1~4 are in phase; when
incident at ports Az., ports 1 and 4 are in phase and ports 2
and 3 are also in phase, but ports 1 and 2 are out of phase
(ports 3 and 4 are also out of phase, of course); and when
incident at port Pit., ports 1 and 2 are in phase and ports 3
and 4 are also in phase, but ports 1 and 3 (or ports 2 and 4)
are out of phase. The amplitude and phase relationship
between the ports described above shows that the com-
parator we designed is a good sum and difference beam-
forming network. Typical port reflection coefficients of the
comparator are given in Figure 15(d), nearly —20dB in the
most frequency band.

3. Fabrication and Measurement

Finally, the monopulse SWA is divided into two modules for
easy processing and testing, a comparator module and an
antenna module (including SWA and PDFN). The com-
parator model established in structural design software is
shown in Figure 16, and the antenna module has been
described in detail in [12] and will not be given again here.
The two modules are fabricated with the layered processing
and bonding process. During the processing, every model is
divided into several thin aluminum alloy layers from the top
to bottom, which are separately milled out in the machining
center and then laminated and diffusion bonded together.
The manufactured MFN prototype is shown in Figure 17.
The waveguide port of the prototype is not a standard
waveguide port, and the distance between adjacent ports is
too close, so it must be connected to the standard
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Figure 10: Simulated results of VP PDFN: (a) port number, (b) amplitude-frequency characteristics of the VP PDFN, and

(c) phase-frequency characteristics of the VP PDFN.

waveguide port of the network analyzer through a tran-
sition during testing; see Figure 18. The measured results
of the comparator are shown in Figure 19, and it can be
seen from Figures 19(a)-19(c) that when incident at ports
Sum, Az., and Pit., respectively, the power distributed to
ports 1~4 is approximately —6.8 dB each, and this value is
0.8 dB lower than that of the simulated results, which is
supposed to be caused by the conductor loss of the
waveguide. The in-phase or out-phase pattern of the
measured results is consistent with the simulation results;
however, due to the inclusion of transitions in the mea-
suring, the length of the channel is increased, so the phase
values in the simulation and test results are different. Port
reflection coefficients of the comparator are given in
Figure 19(d), better than -15dB in the most
frequency band.

In our previous paper [12], we presented a fabricated
SWA. Due to the fine structure in the W-band, it is very
difficult to process the waveguide slot, and the VP array is
slightly damaged locally; see the area enclosed in the red
dotted box in Figure 20(a). The antenna has been reproc-
essed and has not suffered any damage this time; see
Figure 20(b). Then, by screwing the comparator and SWA
together, a monopulse SWA is obtained. Radiation patterns
of the monopulse antenna are measured in a microwave
chamber. The measured sum and difference patterns at the
center frequency f, are given in Figure 21. The measured
sum beam gains of the HP and VP are 35.9dBi and 35.6dBi,
respectively, and the sum beam side lobe levels (SLLs) of HP
and VP are —10.5dB and —10 dB, respectively, and the 3dB
sum beam widths of HP and VP are both 1.2° see
Figures 21(a) and 21(b). The antenna we designed is used for
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FiGure 13: Comparator for the VP array.

Radiation
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VP comparator
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FIGURE 14: Split structure diagram of the monopole SWA.

a radar prototype, mainly to verify the distance detection
ability of the dual polarization antenna for complex targets
(with polarization rotation), and this task mainly relies on
two polarized sum beams to complete. The radar prototype
also needs to have a certain degree of direction-finding
ability. In order to reduce receiver costs, only the pitch
difference and azimuth difference beams of a single polar-
ization are used. The horizontal polarization is selected, and
the measured difference beams are shown in Figures 21(c)
and 21(d).

The reflection coefficients of the antenna are measured
with a vector network analyzer, and the results are shown in
Figure 22; it can be seen that the reflection characteristic (less
than —15dB at most frequencies) of the HP is better than

that of the VP; the reason is supposed to be that edge wall
inclined slots of the VP slotted waveguide array are smaller
than the broad wall longitudinal slots of the HP slotted
waveguide array, so the VP slots are more difficult to ma-
chine and a small machining error has a greater impact on
the antenna performance including reflection characteris-
tics. It is very difficult to quantitatively determine the impact
of machining errors on the antenna performance, but
qualitatively speaking, the machining errors of the feeding
network, especially the blockage caused by solder, will be
clearly reflected in the reflection coefficient characteristics.
The machining errors of the gaps affect not only the re-
flection coeflicient but also the gain and side lobes, but have
a relatively small impact on the 3 dB beam width.
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FIGURE 16: Comparator model.
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4. Conclusion

A design of the monopulse feeding network for a dual po-
larization slotted waveguide array fabricated on an annular
disk is presented in this paper. The monopulse feeding net-
work of each polarization is composed of a power distribution
network and a comparator. The power distribution network is
irregular because the slotted waveguide array is arranged on
an annular disk. The design details and simulation results of
the several key components of the power distribution network
are presented. Quasiplanar magic tees were designed and used
to construct the compact sum and difference comparator. The
antenna system consists of two comparators, which are used
to generate sum and difference beams for horizontal polar-
ization and vertical polarization, respectively. Finally, the
monopulse slotted waveguide array antenna is divided into

two modules, a comparator module and an antenna module
(including the power distribution network) and fabricated
with the layered processing and bonding process. Scattering
parameters of the comparator are measured using the net-
work analyzer, and the measured results agree with the
simulated results. Screwing the comparator module and
antenna module together, a monopulse slotted waveguide
array antenna is obtained, and the sum beam and difference
beam characteristics of the antenna are measured in a mi-
crowave chamber, which shows that the sum and difference
performance of the antenna is satisfactory.

Data Availability

All data including key component parameters are given in
the paper.
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