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Abstract. A high gain low sidelobe monopulse microstrip 
array antenna for Ku-band frequency modulated conti-
nuous wave (FMCW) radar application is proposed. The 
design consists of microstrip array radiation front-end and 
waveguide coupling slot array feeding network back-end. 
The microstrip array comprises 16×32 series-fed patches 
etched on the top side and slotted ground on the bottom 
side. A series of shunt slots in the broad-wall are loaded on 
a WR51 standard magic Tee waveguide to form a compact 
low loss monopulse comparator and hybrid feeding net-
work. The radiation front and feeding network is individu-
ally fabricated with standard printed circuit board (PCB) 
and machining process and then can be integrated by ad-
vanced assembling process. Precise alignment of wave-
guide slots and ground slots is obtained during these pro-
cedures to achieve accurate excitation. Measured results 
are in accordance with simulation results and show about 
32.5 dBi max gain and –25 dB sidelobe level (SLL) of sum 
pattern in E plane and –27 dB null-depth of difference 
pattern at 17 GHz center frequency.  
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1. Introduction 
Monopulse technology has attracted extensive 

concern in modern radar and communication applications. 
A monopulse system can offer blind-free ranging and high 
resolution by combining frequency modulated continuous 
wave (FMCW) technology with limited bandwidth [1], [2]. 
Therefore, a narrow band antenna can be compatible with 
the FMCW monopulse system.  

As key component of the radio frequency (RF) sec-
tion, antenna plays a significant impact on overall mono-
pulse system performance. Reflector with four-horn feed 
and waveguide slots array are greatly exploited as early 
monopulse antenna [3–6]. However, these types of antenna 

usually share the features like large size and heavy weight. 
With the increased requirements of performance, develop-
ing high gain and highly-directional monopulse antenna 
with simplified configuration becomes the hotspot research 
in recent years. Lots of solutions have been proposed to 
improve existent drawbacks of conventional monopulse 
antenna, such as substrate integrated waveguide (SIW) slot 
array [7–9], corrugated multimode horn [10] and microstrip 
array antenna [11–14]. Among these works, the microstrip 
array is getting the favor of researchers owing to its charac-
teristics of low profile, light weight and easy processing 
with standard PCB process. Besides, a compact monopulse 
comparator and feeding network with low insertion loss 
can heighten the overall performance promisingly [15], [16].  

A self-compact monopulse antenna system with inte-
grated comparator network is reported in [17], monopulse 
comparator consisting of three folded magic-tees and one 
H-plane T-junction is designed. The complete system com-
posed of radiation array front-end and comparator back-end 
is fabricated by introducing 3-D metal-direct-printing tech-
nology. A monopulse microstrip array antenna with SIW 
feeding networks is presented in [18]. However, all of these 
designs adopt a multi-layer structure which increases the 
system complexity. In addition, the insert loss of the feed-
ing network and impedance matching can be a serious 
concern especially in high frequency millimeter wave 
applications [19]. 

In this article, a high gain low sidelobe monopulse 
microstrip antenna operating in Ku-band with compact low 
loss comparator network is proposed. The system consists 
of microstrip array radiation front-end and waveguide cou-
pling slot array back-end. Compared with [17], longitudinal 
slots are loaded on the broad wall of WR51 magic tee di-
rectly to form the back-end part. This coupled waveguide 
slot arrays hybrid network can act as both monopulse com-
parator and feeding network, so match between SIW layer 
and magic tee in [18] is no more needed. The amplitude 
and phase of each sub-array excitation can be modulated by 
adjusting offset distance of each corresponding waveguide 
slot. The entire system consists of single layer microstrip 
array front-end and waveguide hybrid network back-end. 
Such structure can be fabricated by standard PCB and ma-
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chining process respectively and then be integrated into 
a whole through advanced assembly technology. Both sum 
and difference ports are connected to standard WR51 
waveguide to coaxial converter compatible with Ku-band 
measuring instrument or radar system. Measured results are 
in accordance with simulation results and verify our design. 

2. Design and Simulation 
The task of this work is generating sum and difference 

pattern in H-planes and sum pattern in E-planes respec-
tively. Figure 1 shows a flowchart of detailed steps of the 
simulation design. 

2.1 Microstrip Array Radiation Front-end 

According to the flowchart presented in Fig. 1, the 
first step of design process is the synthesis of linear sub-
array arranged in E field direction. Taylor weighted method  
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Fig. 1.  Flowchart of the steps of antenna design. 

 
Fig. 2.  Geometry of the designed linear sub-array. 

 

Parameter Cl Cw Pl Pw 
Value (mm) 1.92 6.12 5.59 6.12 
Parameter Fl Fw Ed Tl

Value (mm) 3.04 0.455 11.42 2.79 
Parameter Tw1 Tw2 Tw3 Tw4 

Value (mm) 0.455 0.468 0.481 0.496 
Parameter Tw5 Tw6 Tw7 Tw8 

Value (mm) 0.512 0.526 0.541 0.558 
Parameter Tw9 Tw10 Tw11 Tw12 

Value (mm) 0.581 0.606 0.632 0.644 
Parameter Tw13 Tw14 Tw15 Tw16 

Value (mm) 0.652 0.591 0.536 0.481 

Tab. 1.  Dimensional parameters of sub-array. 

is used to determine the excited field distribution of each 
element [20]. Sidelobe level and the number of element are 
set to –35 dB and 32. Then a series fed microstrip linear 
array is modeled according to excitation obtained by Taylor 
synthesis. The patches are printed on the top of Rogers5880 
substrate with 0.508 mm thickness. Quarter wavelength 
impedance transformers are used to achieve specific cur-
rent distribution [21]. 

The sub-array configuration and dimension para-me-
ters are shown in Fig. 2 and Tab. 1 respectively. Each ele-
ment has the same size of patch and different size of feed 
line. It should be noted that both sides of the coupling patch 
are exactly symmetrical, so only Tw1~Tw16 are given in 
Tab. 1.  The current distribution  can be adjusted by varying 

 
Fig. 3.  Simulated normalized patterns of the designed sub-

array at 17 GHz center frequency. 

 
(a) 

 
(b) 

 
(c) 

Fig. 4.  Geometry of the designed planar array: (a) top view,  
(b) bottom view and (c) side view. 
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the length and width of each transformer to form preferable 
radiation patterns. Figure 3 shows the synthesized and 
simulated patterns generated by sub-array in E and H 
planes. The lowest and highest frequency of FMCW signal 
is set to 16.9 GHz and 17.1 GHz. In light of suppressing 
the external signal and the harmonic distortion, the working 
bandwidth of antenna is designed to be compatible with 
FMCW signal. All of these simulations and optimization 
are conducted by using Ansoft HFSS full-wave electro-
magnetic analysis software. 

From Fig. 3, the first sidelobe level of simulation pat-
tern in E plane gets about –28 dB, which degrades 7 dB in 
contrast with synthesized result. Nevertheless, the simu-
lated and theoretical curves show a good consistency 
within half power beam width. Each sub-array generates 
weighted pattern in E plane and pattern similar to generated 
by single patch in H plane. The linear array can be ex-
tended to two-dimensional planar array by uniform align-
ment along the direction of H field. Thus weighted beam 
pattern in E and H planes can be obtained simultaneously. 
The planar array configuration is shown in Fig. 3, each 
column of sub-array has same shape and fed via coupled 
patch over the slot loaded on underlying ground plane. 
Precise alignment between ground slots and back-end 
waveguide slots must be proved to form overall feeding of 
patches array front-end. 

2.2 Waveguide Feeding Network Back-end 

As shown in Fig. 5(a), a series of longitudinal slots 
are loaded on the top wall of standard WR51 magic-T’s left 
and right arms to compose a hybrid monopulse feeding 
network. The dimension parameters of back-end are listed 
in Tab. 2. A funnel-shaped matching stub is fixed in the 
center of T-junction to improve VSWR of each feeding 
port. The slots distribute even symmetrically about the y 
axis and array along the x axis uniformly. Taylor synthesis 
is adopted to form weighted pattern also in H plane: have 
SLL and number of elements set to –20 dB and 16.  

Excitation amplitude of each slot can be modulated by 
varying corresponding offset spacing related to the center 
line of broad wall. Adjacent slots are situated at different 
sides of central line and the longitudinal spacing of which 
are set to λg/2 (at 17 GHz resonant frequency) to prove 
cophase excitation. Waveguide terminal at both ends is 
loaded by a slide block used in tuning. The spacing 
between the last slots and shorted terminal is set about λg/4 
thus each slot is situated at the antinode of transverse wall-
current. 

The length and width of each slot need to be adjusted 
to maximize the energy coupled to the corresponding upper 
microstrip patch during simulation analysis. Meanwhile, 
amplitude and phase of coupling signal should meet the 
distribute regulation obtained from theoretical results. The 
optimization object is equivalent to regulating the transmis-
sion coefficient between waveguide input ports and micro-
strip output ports [22].   

 
(a) 

 
(b) 

 
(c) 

Fig. 5.  Geometry of waveguide feeding network back-end and 
simulation optimization model: (a) slotted magic Tee 
back-end, (b) top view of Fig. 4(a), and (c) dimen-
sional parameters of top broad wall. 

 

Parameter a b Lw Ls Ds 
Value(mm) 12.95 6.48 101.48 0.4 12 
Parameter h1 h2 R1 R2 Sl 
Value(mm) 2.15 12.5 2.43 0.6 6.92 
Parameter Sw D1 D2 D3 D4 
Value(mm) 0.6 6 4.95 4.1 3.4 
Parameter D5 D6 D7 D8  
Value(mm) 2.62 1.93 1.75 1.82  

Tab. 2.  Dimensional parameters of back-end. 

2.3 Antenna Configuration 

The above mentioned front-end and back-end can be 
integrated into a complete system, also with the overall 
antenna configuration. The antenna radiates weighted sum 
patterns in E and H planes simultaneously when signal is 
input into H-T port (sum port) and difference beam in H 
plane when signal is input into E-T port (difference port).  

Figure 6 shows the simulation result of patterns 
radiated by the proposed array antenna. As can be seen 
from the curves in the sketch, 30 dBi maximum gain in sum 
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(a) 

 
(b) 

 
(c) 

Fig. 6. Simulated gain patterns of the proposed array antenna: 
(a) sum patterns in yoz plane, (b) sum patterns in xoz 
plane, and (c) difference patterns in xoz plane. 

patterns and –32 dB nulling depth in difference patterns 
was achieved respectively at normal +z direction. Com-
pared with theoretical synthesis result, the deviation from 
SLL of sum patterns is less than 5 dB. Besides the co-
polarization components, the cross-polarization level 
corresponding to sum patterns in E (yoz) and H (xoz) 
planes is lower than –50 dB, which is acceptable to practi-
cal applications. 

Figure 7 is the simulation results of E-field and cur-
rent vectors distribution on the surface of front-end patches. 
These results can also interpret the curves in Fig. 6: when 
excitation is fed into the sum port, currents of sub-arrays 
located in positive and negative x axis flow in a consistent 
direction, so the radiation field generated by both parts 
superposes in same phase and achieves maximum intensity 
at +z direction. While the excitation is fed into the differ-
ence port, currents on each sides are in reverse direction, 
then the radiation field undergoes an out-of-phase superpo-
sition and achieves minimum intensity (nulling depth) at +z 
direction. 

 
(a) 

 
(b) 

Fig. 7. Simulated E-field and surface current distributions of 
the proposed array antenna at 17 GHz: (a) The excita-
tion is put on the sum port of magic T feeding network. 
(b) The excitation is put on the difference port of 
magic-T feeding network. 

3. Fabrication and Measurement 
The power transmits between front-end and back-end 

via coupling slots. As to physical processes, the fabrication 
technology is the main focus of our concern. For the micro-
strip array antenna in monopulse radar system, there are 
general requirements of compact structure, high integration 
with transceiver and being facilitated as a whole layout in 
order to be precisely controlled by the servo system. Hence, 
this design has severe demands for processing technology: 
it’s necessary to achieve a high flatness of the front-end 
with large aperture to produce ideal beam patterns. What’s 
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more, the accurate connection between back and front end 
is also a serious issue in this work. 

3.1 Processing Technology  

The front and back ends are processed separately by 
standard PCB technology and machining operation, then 
the two segments are integrated together by advanced 
assembling process. Since this craftwork satisfies the 
requirement of systematic machining accuracy, the method 
of machining the back and front-end as an entire configura-
tion by 3D printing technology like [17] is not adopted. 
Figure 8 shows the processing of microstrip board and 
coupled waveguide. The main arm of H-T section is added 
a 90° bending section to be parallel with E-T’s main arm as 
long as 30 mm. The sum and difference ports correspond-
ing to H-T and E-T have the same z coordinates. 

3.2 Integration and Assembling 

As to the integration of front and back-end, accurate 
alignments between waveguide slots and ground slots as 
well as high flatness of microstrip array are the two main 
aspects of interest.  Figure 9  shows  the  photograph  of  the 

 
Fig. 8. Photograph of the fabricated microstrip array front-end 

and coupling magic T waveguide back-end. 

 
(a) 

 
(b) 

Fig. 9. Photograph of the fabricated antenna configuration and 
tuning slider: (a) front and back view, (b) side view 
and tuning slider. 

fabricated antenna assembly structure: WR51 waveguide 
with 12.954 × 6.477 mm2 cross-sectional area and super-
hard aluminum plate of 4 mm thick with the same size as 
the front-end are rigidly connected as an entirety. High 
precision machining technology can ensure that the top 
wall of the waveguide and surface of the superhard alumi-
num plate are on the same plane to prove high flatness. 
Besides, a series of 0.3 mm diameter positioning pin holes 
is drilled through the microstrip substrate and the hard 
aluminum plate to ensure precise alignment. The front-end 
is pasted on superhard aluminum plate by using insulating 
glue, then the pins are inserted into positioning holes and 
the glue is cured by high temperature baking process. 

3.3 Adjustment and Measurement 

The waveguide terminals are set as electrical wall in 
simulation model. While for the fabricated prototype, the 
short circuit condition is achieved by inserting tuning slider 
shown in Fig. 9 into both terminals. Adjustment of imped-
ance matching followed in this procedure: twisting the 
screw of both sliders and observing the changing of reflec-
tion coefficient simultaneously. The inserted depths of both 
left and right ends need to be same so as to make symmet-
rical field distribution in waveguide cavity. The modulated 
results of S-parameters of the proposed antenna measured 
by Agilent-N5246A PNA-X network analyzer are shown in 
Fig. 10. 

The radiation patterns are measured under the condi-
tion of fixed insertion depth of each tuning slider shown in 
Fig. 9. The test is conducted in anechoic chamber with near 
field scanning method. Measured normalized patterns at 
17 GHz central operating frequency are given in Fig. 11.  

3.4 Analysis and Discussion 

The experimental results suffer the influence of manu-
facturing errors. In addition, there are some other key fac-
tors needed to be taken into account. This section is a rigor-
ous analysis and discussion of these factors. 

From the presented results of Fig. 10, measured 
reflection coefficient of both ports is less than –10 dB and 

 
Fig. 10.  Simulated and measured reflection coefficients of the 

proposed antenna. 
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(a) 

 
(b) 

 
(c) 

Fig. 11. Simulated and measured normalized patterns of the 
proposed antenna at 17 GHz central operating 
frequency. (a) Sum patterns in yoz plane, (b) sum 
patterns in xoz plane and (c) difference patterns in xoz 
plane. 

isolation between the two ports is below –45 dB in the 
operational band. Compared with simulation curves, meas-
ured reflection coefficients deteriorate about 2 dB on sum 
port and 6 dB on difference port at 17 GHz central fre-
quency where the measured S11 and S22 can reach –24 dB 
and –15 dB respectively. This is mainly due to the impact 
of processing conditions: the front-end ground and wave-
guide top wall coincide in simulation modal, while there 

exist insulating adhesive layer with about 0.5 mm thickness 
between the substrate and aluminum plate in prototype. 
The glue around the slots is scraped off, which leads to 
irregularities of the adhesive layer, hence influencing the 
power coupling from back to front end negatively and 
worsen the matching performance of both ports. 

As to the sum patterns in Fig. 11(a), (b), 32.5 dBi 
maximum gain is achieved from the measurement result. 
The measured first SLL of sum patterns in E(yoz) and 
H(xoz) planes at focused frequency points is about –25 dB 
and –17 dB. The 3dB beam width reaches the value of 2.8° 
in E plane and 5° in H plane approximately. The measured 
relative amplitude of cross-polarization field is shown to be 
–44 dB at +z direction. For the difference beam in 
Fig. 11(c), the measured maximum nulling depth turns to 
be –27 dB, whereas the simulated one is –34 dB. All of 
these results indicate the deterioration compared to the 
simulated ones. The main explanations of these appear-
ances are errors caused by integration of whole antenna 
structure and the constraints of near-field measurement 
system. What’s more, the sub-arrays located at +x and –x 
axis may suffer an asymmetric excitation due to the diffi-
culties in assuring each tuning slider has the same inserted 
depth at both terminals, which contributes to asymmetry of 
measured difference pattern shown in Fig. 11(c) mostly. 
Besides, the previously mentioned adhesive layer which 
would degrade the flatness of front-end as well as limited 
test instrument system accuracy contribute to flaws in this 
work. 

Compared with the simulated maximum gain, the 
measured result decreases by about 3 dB. The reason for 
this phenomenon is varied. The dielectric constant and loss 
tangent of Rogers5880 substrate in HFSS is 2.2 ± 0.02 and 
0.0009 at 10 GHz, while at 17 GHz operational band the 
dielectric loss will be much greater. Although the loss of 
back-end is very low, assembly processes during integra-
tion will inevitably cause some losses. A comparison be-
tween some published works and this work is presented in 
Tab. 3.  

Since the proposed structure adopts compact magic-T 
waveguide back-end network with low loss like [15], [17], 
preferable isolation and gain performance can be achieved. 
It’s noted that narrow beam is generated by Taylor synthe-
sis of front-end array in this design. So the radar can take 
aim at target without reflector antenna applied in traditional 
monopulse system. Although the impedance characteristics 
meet the application requirements, there is still room for 
improvement in bandwidth. Nevertheless, a compact slot-
ted magic-T waveguide acts as feeding network entirety 
instead of combined feeding structure with transition of 
waveguide to SIW in early published [18], the complexity 
of configuration is further reduced and loss of back-end are 
decreased then the gain are enhanced. Hence the overall 
performance of the antenna system is promoted promis-
ingly. In the subsequent work, this prototype design can be 
applied in some higher frequency millimeter wave (MMW) 
scenarios, such as W-band monopulse radar system. 
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Tab. 3.  Comparison with some previous designs of monopulse antennas. 

4. Conclusion 
This paper proposes a Ku-band high gain low sidelobe 

monopulse microstrip array antenna. Taylor synthesis 
method is used to form sum patterns in both E and H planes. 
A series of specific weight coefficients are achieved by 
varying the size of each impedance transformer and offset 
spacing of each slots. 32 × 16 rectangular paths composed 
of the microstrip front-end. The antenna has a compact low 
loss waveguide back-end in which monopulse comparator 
itself acts as feeding network. The manufacturing process 
and flow routes are particularly introduced. This prototype 
can be finished by advanced assembly technology. Meas-
ured maximum gain of sum patterns and minimum nulling 
depth of difference patterns reaches 32.5 dBi and –27 dB 
respectively at 17 GHz central operating frequency. Meas-
ured results are in accordance with simulation results and 
verify our design. This prototype can be applied in high 
performance narrowband monopulse radar system for sup-
pressing out-band interferes or in higher frequency MMW 
scenarios. 
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