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Abstract: A K-band frequency-selective front-end system for monopulse tracking applications is presented on a single layer of a
substrate-integrated waveguide (SIW). The circuit comprises an antenna array of two Vivaldi antennas, a frequency-selective
power combiner, and two frequency-selective SIW crossovers, which eliminate the need for subsequent filtering. Its
performance is demonstrated in terms of sum and difference patterns, gain, and scattering parameters. In order to validate the
design procedure, the monopulse tracking front end is fabricated and measured. It has a bandwidth of 540 MHz with an
operating frequency range of 23.63–24.17 GHz. The sum and difference patterns are provided by in-phase and out-of-phase
electric fields. The maximum achievable gain is 6.2 dB at the mid-band frequency, and a 30-degree field of view is obtained. The
measurements are found to be in good agreement with simulations.

1 Introduction
Satellite communications and radar systems in the microwave and
millimetre-wave ranges have attracted considerable attention for
the development and design of monopulse tracking systems.
Among the three main techniques, including sequential lobbing,
conical scanning, and monopulse scanning, monopulse tracking is
the most accurate and efficient technique [1].

Many researchers have worked on the design of monopulse
tracking systems. The authors of [2] propose a radial line slot
antenna with two simultaneous beams, one broadside beam and
one conical beam for monopulse applications. A wideband
monopulse tracking corrugated horn is presented in [3] which, by
using two design techniques for a higher-order mode suppressor
and a ring-loaded slot, provides good sum and difference radiation
patterns. A time-division multiplexing monopulse antenna system
is introduced in [4]. Although this circuit provides a 56-degree
field of view and very good results in its operating bandwidth, the
structure is complicated since it comprises a mode-former circuit
which entails a four-way power splitter including Wilkinson power
dividers, four switched-line phase shifters and the stacked
circularly polarised antenna array which is composed of four edge-
fed patches and four parasitic patches. A high gain 2 × 2 array
using multiple horns and dielectric rods is designed in [5] for
tracking applications, covering a field of view of about 14°. A
waveguide slot array antenna, which includes 820 slots and four
centre-fed sub arrays, is presented in [6]. This design not only has a
narrow field of view but also suffers from a complicated
fabrication process since the entire array is divided into four
mechanical layers for manufacturing. A low profile patch antenna
with a dual probe fed and a 180-degree directional coupler is
combined to provide a monopulse tracking system in [7]. A
crescent-shaped radiating element, which is fed from two sides at
an angle close to 90° by two coaxial feeds, is used to design a
monopulse antenna in [8].

With the advent of substrate integrated waveguide in the
microwave and millimetre-wave technology and its advantages like
low cost, high efficiency, low loss and planar structure, which
allows easy integration with other components, many design
engineers have started to use substrate-integrated waveguide (SIW)
technology for designing monopulse antennas and tracking
systems. For instance, a dual V-type linearly tapered slot antenna
using a multimode SIW feeding technology is introduced in [9]
which is able to produce the sum and difference patterns by using

only a single element. A new Ka-band SIW slot array antenna is
introduced in [10] which qualifies as a monopulse tracking system.
In this design, the monopulse comparator, the sub arrays, and
feeding system are integrated into a single, planar substrate layer.
A monopulse antenna system is designed in [11] by combining a
microstrip hybrid ring coupler, a power divider, and SIW slot array
antennas. An SIW monopulse network is designed in [12] for a Ku-
band tracking system. This design comprises four eight-way power
dividers, four phase shifters, four 3 dB couplers and a patch array
antenna on different substrates, which makes not only fabrication
but also the design procedure complicated. Another monopulse
tracking system is proposed in [13] including four 3-dB directional
couplers, four 90-degree phase shifters, four 16-way dividers, and
four 16 × 16 slot antenna sub-arrays.

In this paper, we propose a novel SIW front-end system for
monopulse tracking applications which not only uses fewer
components in comparison with other systems, but also is compact,
easy to fabricate, provides good performance over its operating
bandwidth and, most importantly, possesses inherent bandpass
selectivity which makes filtering within the RF receiver chain
obsolete. A monopulse amplitude comparison technique is usually
preferred to other monopulse techniques since its implementation
is much easier and also has a good performance [14]. Since both
amplitude and phase are analysed for tracking signals and
calculating the field of view, we use a combination of both
techniques, thus amplitude and phase comparison is employed. By
analysing the sum and difference radiation patterns, the angular
field of view is determined. Substrate integrated waveguide
technology is used for all components to obtain minimum loss and
ease of fabrication. All components are designed and fabricated on
a single layer of the substrate.

In Section 2, we introduce the design process which comprises
the design of an end-fire Vivaldi antenna, a frequency-selective
power combiner, and a frequency-selective SIW crossover
structure with high isolation. In the end, the front-end system,
which is a combination of all three components, is introduced. In
Section 3, the performance of the system is presented and
discussed which includes the measured and simulated sum and
difference radiation patterns, gain and scattering parameters.
Section 4 concludes the paper.
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2 Design procedure
A block diagram of the proposed system is presented in Fig. 1. It
combines two SIW crossovers, a sum-difference power combiner
and an antenna array of two Vivaldi antennas. Owing to its planar
structure, the entire system can be fabricated in single-layer SIW
technology. All individual components are designed and optimised
on the same substrate to work over the specified pass band of the
system. 

The two Vivaldi antennas receive the signals and send them to
the filtering SIW crossovers that are located perfectly symmetric to
provide the same amplitude and phase at their outputs. The SIW
crossover is designed with an isolation better than 24 dB, which
prevents interference between the signals from the crossed paths.
The top crossover in Fig. 1 is used as a transition to keep the
structure symmetric. Only two ports are actually used, and the
cross ports are terminated by matched waveguide ports in the full-
wave simulator and by the absorber material during measurements.
The lower crossover plays the main role in this system. It receives
the signal from the antenna and passes it towards the power
combiner to port 4 (cf. Fig. 2a), and then the power combiner
combines both received signals from ports 3 and 4 and sends the
in-phase signal to the lower crossover to pass it towards the sum
port. The SIW crossover's high isolation feature prevents the
oncoming signals to interfere at the junction, i.e. no interference

between signals from the power divider to the sum port and from
the lower Vivaldi antenna to the power combiner. 

2.1 Power combiner

Design specifications of power combiners vary according to the
application, as it is the entire project description that defines the
design requirements. The fastest method for SIW power divider/
combiners is to first design an all-dielectric-filled rectangular
waveguide component, then transfer it to SIW using the equivalent
waveguide width [15] and finally optimise the combiner in order to
obtain the desired performance.

Since this paper focuses on a system with frequency selectivity,
a second-order bandpass filtering power combiner with two input
and two output (sum and difference) ports is selected. As shown in
Fig. 2a, the proposed combiner utilises inputs ports 3 and 4,
providing the sum (in phase) at port 1 and the difference (out of
phase) at port 2. The principle design guidelines of this specific
SIW component are detailed in [16, 17]. Fig. 2b shows the
performance of the power combiner after optimisation in CST
Microwave Studio 2017. The second-order bandpass characteristic
is clearly visible, and the isolation between the two output ports 1
and 2 is better than 20 dB.

Note that owing to the type of resonators used, this component
is comparable in functionality to a rat-race ring or a Magic Tee, just
with the added advantage of a second-order bandpass filtering
function in all transfer paths [17]. Port 1 receives the in-phase
signals after they pass the two-resonator filter, and port 2 obtains
the difference of the signals due to a 180-degree path difference
created by the TE102-mode resonator attached to port 2 [16].

2.2 Vivaldi antenna

A tapered slot antenna is an ideal candidate for a tracking front end
since it has a wide bandwidth, high gain, directive radiation pattern
and a planar structure that integrates easily with other planar
circuitry. In the aperture, the electric field of the Vivaldi antenna is
parallel to the substrate while that in SIW structures is
perpendicular to the substrate. The tapered blade structure causes
the rotation of the electric field from horizontal to vertical direction
until the distance between the two blades is far enough to permit
radiation. For improving cross polarisation, reducing the VSWR
and increasing on-axis gain, comb-like corrugation is applied [18].
The antenna is initially designed based on the one used in [19], but
some fine optimisation is applied based on the current system's
requirements. The antenna prototype, return loss and radiation
pattern are shown in Fig. 3. The proposed Vivaldi is optimised for
a high gain which is about 9.58 dB over the bandwidth. It also has
a return loss better than 15 dB from 19.2 to 28.6 GHz. 

2.3 SIW crossover

An easy-to-fabricate and frequency-selective 0-dB SIW crossover
structure is presented in [20] and is used as the main model for this
paper. This cruciform design includes two resonators; the centre
resonator is formed by two cascaded vias at the centre of the
transition and utilises a TE102-mode resonance. The second and
third resonators in each path are applied for increasing the
bandwidth; they are half-wavelength TE101-mode resonators. As is
indicated in Fig. 4a, both resonators have their zero at the centre of
the crossover which improves the isolation level when two
perpendicular ports are excited at the same time. As will be shown
in the following section, the SIW crossover is required to
demonstrate high isolation in order to isolate the output port of the
power combiner from the input of one of the antennas. Fig. 4b
presents the simulation results, demonstrating return loss better
than 25 dB and isolation better than 24 dB from 23.4 to 24.2 GHz. 

2.4 Front-end system

All individual components are designed and separately fine-
optimised (by the Powell method) in the full-wave electromagnetic
simulator CST STUDIO SUITE 2017 before integrating them on a
single layer of the substrate. Microstrip-to-SIW transitions based

Fig. 1  System block diagram for tracking applications
 

Fig. 2  Frequency-selective SIW power divider/combiner
(a) Prototype, (b) S-parameter analysis for port 1
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on [21] are applied for connecting the sum and difference ports to
K-connectors.

The basic block of the power combiner consists of the planar
four-cavity structure with three of them operating in SIW TE101
modes and one in the SIW TE102 mode, and each cavity is coupled
to one port of the unit [17]. The power combiner receives signals at
ports 3 and 4, and the in-phase signal comes out through port 1,
passes the crossover and arrives at the sum port. The signal with
180-degree phase difference goes through port 4 and is received at
the difference port. Fig. 5 demonstrates the electric field over the

entire structure while the transmitter is exactly in front of the
system (θ = 0°). 

3 Experimental results
The front-end system with bandpass characteristic for tracking
applications is designed and fabricated on Rogers 6002 substrate
with relative permittivity of εr = 2.94, thickness h = 508 μm, and
tan δ = 0.0012. The metallisation thickness and conductivity are t = 
17.5 μm and σ = 5.8 × 107 S/m, respectively. The via diameter is d 
= 1/64′ (0.3969 mm) which is a standard drill size, and the via pitch
is p = 0.6 mm, resulting in a d/p ratio of 0.6615. The substrate
integrated waveguide width is 5.4 mm for a cut-off frequency of
17.2 GHz. For performance validation, a prototype of this design is
fabricated and measured. Fig. 6 shows photographs of the
fabricated system. 

The tracking front end's performance depends on its sum and
difference radiation patterns, gain and scattering parameters, all of

Fig. 3  Vivaldi antenna
(a) Return loss, (b) Radiation pattern at 24 GHz with 9.58 dB gain

 

Fig. 4  High-isolation frequency-selective SIW crossover
(a) Electric fields, (b) S-parameters

 

Fig. 5  Electric field pass while a plane wave source is placed exactly in
front of the frequency-selective tracking front end

 

Fig. 6  Fabricated frequency-selective front-end system for tracking
applications
(a) Top view, (b)Bottom view
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them are discussed in this section. The circuit is measured in a far
field chamber using an Anritsu 37397C Vector Network Analyser.

Measurements and simulation results have a fairly good
agreement; however, there are some discrepancies. This is due to
the fact that the measured results are not obtained exactly under the
same conditions as the simulation. In the simulations, a plane wave
is used as a transmitter, which is able to move in spherical
coordinates between −180° ≤ θ ≤ + 180°. In the measurements, a K-
band standard gain horn antenna is used. Moreover, standard K-
connectors are modelled in CST while during measurements, only
larger end-launch connectors were available as shown in Fig. 6.

At two sample frequencies, Fig. 7 displays the signals at the
sum and difference outputs as a function of incidence of the
incoming wave. It is observed that this design has a 30° accurate
target tracking from −15° to +15° over a 540 MHz bandwidth
centred at 23.9 GHz. The measured field of view tracking is 32°
and 42°, and the on-axis isolation is better than 22 and 27 dB at
23.9 and 24.1 GHz, respectively. 

Fig. 8 shows the measured and simulated gains in the sum port
versus frequency. The maximum gain is 6.2 dB with a slight
frequency shift in measurements compared to simulations, which
we attribute to slightly detuned resonators. 

Measured return losses at the sum and difference ports are
presented in Fig. 9. The return loss is better than 10 dB between
23.56 and 24.17 GHz at the sum port, and between 23.63 and
24.25 GHz at the difference port, which defines the operating
bandwidth as 23.63–24.17 GHz. Therefore, the entire system
provides an overall bandwidth of 540 MHz. 

The inherent bandpass characteristic of the proposed system is
depicted in Figs. 10 and 11. Fig. 10 shows the measured scattering
parameters for sum and difference ports between 18 and 30 GHz. It
also demonstrates the isolation between sum and difference ports
which is better than 30 dB in the operating bandwidth and better
than 60 dB at other frequencies between 18 and 30 GHz. Fig. 11
demonstrates the filtering response of the simulated results over a
wider bandwidth. It shows that both gain and return loss only have
the acceptable results in the defined operating band. These
broadband measurements and simulations confirm that additional
filtering components are not required owing to the frequency
selective crossovers and bandpass power divider used in this
design. 

4 Conclusions
The design of a frequency-selective front-end system in single-
layer SIW technology for tracking applications is presented. It
operates at a centre frequency of 23.9 GHz with 540 MHz
bandwidth and consists of two high gain Vivaldi antennas, two
filtering SIW crossovers, and a sum-difference power combiner
with a second-order filtering function. All individual components
are designed and fine-optimised separately. The Vivaldi antenna is
designed with a gain of 9.58 dB and good characteristics over a
wide bandwidth from 19.2 to 28.6 GHz. The frequency-selective
SIW crossover provides high isolation between its orthogonal arms
which allows us to use it as a crossover transition between the
Vivaldi antennas and the power combiner. The power combiner
uses second-order filtering paths to provide in-phase and out-of-
phase electric fields at sum and difference ports. The simulation
and experimental results demonstrate the scanning ability of this

Fig. 7  Measured and simulated sum and difference radiation patterns of
the SIW tracking front end
(a) 23.9 GHz, (b) 24.1 GHz

 

Fig. 8  Gain comparison between measured and simulated results
 

Fig. 9  Measured reflection coefficient at sum and difference ports
 

Fig. 10  Measured system performance in sum and difference ports from
18 to 30 GHz

 

Fig. 11  Simulated system performance in sum and difference ports as well
as gain behaviour of the system from 18 to 30 GHz
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tracking front end over a 30-degree field of view. The proposed
system has an on-axis isolation performance of better than 25, 22,
and 27 dB in the difference port at 23.7, 23.9, and 24.1 GHz,
respectively.
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