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Abstract—Radial Line Slot Arrays (RLSA) are well suited to
be used in monopulse radar systems. The excitation of the sum
and difference patterns can be achieved by the design of simple
feeds as it is shown in this paper. A feed system based on the
use of a cavity made in groove gap waveguide technology is
presented in this work. The design is made at 24 GHz but can
be easily scaled to higher frequencies as the technology is contact-
less and fully made in metal. A good isolation between the sum
and difference ports together with a good matching of the two
of them is obtained. The radiation patterns of the manufactured
antenna are also in good agreement with the simulated ones.

Index Terms—Radial Slot Array, Monopulse, groove gap-
waveguide

I. INTRODUCTION

Monopulse direction finding technique is a key function
in modern surveillance and tracking radar systems. The
monopulse operation can be achieved in different ways [1],
[2]. In the amplitude comparison scheme, the signal received
by a sum pattern antenna (X)) is compared to the signals
received by two difference pattern antennas in the azimuth and
elevation planes (Agy, Ag) to extract the direction of arrival
of the wavefront. In a different setup, a directive beam and
a conical beam, both with rotationally symmetric amplitude
distributions can be used. In this case, the conical beam has a
radiation null on the broadside axis and a phase variation with
azimuth. Then the direction of arrival can be extracted by a
comparison between the amplitude of the received signals to
extract the elevation angle, and a phase comparison to extract
the azimuth angle, given that there is not any phase variation
for the sum pattern with azimuth. The antenna presented in
this manuscript uses this approach. We will keep the notation
(X,A) to name the mentioned directive and conical beams
hereafter.

Radial Line Slot Antennas (RLSA) are high gain planar
antennas based on the excitation of cylindrical waves inside
parallel-plate waveguides (PPWG) also known as radial lines,
in which slots are introduced in the upper metalization of
a two-sided metalized low loss dielectric. They are often
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used as antennas for monopulse radar application due to their
high efficiency and ease of fabrication for microwave and
millimeter wave frequency range. These antennas have very
low transmission losses in the waveguide when compared with
other lines such as microstrip or striplines.

The first concept of an RLSA was proposed by [3] in the
50s and demonstrated in the 60s by [4] but it was in the
80s when Ando et al. showed all the potential of this kind
of antennas in [5]-[7]. These first examples were used for
satellite reception at Ku band. In principle, these antennas are
very attractive for high gain, circular polarization and moderate
frequency band, as it was the case. For that purpose, a pencil
beam was generated through a coaxial feed at the center of
the antenna and with a spiral arrangement of the slots. If the
slots are arranged in concentric rings, instead of a pencil beam,
a conical or difference pattern is generated [8], [9] assuming
again an excitation from the center of the PPWG with a coaxial
feed. A sum pattern can also be obtained using concentric
rings arrangement of the slots, if a phase rotating mode is
generated inside the PPWG. This can be achieved in different
ways as it was shown in [10], [11]. Other types of radiation
patterns as well as a total control on the pattern characteristics
can be also synthesized with this type of antennas (RLSA) as
demonstrated in [12].

The monopulse application requires the simultaneous exci-
tation of both patterns. This can be obtained by using two
field distributions inside the parallel plate structure combined
with concentric rings of slots. The two field distributions are
implemented with two different input ports to provide the
3} and A patterns to implement the monopulse function as
explained.

An example of the combination of these two modes to get a
monopulse RLSA working at 14 GHz was presented in [13].
In that case, the feeding network includes a microstrip Butler
matrix, but the losses were relatively high and consequently
the idea cannot be scaled up in frequency.

Other examples of more complex implementations can be
found in the literature in which the excitation of the radially
symmetric modes is achieved by means of coupling slots
between feeding waveguides [14] or coaxial cavities [10].

Recently, two papers describing monopulse antennas based
in different gap-waveguide based structures have been pub-
lished [15], [16]. This shows how the use of this technology
facilities and simplifies the implementation of the monopulse
function required in some communication and radar systems
at microwaves and millimeter-wave bands. It is also clear that
compactness of the feeding network is still an open issue.



In this work, a Radial Line Slot Antenna with left-hand
circular polarization is designed at 24 GHz to get the required
amplitude and phase performance to be used in a monopulse
radar. The antenna concept is the same explained in [13].
However, this paper introduces an optimization algorithm
to design the radiating structure and a new feeding struc-
ture more compact and almost lossless to get the excitation
of both antenna patterns. The fundamentals of the antenna
optimization were presented in [17] whereas in [18], the
preliminary design of the feeding network was introduced.
This work proposes a new way to excite an RLSA antenna
to achieve the mentioned > and A simultaneous patterns for
monopulse operation by using a rectangular cavity excited by
two coaxial probes (3 and A channels) coupled to the radial
line through a circular slot in the cavity lid that conforms a
short section of coaxial waveguide when combined with the
central probe, Y. This cavity is implemented using groove
gap waveguide technology [19]. This technology has been
chosen because of the flexibility it introduces in the design,
the ease of construction and its associated low ohmic losses
[20], [21]. The proposed solution is simpler than other possible
implementations although it provides narrowband operation.

The paper is divided in the following sections: Section
IT describes the antenna design, including the optimization
process for the lengths and positions of the slots, Section III
presents the design and the simulation results of the GWG
cavity feed that will generate the field distributions that will
be coupled to the RLSA to obtain the monopulse radiation
patterns and, finally, Section IV contains the experimental
results and some conclusions are drawn in Section V.

II. ANTENNA DESIGN

In an RLSA antenna, the radiating element for circular
polarization is basically a pair of orthogonal slots (seen in
Fig. 1 for left-handed case) with a length close to resonance.
If the slots are separated a quarter wavelength and they are
orthogonal to each other, the polarization is circular. The
relative position of one slot with respect to the other defines if
the polarization is right or left handed. Also, due to the quarter
wavelength separation between both slots, the reflection from
one slot is almost canceled with the reflection from the
second slot and the global reflection coefficient at the central
frequency becomes low enough.

Fig. 1. Circular arrangements of slots for left handed circular polarization.

Assuming that the slots are arranged in concentric rings,
the radiation pattern created by a TEM mode excited in the

PPWG from the central point is a conical pattern, with a null in
the broadside direction, i.e., a difference pattern. To generate
the sum pattern with slots arranged in concentric rings, it is
necessary to excite a phase rotating mode inside the parallel
plate waveguide. This rotating mode must have constant am-
plitude and a linear phase with azimuth. The rotating mode
can be generated in different ways. The simplest one is by
using 4 coaxial probes excited with a phase difference of 90°
between each consecutive feed. This is the method that was
employed in [13] and the one used for the optimization of the
slots arrangement in the current antenna design. Later on, in
Section III this rotating mode will be generated with the new
designed feed circuit.

For this design, a 20 cm diameter antenna, printed in PTFE
material (¢,=2.1, tand = 2 - 10~%) is designed. The antenna,
working at 24 GHz, has 9 rings of slots. Next section describes
the process of optimization of the slots in the structure. The
height of the parallel plate structure is 3.175 mm.

A. Optimization of the radiating structure

The synthesis of the slots can be performed using different
methods. In our design, the optimization methodology is based
on the algorithm presented in [22]. In this case, a hybrid algo-
rithm based on two Matlab© functions (simulated annealing
and fmincom) is used. The hybrid algorithm is used to make
the process in two steps. First, a good solution using the global
algorithm is found, and then, this solution is optimized search-
ing for a local minimun. The optimization parameter is the
antenna directivity. This is a compromise between amplitude
and phase uniformity, and spillover efficiency (considering
the residual power after the last ring of slots). This function
presents multiple local minima and this is the reason for the
use of a hybrid algorithm, combination of a global and a local
algorithms. The error function to optimize is the difference
between the directivity and the spillover efficiency for the sum
pattern. The directivity is used in order to maximize the gain,
since the effect of the losses is very small in this kind of
antennas, as it can be seen in [23], [24]. It is necessary to
include the spillover efficiency (residual power at the edge
of the RLSA) since otherwise the algorithm can converge to
very short non-resonant slots. These parameters are calculated
with the software presented in [25], based on a single base
function method of moments, very fast and accurate enough
for the calculation of these parameters.

As mentioned, for the optimization of the position and
length of the slots, the feeding network consists of a 4-pin
structure with a phase difference of 90° between consecutive
pins. This is done in order to be able to use the previous
analysis tool, and in that way to make independent the design
of the radiating structure with respect to the feeding network.
With this assumption the results are accurate enough, and in a
different way, it would be difficult to afford the optimization
process. The output of the algorithm is the length for all the
slots of each ring (identical for all the slots in one ring) and
the central radial position for each ring of slots. Fig. 2 shows
the results of the optimization process. As it can be observed,
the slot length is increasing with the position of the ring in



order to get uniform amplitude for the sum pattern. The slots
are non-resonant, with a length slightly under resonance. The
step between two consecutive rings is also a bit smaller than
the wavelength in the waveguide. This is due to the effect of
the slots in the phase of the propagating wave in the radial
line. These two aspects are well explained in the references
[5] to [13]. In a general case for long antennas, the distance
between rings is typically around 0.95 times the wavelength
in the dielectric.
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Fig. 2. Results of the optimization process for the slot lengths and the rings
separation.

Fig. 3 shows the resulting radiation pattern for sum and
difference excitations in one of the main planes (¢=0°). The
predicted results are good enough for the application. In both
patterns a good cross-polar radiation is obtained (below -25
dB) and the side lobe level is close to that of a uniform
excitation.

(dB)

Fig. 3. Optimized sum and difference simulated radiation patterns (Gain) at
24 GHz for ¢ = 0° using MoM.

III. FEEDING NETWORK DESIGN

The proposed design is based on the use of just two probes
to excite all the required fields. One of them will directly
excite the difference pattern whilst the spiral phase distribution
will be obtained by using a degenerated cavity. As starting
point, the excitation of only a parallel plate waveguide formed
by the PTFE substrate with its two metalizations but without
the radiating slots that later conform the RLSA antenna is
considered. As mentioned before, the operation frequency is
24 GHz.

As afirst step, a rectangular square-shaped waveguide cavity
delimited by solid PEC walls was designed. Basically, the idea

is to create two field distributions from three modes whose
resonance frequencies must be close to the chosen 24 GHz
operating frequency. These fields will later be coupled to the
parallel plate structure that is above the structure by means of a
circular slot located in the center of the cavity. With these three
modes, two field distributions will be excited in the cavity:
a rotating field composed by two 90° rotated similar modes
excited in phase quadrature and a rotationally symmetrical
mode having a maximum in the center of the cavity.

These two field distributions will be generated by means
of two coaxial probes whose depth of penetration into the
cavity must be adjusted as it is described in Fig. 4. In order to
provide sufficient space to be able to introduce the excitation
mechanism into the cavity, the following higher order cavity
modes were chosen: T'E140+T Eyq10|r /2 for the phase rotating
field and T'E33¢ for the symmetric one. The design of this
initial cavity was made considering the excitation with four
probes.

As a second step, a perturbation was introduced into the
cavity with the aim of exciting the two needed field distribu-
tions with single coaxial probes, i.e., replacing the four probes
by just two. Thanks to this perturbation, which does not affect
very much to the to the initial symmetric mode distributions, it
is possible to excite in phase quadrature the fields responsible
for the phase rotating mode. In addition to this, the cavity was
slightly modified, making it rectangular to compensate for the
asymmetry introduced by the perturbation (seen in Fig. 4).

Regarding the coupling between the cavity and the PPWG
above, a circular slot is made in the ground plane. This slot,
together with the central excitation probe, conforms a short
section of a coaxial waveguide that connects both elements.
In essence, the symmetric field in the cavity will be coupled
by means of the coaxial TEM mode, and the rotational cavity
field, by rotating the coaxial T'F1; mode. The slot radius will
control the cutoff frequency and the propagating characteristics
for the latter. This parameter and the ground plane thickness
will be used to adjust the degree of coupling of these both
fields to the PPWG.

As a final step, the vertical solid walls of the cavity
were replaced by periodic squared pins to implement the
aforementioned cavity using groove gap waveguide technology
[19], to take advantage of the fact that that technology does
not need electrical contact when assembling it with the antenna
layer. Fig. 4 shows the final topology of the feed and how it
is coupled to the PPWG.

For the final design, an optimization process was carried
out using the full wave commercial software CST Microwave
Studio©. Basically, the position and size (an inset in one of
the cavity walls as it can be seen in Fig. 5), the penetration
of the coaxial probes into the cavity, and the radius of the
coupling circular slot were modified to improve the response in
terms of phase and amplitude characterization of the generated
fields in the PPWG and also in the full S-parameters response
(good matching in the two ports together with a good isola-
tion between them). It should be noted that the simulations
demonstrated that a dense pin network to implement gap
waveguide concept was needed to correctly adjust the position
of the perturbation within the regular periodic lattice, thus
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Fig. 4. Description of the cavity feed and how it is coupled to the parallel
plate structure.

minimizing the unavoidable truncation involved. In the chosen
geometry, the stop band that presents the bed of nails with a
gap of 0.5 mm and a top metal lid goes from 18.4 to 33.3 GHz.
In this frequency range the rows of pins block sufficiently the
lateral propagation outwards the cavity and can replace the
conventional solid wall. In this respect, it was found that three
rows of pins were enough to block that unwanted propagation.

The best set of parameters found after the optimization
process is indicated in Table I according to the representation
depicted in Fig. 5. The penetration of the coaxial probes into
the cavity was set to h; = 1.70 mm and ho = 7.65 mm for the
¥ and A channels respectively, being their radius R, = 0.32
mm.
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Fig. 5. Cavity feed top and side views including port numbering. Port 1
generates the 3 pattern and Port 2 generates the A pattern.

Fig. 6 shows the instantaneous transverse electric field
distributions for the coaxial modes used to excite the PPWG,
T Fn; for the rotating field and T'E M for the symmetrical one,
in the ground plane at its midpoint. For the selected slot radius

TABLE I

CAVITY DIMENSIONS AS DESCRIBED IN FIG. 5
Name | Description Value (mm)
a Pin side 1 mm
hp Pin height 3.5 mm
hg Air gap size 0.5 mm
t Ground plane thickness 1 mm
tm Metalization thickness 18 pm
T BoN Period 1.91 mm
A Cavity width 14.T
B Cavity length 13-T
R Slot radius 2.92 mm
x1 Probe position 11 mm
Y1 Probe position 1.85 mm
hs Substrate thickness 3.175 mm

R, = 2.92 mm, the T'F; mode is evanescent at 24 GHz but
this does not have any impact on the achieved coupling given
that the waveguide section is very short. Also notice that the
T FE1; in Fig. 6 (left) is maximum for ¢ = 135° for the chosen
time instant, and that direction will rotate with time following
the rotational field distribution in the cavity below.
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Fig. 6. Simulated instantaneous transverse electric field distributions E_“t
in the coaxial waveguide section (circular slot) for the rotating (left) and
symmetrical (right) excitation corresponding to a T'E11 and a T EM coaxial
modes respectively.

The variation of the distributions of amplitudes and phases
of E/, with the frequency within the PPWG without the slots
is presented in Figs. 7 and 8. Basically, the top plots of
Fig. 7 show how the amplitude distribution for the rotational
phase distribution responsible for the ¥ pattern is sensitive
to the change with the frequency and, regarding the phase
distributions, according to Fig. 8, a reasonable frequency
band is expected for the A pattern stability, given that the
perturbation method employed to generate the field distribution
is intrinsically narrowband.

To gain more insight into the signal purity of the proposed
solution, the amplitudes and phases of the vertical component
of field E, are shown in points angularly equispaced at a
distance R = 20 mm from the center in Fig. 9. A linear
regression line was calculated to estimate the amplitude and
phase errors with respect to the ideal responses. The obtained
errors are summarized in Table II. The results are worse for the
phase rotating distribution but, in any case, they are acceptable
for the pursued application.

To finish with the characterization of the coupling between
the cavity and the homogeneous PPWG, Fig. 10 represents the
simulated S-parameters corresponding to the two-port network
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Fig. 8. Phase distributions (3 above; A below) for the vertical electric field
in the central plane of the substrate in the PPWG without slots.

defined by the two input ports. A good matching level and a
good isolation between channels is observed at the frequency
of interest.

A. Simulations of the Full RLSA Antenna

Finally, the slots were introduced in the upper layer of the
parallel plate structure of Fig. 4 and simulations of the full
antenna structure with the designed feed were realized. It was
found that no modifications were needed in the designed cavity
to keep a good response in terms of both radiation patterns and
S-parameters. Fig. 11 shows the simulated radiation patterns

TABLE 11
PHASE AND AMPLITUDE ERRORS FOR E, IN THE SUBSTRATE FOR
WAVEFRONTS AT R = 20mm

Type  Max. Phase Phase std. Max. Amplitude
error (deg.)  deviation (deg.) error (dB)

Rot. 23.5 14.7 33

Sym. 6.8 5.3 0.9

Normalized Ez amplitude (R=20 mm)

; ; ; ; .
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Fig. 9. Simulated amplitude and phase variations for E at a distance R = 20
mm from the center for both field distributions inside the dielectric.
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Fig. 10. Simulated S-parameters of the feed network and a PPWG without
slots in Fig. 4.

obtained for different azimuth planes and for the 24 GHz
frequency. A correct antenna operation is observed, although
two significant sidelobes with -11 dB level appear in the planes
¢ = 0° and ¢ = 45° in the sum pattern. These sidelobes
levels are 3.8 dB worse than the values showed in Fig. 3 for
the MoM simulation. Regarding the other main directions, the
SLL is better at the expense of a slight widen of the main
lobe. This could be due to the amplitude tapering that can be
observed in Figs. 7 and 9 at 24 GHz, in directions around
¢ = 135° and ¢ = 225°.

The simulated S-parameters are presented in Fig. 13. At 24
GHz the isolation between channels is very good (below -40
dB) and both ports have a good impedance matching.

IV. EXPERIMENTAL RESULTS

A prototype was manufactured, assembled and measured
in an anechoic chamber. Fig. 12 shows the fabricated cavity
with the two coaxial probes. The cavity was manufactured by
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Fig. 11. Co and Crosspolar simulated radiation patterns (realized gain) for
sum (X)) and difference (A) channels at 24 GHz for different azimuthal angles.

conventional milling. The use of gap waveguide technology
allows an easy assembling of the antenna and the feed cavity,
as a good electrical contact is not required, i.e., by simple
screwing them there is no risk of any leakage outside the feed
cavity.

Fig. 12. Manufactured antenna and feed cavity.

Fig. 13 shows the measured S parameters together with
the simulated parameters already discussed for the complete
structure. There is a good agreement between simulations and
measurements. It is observed that the impedance matching for
both ports is below -10 dB and, although the isolation between
ports deteriorates with respect to the simulations, it is still
around -25 dB, which is comparable to the results obtained
with other type of monopulse excitations in RLSA antennas.

The radiation patterns were also measured at the frequencies
of 23.5 GHz, 24 GHz and 24.5 GHz and it was verified
that there had been a frequency downshift of 0.5 GHz, with
the radiation patterns at 23.5 GHz being the closest to the
simulated ones presented in Fig. 11. The shift in frequencies
may be due to manufacturing tolerances or inaccuracies on the
estimated relative permittivity of the dielectric material. These
radiation patterns at 23.5 GHz are shown in Fig. 14, where
also the cross-polarization patterns are represented. Note that
the cross-polarization patterns should have a minimum in the
broadside direction. However, some errors in the real situation
occurs. The most important one is the alignment of the cavity
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Fig. 13. Measured S-parameters (dashed lines) for the RLSA antenna.
Simulated S-parameters (solid lines) are included for comparison purposes.

TABLE III
MEASURED DIRECTIVITY AND GAIN AT 23.5 GHz
Pattern  Directivity ~ Gain
(dBi) (dBi)
) 31.89 30.90
A 27.24 26.15

with the RLSA: small alignment errors provoke a pointing
error in the co-polar of the sum pattern and an increase of
the cross polar in the broadside direction. The directivity and
the realized gain of the antenna are summarized in Table III.
The sidelobes that appeared in the simulations in the planes
¢ = 0° and ¢ = 45° can also be observed in the measurement
results.
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Fig. 14. Co and Crosspolar measured radiation patterns (realized gain) for
Sum (X) and difference (A) channels at 23.5 GHz for different azimuthal
angles.

V. CONCLUSION

The design of an antenna for a monopulse radar system
is presented in this work. The antenna is a radial slot array
designed with an in-house analysis and optimization software.
To obtain the sum and different patterns, the antenna is fed
by a cavity made in groove gap waveguide technology and
excited with only two coaxial probes. The excited fields are



coupled to the antenna itself by means of a circular slot in the
ground plane.

A prototype working at 24 GHz with the new feed system
has been designed, built and measured. The measurements
confirm the correct operation of the proposed topology in
terms of S-parameters, for both matching and isolation, as well
as in terms of radiation patterns. The presented feed is a good
alternative to other implementations based on hybrid circuits
and delay lines and is especially interesting for millimeter
wave frequencies, on account of its simplicity, compactness
and low losses, due to the absence of dielectrics in the network
responsible for the beam formation. Furthermore, the use of
gap waveguide technology for the feed made the assembling
of antenna and feed very simple as no electrical contact is
required. The designed feed can be used as well with slots
arranged in spiral configuration, then interchanging the role
of the two ports. This possibility is interesting for future work
since it is expected that it would provide a cleaner radiation
pattern for the pencil beam. As a main drawback, the design
is narrowband in nature.
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