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Abstract— This article presents the design and fabrication of a
monopulse radial line slot array (RLSA) antenna excited with a
circular cavity connected to a modified Butler matrix at 94 GHz.
The antenna consists of two pieces: the RLSA antenna imple-
mented over a low loss dielectric substrate and a 3-D-printed
Butler matrix based on gap waveguide. The interface between
both parts is a circular cavity that couples two different modes
into the RLSA through a coupling slot in the dielectric substrate.
The coupled mode depends on the input excitation of the Butler
matrix for the generation of simultaneous sum and difference
radiation patterns. This interface is deeply detailed in this article,
together with the design of the RLSA antenna and the integration
of the full monopulse antenna. The measured S-parameters fit
very well with simulations. The operation is inherently narrow-
band with a realized gain of 27.8 dBi at 94 GHz, a radiation
efficiency of 70%, 0.3 dB axial ratio, and a maximum null relation
between sum and difference patterns higher than 50 dB.

Index Terms— Antennas, millimeter-wave antenna arrays,
millimeter-wave waveguides, monopulse antennas, passive cir-
cuits, printing, radar antennas, slot arrays.

I. INTRODUCTION

THE constant launching of artificial satellites into orbit
and the increasing amount of space debris represent a

serious problem for future space exploration missions and
satellite telecommunications [1]–[3]. An effort is currently
being made to investigate the systems capable of detecting
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small fragments of space debris to maintain control and
minimize possible damage [4]–[8]. Space debris fragments of
several centimeters in length are particularly harmful because
of the difficulty in detecting them, according to the European
Space Agency [9]. These fragments behave like bullets that
can destroy complete satellite systems. These fragments can be
detected and monitored using conventional radar techniques.

Since the creation of radar systems, there has been a need
to know precisely the direction of arrival of detected targets
and be able to track them. One of the most widely used
systems since the 1960s has been the monopulse radar, which
makes it possible to determine the direction by comparing the
amplitude and phase of the signals received through the sum
and difference beams, denoted as � and � from now on.
The � configuration forms a high gain and low sidelobes
beam and the � configuration generates a very deep null in
boresight. The � beam is used to detect the target and the �
beam provides the angle [10]. As the fragments to be detected
are very small, antennas with a very high gain are required.
To reduce the size of the antenna, this type of systems is being
implemented at a frequency of 94 GHz.

Four-horn or phased array antennas have been typically
used to implement monopulse antennas, but these are usu-
ally very voluminous and heavy or present a great circuit
complexity [11]. In recent years, systems based on reflectors
illuminated by 2 × 2 radiating elements with a comparator
network [12]–[14] or linear slot arrays with large distribution
networks [15]–[17] have been proposed. Some of them use
rectangular waveguide technology, in which manufacturing
can be critical when ensuring good electrical contact between
parts in distribution networks. For this, manufacturing methods
are highly expensive, such as silicon micromachining [12]
or diffusion bonding [15]. To avoid these problems, the work
in [16] uses gap waveguide technology [18] to prevent the
need for good electrical contact between parts. Gap waveguide
uses periodically arranged metal pins on which a metal plate
is placed at a certain length. The size of the pins and the
separation of the metal plate determine a bandgap in a range
of frequencies. Thus, it is possible to avoid field leakage
along distribution networks and other undesirable effects.
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However, the complexity of manufacturing distribution net-
works with these periodic pin structures grows exponentially
with the size (in wavelengths) and frequency, because of the
small size of the pins required. Other works [13], [17] propose
distribution networks based on substrate integrated waveguide
(SIW), since the technology solves these problems of electrical
contact with via holes at a much lower cost. The problem with
these proposals is the high losses introduced by the dielectric
in the distribution network. In general, the current systems are
bulky, with high losses or with a high manufacturing cost.

In this work, we propose a monopulse antenna based on
a radial line slot array (RLSA) fed by a Butler matrix that
simultaneously generates the sum and difference patterns.
RLSA antennas were investigated for the first time in 1985 for
low-cost and high-efficiency telecommunication systems [19].
The Butler matrix used has paths with an effective length
(in guide wavelengths) much smaller than other proposals and
it is based on gap waveguide. To reduce the cost, it has been
implemented by additive manufacturing, in particular, stere-
olithography (SLA) with subsequent copper plating. In addi-
tion to cost reduction, additive manufacturing allows to reduce
considerably the weight of the pieces, since in this case it
is formed by a UV-curable resin. Compared with the same
piece made of aluminum, it is possible to reduce the weight by
more than half. The versatility of 3-D printing when producing
intricate parts means an increase in the degrees of freedom
available both at the design stage and during fabrication.
In addition, the emergence of affordable desktop SLA printers
is a great opportunity to have a full in-house manufacturing
system for prototyping. This manufacturing method applied
to gap waveguide has given very good results in the Ka-band
[20]–[22] and in the W -band [23].The RLSA antenna has been
manufactured on a low loss dielectric substrate. There are
works that use RLSA antennas to generate monopulse patterns
at lower frequencies, but either use distribution networks based
on microstrip [24] or the connectorization prevents them from
being scaled to 94 GHz, due to lack of space [25].

A preliminary overview of the antenna design can be found
in [26], where the schematic of the proposal and working
principles are shown. This article is focused on the design
of the RLSA antenna and the coupling between the Butler
matrix and the RLSA. In particular, the critical parameters
to be taken into account in the design of the coupling cavity,
the integration of the complete antenna, and 3-D-printing man-
ufacturing with measurement and validation of S-parameters
and radiation patterns are deeply discussed. The detailed
design of the Butler matrix, with experimental validation of the
distribution network and each of its components can be found
in [23]. From measurements, we estimate losses between
0.05 and 0.1 dB/cm and a total loss of 0.8 dB for the full
Butler matrix.

The article is divided into six sections. Section II shows
the antenna scheme. Section III shows the design of the
RLSA antenna for simultaneous � and � patterns. Section IV
presents the coupling circular cavity between the Butler matrix
and the RLSA. The full integration of the monopulse antenna
is validated in Section V. Finally, conclusions are drawn
in Section VI.

Fig. 1. Modified Butler matrix scheme and circular cavity.

Fig. 2. Mounting scheme of the complete antenna.

II. ANTENNA SCHEME

Due to the complexity of the design, the development and
validation of the monopulse antenna has been carried out in
two parts: the design of the RLSA antenna and the interface
with the Butler matrix and the design of the Butler matrix
itself [23].

A. Butler Matrix Scheme

In Fig. 1, a schematic of a modified Butler matrix whose
four outputs are connected to a circular cavity is shown.
This configuration produces a 90◦ sequential rotation at the
inputs of the circular cavity (A, B, C, and D) when � port is
excited and an equi-phase pattern when exciting the � port.
Following the recommendations in [27], the required output
phase scheme for monopulse operation is achieved.

B. RLSA Antenna Scheme

The complete antenna consists of two pieces: the
3-D-printed Butler matrix with the coupling cavity and the
dielectric substrate with the RLSA in the top copper foil
and the coupling slot in the bottom copper foil. Groove gap
waveguide (GGW) [28] is used in the Butler matrix and
circular cavity designs for low losses. The expanded view of
the full monopulse antenna is illustrated in Fig. 2.

III. RLSA DESIGN

RLSA antennas consist of two parallel plates with radiating
slots distributed along the surface of at least one of them. The
amplitude and phase distributions of the radial wavefront that
propagates between both plates, and the arrangement of the
slots determines the radiation performance. Monopulse oper-
ation can be achieved considering slots distributed in



Fig. 3. Radiating element and parameters.

Fig. 4. Ten-ring RLSA antenna.

concentric rings. A uniform phase wavefront within the RLSA
generates a � beam and a rotary phase wavefront (progressive
linear phase) produces the � beam. For the detection of the
angle of arrival, the value of θ is obtained by comparing the
amplitude of both beams and the value of ϕ by comparing
the phase. This monopulse operation is unusual since target
detection is typically achieved by comparing the amplitude
between a sum beam and two orthogonal difference beams.
The monopulse antenna used in this design requires only one
sum beam and one conical difference beam. Previous stud-
ies for monopulse antennas based on RLSA were presented
in [24]. The antenna has T-shaped radiating elements with
left-handed circular polarization. Fig. 3 illustrates the radiating
element.

The RLSA antenna is implemented on a PTFE substrate
Neltec NY9217 with a dielectric constant of 2.17, a loss
tangent 0.0008 at 10 GHz, and a thickness of 0.762 mm.
It is recommended to use dielectric constant values greater
than 1.7 so that the separation between consecutive concentric
rings is less than 0.75·λ in free space for avoiding grating
lobes.

The final distribution of the radiating elements in the ten-
ring RLSA antenna is shown in Fig. 4. The diameter of
the antenna is around 45 mm. The radiating elements have
been optimized based on a global and a local algorithm
[24], [29]. The algorithms maximize the relation between gain
and spillover (power after the last ring of slots) for the �
pattern. After the optimization, the position and length of the
slots are obtained. The angle of the slots with respect to the
radial wavefront is 45◦, so that the excitation of the two slots
of the radiant element is identical. All the design parameters
of the slots are depicted in Fig. 5, which includes the distance
from the center of the pair of slots of each ring, their length,
and separation between them in millimeters and with respect

Fig. 5. Design parameters of the RLSA antenna: (a) distances of the slots to
the center of the antenna, (b) slot length and separation between slot pairs and
rings, (c) slot length and separation between slot pairs and rings normalized
to the wavelength in the dielectric, and (d) rotation angle of the slots in each
ring.

Fig. 6. Power and field values inside the RLSA: (a) power decay and
(b) E-field phase in a circumference around the RLSA.

to the wavelength in the dielectric and the rotation angle of
each radiating element in each ring. In Fig. 5(c), it can be seen
that the length of the slots is around half a wavelength in the
dielectric. This length starts in the first rings slightly below
their resonant length to reduce the radiated power in the first
stages. The length of the slots grows with each ring to achieve
uniform illumination. In addition, the separation between the
pair of slots of each radiating element is kept constant at a
value of a quarter wavelength in the dielectric.

This provides two advantages: the two slots are excited
orthogonally, so circular polarization is achieved, and the
waves reflected by each slot cancel in the center of the antenna
because they combine in counterphase, allowing a reduction
of reflection. The RLSA antenna is designed for lossless
exponential illumination, so that the real lossy substrate used
in the antenna provides uniform illumination. The normalized
power decay inside the lossless RLSA is shown in Fig. 6(a).
In Fig. 6(b), the phase along a circumference centered on
the origin of the RLSA results in a constant phase for the
difference configuration and a progressive linear phase for the
sum configuration.

The sum and difference radiation patterns at 94 GHz
obtained with the RLSA antenna in Fig. 4 are shown



Fig. 7. Radiation diagrams at 94 GHz: (a) CP and XP sum patterns and
(b) CP and XP difference patterns.

Fig. 8. (a) Directivity for the sum (�) and difference (�) patterns in the
direction of maximum radiation. (b) Directivity and aperture efficiency for the
sum pattern.

Fig. 9. Circular cavity parameters. Representation of the TM011 mode and a
rotating TM110 mode. E-fields are shown as solid lines and H -fields dashed
lines. Source [30].

in Fig. 7. The radiation diagrams include the copolar compo-
nent (LHCP) and the cross-polar component (RHCP) for phi
cuts of 0◦, 45◦, 90◦, and 135◦. The sidelobe level for the sum
diagram is −13.5 and −16 dB for the difference diagram. The
relation co-polar (CP)–cross-polar (XP) is 35 and 22 dB for
the computed sum and difference patterns, respectively. The
directivity as a function of the frequency for the direction of
maximum radiation can be found in Fig. 8. Since the radiating
elements used are narrowband in nature, the obtained aperture
efficiency reaches values above 90% around 94 GHz, but falls
rapidly to values of 30% at 90 and 98 GHz.

IV. RLSA TO CIRCULAR CAVITY COUPLING

Once the RLSA antenna is designed, a circular cavity is
chosen to generate the resonance of the TM0nm and TM1nm

modes at the frequency of 94 GHz. As explained in Section III,
the � configuration requires a uniform phase pattern inside
the RLSA and the � pattern needs a rotary field distribution.
To fit these requirements, the TM0nm and TM1nm modes in
the circular cavity can be used. Fig. 9 shows the design

Fig. 10. Resonance frequencies as a function of radius and height of the
circular cavity. Values for the TM120 and TM021 modes.

TABLE I

PARAMETER VALUES OF THE IDEAL CIRCULAR CAVITY

parameters of the circular cavity and a scheme of the fields
inside the cavity. Expression (1) shows the classic formula for
the resonance frequency of modes inside a circular cavity [30]
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The parameter pnm represents the mth root of the Bessel
function of order n. With these values, the resonance frequen-
cies of the modes TM011, TM021, TM031, TM110, TM120, and
TM130 can be calculated as a function of the radius a and
height d of the circular cavity. The variation in resonance
frequencies of the TM021 and TM120 modes is shown in Fig. 10
as a function of d for different values of a. Since the
resonance frequency of modes TM1m0 does not change when
the height varies, it is easy to find the radius and height values
where both modes TM0m1 and TM1m0 resonate at 94 GHz.
Applying (2) and (3), the dimensions of the hollow circular
cavity are obtained to excite the desired modes. The resulting
dimensions for the selected modes in the ideal circular cavity
are listed in Table I. Expression (2) for calculating the radius a
depends only on the resonance frequency f and the chosen
mode TM1m0 (p1m). Expression (3) requires the previously
calculated radius a, the resonance frequency f , and the chosen
mode TM0m1 (p0m and l = 1) for the calculation of the
height d . After preliminary calculations of the dimensions of
an ideal circular cavity, we applied the values of radius and
height obtained to a circular cavity based on gap waveguide.
The dimensions of the pins are the same as those used in the
design of the Butler matrix [23], with a diameter of 0.5 mm,
a height of 0.9 mm, and a periodicity of 1.2 mm with 0.5 mm
thick air gap. The cylindrical wall of the cavity is replaced by
four concentric rows of pins to ensure good field insulation
inside the cavity. With this modification of the structure, it is
necessary to readjust the dimensions to generate the desired
modes at 94 GHz. Starting from the ideal cavity, three different



Fig. 11. Amplitude of the E-field for the TM021 and TM120 modes at 94 GHz.

TABLE II

PARAMETER VALUES OF THE GGW CIRCULAR CAVITY

Fig. 12. Top view of the designed gap waveguide circular cavity. Length
values are in millimeters.

cavities have been designed for the three configurations
of Table I

a = c·p1m
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The adjusted dimensions of the GGW circular cavities are
shown in Table II, together with the frequencies of previous
and next undesired resonant modes. The final selected modes
in Fig. 11 are TM021 and TM120 because the associated cavity
radius is large enough to allow an ample access of four GGW
inputs and the adjacent unwanted modes are several gigahertz
away from 94 GHz.

A slot centered in the ground plane of the RLSA is used
for coupling the field from the circular cavity to the RLSA
antenna. In a first approximation, the design and optimization
of this stage is done considering an infinite parallel plate
waveguide (PPWG) instead of the real RLSA antenna. This
allows us to drastically reduce the computing time taking into
account that the effect of the radiating slots on the matching
between the four GGW inputs and the central slot coupled to
the RLSA will be negligible. The designed cavity coupled to
the PPWG is shown in Figs. 12 and 13.

The coupling slot between the circular cavity and the PPWG
in the final design is not circular, but wavy. This is due to the

Fig. 13. Lateral cross section of the circular cavity coupled to the dielectric-
filled PPWG. Length values are in millimeters.

Fig. 14. Representation of the surface current at the top face of the ideal
circular cavity for (a) TM120 and (b) TM021 modes at 94 GHz.

Fig. 15. Radial normalized surface current for the TM120 and TM021 modes
at 94 GHz in the top face of the ideal cavity and in the designed gap waveguide
cavity in Fig. 13.

shape of the surface currents in the upper face of the circular
cavity. Since the slot must simultaneously couple modes
TM021 and TM120, the radius of this slot must approximately
coincide with the maximum of the surface current in the
radial direction. Fig. 14 depicts the amplitude of the current
in the upper face of the ideal circular cavity for both modes,
taking into account that the amplitude of the current for mode
TM120 [Fig. 14(b)] also has a rotary pattern with sum mode
excitation. The amplitude of these normalized currents in a
radial cut is represented in Fig. 15. This graph includes the
currents for both the ideal circular cavity and the designed
GGW cavity of Figs. 12 and 13. In Fig. 15, the distance
between current peaks is 1.9 and 3.6 mm, respectively, for the
TM021 and TM120 modes. This difference prevents an efficient
simultaneous coupling of both the modes using a circular slot.



Fig. 16. Coupling slot from the circular cavity to the PPWG. (a) Represen-
tation of the circular slots for good matching of the TM120 mode (dashed
curve), the TM021 mode (dotted curve), and both of them (solid curve).
(b) Design parameters of the final wavy slot for simultaneous matching of
the TM120 and TM021 modes at 94 GHz.

Fig. 17. Matching of the rotary (TM120) mode and symmetric (TM021)
mode for various shapes of the coupling slot. (a) Circular slots with various
diameters and (b) final wavy slot.

Fig. 16(a) shows the structure of the gap waveguide cavity with
different shapes and sizes of coupling slot to the PPWG. The
two circular shapes correspond to the slots with the diameter
of 1.9 mm and 3.6 mm, coincident with the current peaks
shown in Fig. 15. A wavy slot is superposed over them to
find an efficient simultaneous coupling. The design parameters
of this wavy slot are presented in detail in Fig. 16(b).

The S-parameters of the cavity with four ports are
shown in Fig. 17. The results for circular coupling slots of
1.9 and 3.6 mm diameter can be seen in Fig. 17(a), together
with an additional result for an average diameter of 2.75 mm.
As expected, matching at 94 GHz using a 1.9 mm slot is
acceptable for the symmetrical mode (TM021), but very bad
for the rotary mode (TM120), and vice versa when using the
3.6 mm slot. With the average diameter slot, a bad matching
is achieved in both the cases. However, when using the wavy
slot in Fig. 16(b), it is possible to achieve a good matching for
both the configurations simultaneously. The final results with
this wavy slot are shown in Fig. 17(b), which also compares
the reflection coefficient of the cavity coupled to the PPWG
without RLSA and with the integrated RLSA. The only effect
of introducing the RLSA is an improvement of the reflection
level for the sum configuration (rotary mode).

It should be noted that the results obtained are inher-
ently narrowband due to the nature of the resonant cavity.
In particular, during the process of optimization of the cavity
and the coupling slot, it has been intended to maintain a
greater bandwidth for the sum mode at the cost of narrowing

Fig. 18. (a1)–(a3) Field representation of rotary mode and
(b1)–(b3) symmetric mode. (a1)–(b1) Amplitude of the electric fields
in the circular cavity, (a2)–(b2) amplitude of the electric fields coupled to
PPWG, and (a3)–(b3) phase of the electric field coupled to PPWG.

Fig. 19. (a) Amplitude and (b) phase errors of the z-component of the
E-field for the rotary and symmetric modes inside the PPWG for wavefronts
at a radius R = 6 mm.

the band of the difference mode. The idea is to minimize
the risk of mismatch losses in the sum mode if there is
a frequency deviation of the response in the manufactured
prototype. A drop in gain along the boresight direction means
a reduction of the system’s performance in detecting targets
of a certain size at a given distance.

Fig. 18 illustrates the field distributions in two different
cross sections of the cavity to PPWG design: one cross section
in a plane inside the resonant cavity immediately below the
coupling slot and the other in the central plane of the PPWG.
The rotating pattern is presented in Fig. 18(a1)–(a3) and
the radially uniform pattern is depicted in Fig. 18(b1)–(b3):
(a1) and (b1) show the amplitude of the field inside the cavity,
(a2) and (b2) the amplitude in the central plane of the PPWG,
and (a3) and (b3) the phase. For the rotating mode, the four
ports that excite the cavity have a sequential phase shift of 90◦
and the field inside the PPWG exhibits a circular spiral pattern.
For the radially uniform mode, the input ports are excited
with the same phase, resulting in the coupling of a radially
symmetrical field inside the PPWG.

The amplitude and phase errors in a circumference with
radius R = 6 mm are represented in Fig. 19. The maximum
amplitude and phase errors achieved in the final design are
summarized in Table III. The errors obtained are very small
due to the high radial symmetry of the coupling cavity.



TABLE III

PHASE AND AMPLITUDE ERRORS FOR Ez IN THE

PPWG FOR WAVEFRONTS AT R = 6 mm

Fig. 20. Operation of the Butler matrix together with the radiation diagrams
obtained for (a) � configuration and (b) � configuration.

Fig. 21. (a) Picture of the manufactured monopulse antenna before assem-
bling and (b) detail of the circular cavity with alignment hole.

V. INTEGRATION OF THE FULL MONOPULSE ANTENNA

The results of the integration of the Butler matrix coupled to
the RLSA via the circular cavity are detailed in this section.
Fig. 20 illustrates the monopulse operation of the complete
antenna. The electric field distribution inside the Butler matrix
for � port excitation is shown in Fig. 20(a). This distribution
imposes phase conditions in the coupling cavity that induce
the rotation of the field. The result is the pencil beam shown
on the right. When the structure is fed through the � port,
the field distribution shown in Fig. 20(b) is obtained. In this
case, the phase conditions imposed by the Butler matrix in the
cavity generate a radially uniform mode. The coupling of this
mode within the RLSA results in a conical radiation pattern
with a pronounced null in boresight. The combined operation
of both the sum and difference diagrams allows the monopulse
function. The low amplitude and phase errors of the wavefronts
in the PPWG are reflected in the high rotational symmetry of
the obtained radiation diagrams. The final prototype of the
manufactured monopulse antenna is shown in Fig. 21.

The dimensions of the assembled prototype are
150 × 60 × 4.7 mm. One of the critical parts of manufacturing
is to get a good alignment between the two parts that form

Fig. 22. Microphotographs of the PCB: (a) wavy coupling slot and
(b) T-shaped radiating elements. The central hole in (a) has a diame-
ter of 0.35 mm for alignment. (c) Setup for S-parameters measurement.
(d) Monopulse RLSA antenna in anechoic chamber for measurement.

the antenna. The only alignment requirement that must be
met is that the center of the RLSA on the PCB matches
the center of the circular cavity of the 3-D printed part.
To achieve this, a pair of holes have been made in the PCB
and the circular cavity to align with a 0.3 mm diameter pin
traversing the two pieces from side to side. For manufacturing
reasons, the hole in the PCB has been defined with a diameter
of 0.35 mm to maintain a clearance that allows the pin
to slide. Similarly, the hole in the cavity has been defined
with a diameter of 0.45 mm, since a smaller hole is likely
to close completely during the 3-D printing process and
subsequent copper plating. An image of the cavity with the
alignment hole is shown in Fig. 21(b). A detailed view of
the coupling slot and the manufactured radiating elements
is shown in Fig. 22(a) and (b). The coupling slot presents
the wavy pattern described in Fig. 16(b) and a central hole
of 0.35 mm in diameter to align the PCB with the 3-D
printed plate. The material used to manufacture this prototype
is Accura SL 5530 [31] with a layer thickness of 0.05 mm.
This is achieved by photopolymerizing the UV-sensitive resin
layer by layer with a laser beam of 0.075 mm ± 0.015 mm
in diameter. For this resolution, there is a maximum part size
of 250 × 250 × 250 mm3, and a minimum geometry size
of 0.13 mm in the XY plane and 0.4 mm in the Z plane.
The tolerances are typically better than ±0.05 mm in the
XY plane and better than ±0.13 mm in the Z plane, with an
additional 0.001 mm/mm in both the cases, although these
tolerances depend on the shape and dimensions of the part.
Of course, there are other materials available and different
layer resolutions depending on manufacturing requirements.
These characteristics of the SLA process are sufficient to
achieve good results even in prototypes operating in the
W -band, as demonstrated in this section. A photograph of
the assembly for measurement of S-parameters and setup in
the anechoic chamber are included in Fig. 22(c) and (d).

The measurements are represented in Fig. 23 together with
the simulated S-parameters of the complete structure. The
bandwidth difference of the two patterns is clearly observed,
with 0.8 GHz at −10 dB for the difference (�) pattern



Fig. 23. Simulated and measured S-parameters: (a) reflection coefficients
and (b) isolation coefficients.

Fig. 24. Measured � (a) and � (b) patterns (directivity—LHCP) for different
azimuth angles at 94 GHz.

Fig. 25. Simulated � (a) and � (b) patterns (directivity—LHCP) for different
azimuth angles at 94 GHz.

and 4 GHz for the sum (�) pattern. Both the reflection
coefficients fit well with the simulations. The measured and
simulated isolation between ports is practically identical, with
values below −15 dB between 93 and 95 GHz and a value
around −25 dB at the central frequency. This validates additive
manufacturing at frequencies close to 100 GHz with a high
degree of fidelity to the ideal model.

The measurements of the radiation patterns of the
monopulse antenna were made in the spherical system of the
anechoic chamber LEHA-UPM. Fig. 24 depicts the measured
radiation patterns of the � [Fig. 24(a)] and � [Fig. 24(b)]
configurations at 94 GHz for different azimuth angles, along
with the cross-polar component. For comparison, the results
obtained from the simulations are represented in Fig. 25 for
the two patterns and the same cuts in ϕ angle.

In simulation, the high symmetry of the coupling cavity to
the RLSA generates very stable radiation patterns in ϕ angle,
since it results in very small phase and amplitude errors inside
the RLSA. There is some small secondary lobe imbalance
produced by small phase imbalances in the Butler matrix

Fig. 26. 2-D plots of the measured radiation diagrams: (a) sum pattern,
(b) difference pattern, and (c) zoom of the difference pattern for better
visualization of the deep null.

outputs that excite the cavity. These phase imbalances are
difficult to correct, as the external paths are longer than the
internal ones, so the Butler matrix in not fully symmetrical.
However, the measured radiation patterns show asymmetries
due to amplitude and phase errors caused by manufacturing
tolerances, assembly, and variations in the dielectric substrate
properties. The simulated sum diagram has a maximum direc-
tivity of 32.3 dBi, while in measure the directivity drops almost
3 dB to a value of 29.35 dBi. The secondary lobe level for
the sum beam is better than −15 dB in simulation, but in
measurement the nulls of the secondary lobes are filled. The
reduction of directivity and nulls filling is due to an excitation
of the rings with a nonuniform phase produced by a deviation
of the dielectric constant of the substrate. Also, a marked
asymmetry is observed in the cuts of the difference diagram,
in which the null presents a value of −21.2 dBi and a deviation
of 1.5◦ with respect to broadside.

For a better perspective of the radiation patterns mea-
sured on the sphere, 2-D radiation diagrams are represented
in Fig. 26. With this representation, the produced asymmetries
and the deviation of the null of radiation of the difference
diagram can be better observed. The 2-D measurements are
represented in a range of angles from −50◦ to 50◦ in theta
and from 0◦ to 360◦ in phi for the sum [Fig. 26(a)] and
difference [Fig. 26(b)] diagrams. For a clearer view of the
null, a zoom of the difference diagram is included for a range
in theta of −5◦ to 5◦ in Fig. 26(c). The 2-D measurements
also correspond to the results for 94 GHz.

The measurements of directivity and realized gain variation
of the sum beam with frequency are shown in Fig. 27.
Fig. 27(b) includes the simulated directivity taking into
account the cumulative errors and deviations. Considering an
error of 30 μm rms in the slots’ length (value provided by



Fig. 27. (a) Measured realized gain between 90 and 98 GHz and (b) measured
and simulated directivity between 93 and 95 GHz.

Fig. 28. (a) Comparison between measurements and final simulated directiv-
ity, realized gain, and radiation efficiency. (b) Measured and simulated axial
ratio versus frequency.

our manufacturer), a deviation of the dielectric constant of the
substrate from 2.17 to 2.318, and a misalignment between the
Butler matrix and RLSA of 0.15 mm (as explained in Fig. 29),
the simulated directivity is very close to the measured one.
A maximum realized gain of 28.86 dBi is observed at
93.4 GHz with an approximately constant decrease to 95 GHz.
The realized gain value at 94 GHz is 27.8 dBi. Fig. 28(a)
compares the final measurements and simulated directivity,
realized gain, and radiation efficiency, which is about 70%
between 93 and 95 GHz in simulation and measurement.

A comparison of the axial ratio of the measured and
simulated sum beam as a function of frequency can be
seen in Fig. 28(b). The measured results show a very good
circular polarization, with an axial ratio below 0.5 dB between
93.5 and 95.5 GHz. The minimum of 0.26 dB is at 94.08 GHz,
very close to the simulated values around 0.2 and 0.3 dB.

To finalize the analysis of the results obtained, a study
of tolerances in the alignment between the two parts of the
antenna has been carried out. A misalignment of 0.15 mm
is necessary to obtain the measured deviation of 1.5◦ from
boresight of the null in the difference diagram. For the ideal
case in Fig. 29(a) and (b), the sum diagram and the difference
diagram are well-centered, with a high rotational symmetry.
In the sum diagram, the secondary lobes appear well-defined
with deep nulls between them. When applying the 0.15 mm
mismatch in Fig. 29(c) and (d), together with the other errors
and deviations analyzed in Fig. 27(b), the symmetry is broken
and the secondary lobes are blurred in the same way as
in the 2-D representation of the measurements in Fig. 26.
In addition, the null of radiation of the difference diagram
has deviated to 1.5◦. A clear unbalance of the level of the
conical beam of the difference diagram is observed, with
a maximum of 28.5 dB and a minimum of 22.5 dB in the cut

Fig. 29. 2-D radiation diagrams for ideal and adjusted simulations: (a)
sum beams for ideal simulation and (c) simulation with error in slots length,
dielectric constant deviation, and 0.15 mm misalignment. (b) Difference beams
for ideal simulation and (d) simulation with error in slots length, dielectric
constant deviation, and 0.15 mm misalignment.

ϕ = 75◦. However, taking into account the complexity of the
prototype and the tolerances of the manufacturing processes,
we consider that the result obtained is remarkable.

A comparison with other works is conducted in Table IV.
The elements included in the comparison are the type of com-
parator and antenna used, the number of pieces, parts or layers
that compose the antenna, the type of transmission line,
the manufacturing technology used, the size, characterization
of S-parameters, and antenna performance. The proposals
with magic tee present acceptable performance in all aspects,
but this type of structures typically requires a multi-level
distribution network with several layers. The Butler matrices
can be designed on a single level, reducing manufacturing
complexity, alignment errors, and cost. In addition, the pro-
posals with magic tee [12], [15]–[16] are made of metal with
expensive manufacturing processes. The proposal in [16] takes
advantage of the gap waveguide for the distribution network.
The design uses multiple layers using computer numerical
control (CNC) milling for the manufacturing process, which is
much more expensive than additive manufacturing. The rest of
the proposals in Table IV uses the Butler matrices. The design
of most of them is based on SIW manufactured using PCB
technology [13]–[17]. The presence of the dielectric substrate
results in an antenna efficiency below 20%. In [14], the Butler
matrix is based on the rectangular waveguide manufactured
with CNC milling at 94 GHz. The feeding network illuminates
a Cassegrain reflector system that must be very well aligned.
With respect to the bandwidth, the magic tee designs typically
achieve relative bandwidths of 20% with an isolation of more
than 30 dB. The Butler-matrix-based designs can reach bands
above 2% and isolation above 20 dB. Only full metal proposals
without reflector components present an antenna efficiency
above 60%.



TABLE IV

COMPARISON WITH PREVIOUS WORKS

The prototype presented in this work takes advantage of
the high precision of the current SLA 3-D printing techniques
with copper plating. The 0.83% bandwidth is limited by the
difference pattern due to the inherently narrowband circular
cavity used. This design consideration was chosen consider-
ing that the working band around 94 GHz is very narrow
(±200 MHz, 0.4%) for a monopulse radar, so the values
obtained are good enough for the operation of the system.
The isolation is better than 20 dB and the antenna efficiency
is 70%, better than most of the works. The maximum null
relation is about 50 dB and the axial ratio is better than 0.5 dB
LHCP. These results highlight over the other works in the
comparison.

VI. CONCLUSION

The proposed W -band monopulse antenna is based on an
RLSA antenna fed by a circular cavity connected to a two-
input Butler matrix to simultaneously generate the sum and
difference patterns. The prototype design is oriented to man-
ufacturing with PCB technology for the RLSA and additive
manufacturing for the feeding structure. The use of 3-D-
printing instead of CNC for the feeding network has resulted
in a significant reduction in the cost of prototyping. The results
of the complete antenna prototype show a good behavior of
the sum and difference patterns with a measured directivity of
almost 30 dBi, an antenna efficiency of 70% for the sum beam,
and a 50 dB deep null at 1.5◦ from broadside for the difference
beam. The achieved axial ratio is also very low about 0.5 dB
in a 2 GHz band for LHCP. The effective fractional bandwidth
is 0.87% due to the limitations of the difference configuration
and the inherently narrowband behavior of the coupling cir-
cular cavity. Despite this, the measurements fit very well with
simulations, thanks to the high manufacturing accuracy.
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