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ABSTRACT: This paper presents the design, discussions, and characterization of a low-cost printed slotted substrate integrated waveguide
traveling wave antenna. The antenna exhibits an omnidirectional pattern in the azimuth plane and a cosecant squared pattern in the
elevation plane. This synthesized pattern enables application in 5G mm-wave systems by providing a defined signal equipotential region,
thereby increasing coverage areas in locations such as stadiums, exhibition centers, arenas, and parks. Additionally, the proposed design
method facilitates the easy implementation of new designs tailored to specific installation sites.

1. INTRODUCTION

The crescent demand for data transmission driven by appli-
cations like video streaming, internet of things (IoT), and

real-time communication, along with the evolution of fifth-
generation cellular networks as a solution to increase wireless
communication data rates, requires the development of low-
cost mm-wave antennas. Also, to guarantee a desired coverage
area with an equipotential signal level, it is required to design
a specific radiation pattern for the antenna, with an omnidirec-
tional pattern in azimuth cut to cover the 360◦ region around
the antenna [1] and a cosecant squared in elevation cut [2].
Designing azimuth omnidirectional and beam-shaped pattern

synthesis in the elevation cut is challenging. The typical struc-
tures used to achieve the desired amplitudes and phases for pat-
tern synthesis, such as couplers, dividers, and delay lines [3],
compromise the antenna’s omnidirectionality because they act
like reflectors when being placed on the antenna structure. Ad-
ditionally, the most common radiant elements usually do not
have an omnidirectional azimuth cut radiation pattern [4]. Fur-
thermore, arrays are often constructed in complex ways [5], in-
volving multiple layers of printed circuit boards (PCBs) with
blind and buried vias, as well as mechanical parts [6]. This
complexity demands detailed and intricate machining, making
these solutions not cost-effective.
Reflector antennas with a feeder are a viable solution for

meeting specific elevation radiation pattern requirements [7].
However, most commonly used feeder antennas are not om-
nidirectional. Also, this antenna poses challenges in their ap-
plication, with the increase of the overall system complexity
by requiring additional fixing points and brackets, leading to a
larger antenna structure, higher costs, and potential complica-
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tions in integrating the antenna with the associated microwave
circuits.
Alternatively, loop antennas with scattering structures de-

signed to modify the elevation radiation pattern can also satisfy
the requirements for both azimuth and elevation coverage [8, 9].
While they present a promising solution due to their omnidirec-
tional azimuth radiation pattern and the possibility of control-
ling the elevation radiation pattern, these antennas face similar
challenges, including complexmachined parts, high production
costs, and difficulties in integration with microwave compo-
nents PCB.
The traveling slotted waveguide antenna array, including

traveling slotted substrate-integrated waveguide (SIW) antenna
array, is a well-known type of antenna; however, regarding syn-
thesizing its radiation pattern, some issues come about to en-
sure the pattern radiation requirement for more external angles.
At first, the guided wavelength usually defines a distance be-
tween elements greater than a half wavelength in free space,
which limits the defined synthesized region of the pattern. Af-
ter that, to achieve the phase of each radiant element, there
are usually two solutions, one using non-resonant uniformly
spaced slots [10], defining the phase of radiation by adjusting
the length of the slot, which also changes the admittance, gener-
ating an imaginary part, the amplitude of radiation, and impact
at the reflection of the signal at the waveguide, and other us-
ing non-uniformly spaced resonant slots, which will work for
specific cases or would present a variation to the desired pat-
tern for more external angles without any method to synthe-
size the beam shape for non-uniformly spaced arrays [2, 11]. In
both cases, this makes the characterization of the slots harder,
considering the mutual coupling between the radiant elements
concerning the length of resonance and admittance.
This paper proposes a traveling substrate integrated waveg-

uide (SIW) antenna array operational at 28GHz, inside themm-
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FIGURE 1. Final double slot model, without the substrate and with re-scaled axis to show the pair of slots and dimensions.

wave 5G bandwidth [2], using slots at the top and bottom lay-
ers to achieve the omnidirectional radiation pattern and nonuni-
form spaced elements to reach the desired radiation pattern.
The antenna design procedure, preliminary presented in [12],
consists of a method to synthesize the beam shape for nonuni-
form spaced resonant slots in a SIW. This procedure also in-
cludes the characterization of the double slots elements in the
array for the length of resonance and admittance, and the analyt-
ical calculation of the antenna parameters, such asS parameters
and radiation pattern. Also, this work presents the prototype
construction and full characterization of the antenna, including
radiation patterns in both azimuth and elevation planes and S
parameters measurements.

2. SLOTTED SUBSTRATE INTEGRATED WAVEGUIDE
ANTENNA
2.1. Substrate Integrated Waveguide (SIW)
SIW is a waveguide-like structure that integrates rectangular
waveguides with printed microwave circuits. It uses periodic
metallic vias between two conductor planes to create a rect-
angular waveguide equivalent structure on a PCB [13]. To
avoid leakage across the periodic structure and to guarantee
equivalence between the rectangular waveguide expected and
the SIW, such as guided wavelength and cutoff frequency, the
via diameter and the spacing between vias were calculated us-
ing [13]. The substrate used in this study was Rogers RO4350B
with 20mil thickness and a dielectric constant (ϵr) of 3.66 for
design. The SIW at this development has a spacing between
the SIW vias of 3.55mm, equivalent to a rectangular dielectric-
filled waveguide with the largest dimension of 3.4mm to the
circuital calculation [13].

2.2. Double Slot Characterization
When a slot introduces a defect in a waveguide and interrupts
the current flow around the wall, generating a current around

it, it radiates. In this work, the radiation element of the array
is a double longitudinal slot, placed at each plane of the larger
side of the waveguide and shifted from the center of the wall,
which can be modeled as a shunt admittance [14]. The dou-
ble slot radiating element, seen in Fig. 1 with its construction
and parameters, is responsible for the omnidirectional azimuth
pattern, as shown in Fig. 2.
The slot characterization is a fundamental part of the design

of the array, once it guarantees the radiant amplitude and phase
of each element. For a given desired design slot admittance
and spacing between elements, the correspondent slot shift and
length of resonance are necessary, and they should consider
the mutual coupling between elements [15]. The analysis was
made with 3D electromagnetic simulations at CST Microwave
Studio with periodic boundary conditions at the waveguide
propagation directions (Fig. 3), set to calculate an infinite uni-
formly spaced linear array with uniform amplitude of excitation
and the angle of scan (Θ in Eq. (1)) defined by the phase differ-
ence caused by the spacing between the slots (d in Eq. (1)) in
the waveguide (described by its guided wavelength (λg in Eq.
(1)), given by∆ϕ in Eq. (2).

Θ = arcsin
(
λ0 ∗

(
1

2d
− 1

λg

))
(1)

∆ϕ = 360◦ ×
(

d

λg
− 1

2

)
(2)

The simulation was performed to find the slot resonance
(Yim = 0) by sweeping its length, considering pairs of off-
set from the waveguide center and spacing between slots. The
results of this analysis are presented in Figs. 4 and 5. Also, the
graphics show the curve fit calculation used to relate the po-
sition of the slots (or distance of slots) and desired admittance
with a resonance length and an offset from the center of the
waveguide.
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FIGURE 2. Omnidirectional radiation pattern of the 3D simulation model for the double slot with periodic boundary condition.

FIGURE 3. 3D simulation model for the double slot characterization using periodic boundary condition at xz plane limits.

2.3. Calculation of Radiation Pattern for a Slotted SIW Antenna
The radiation pattern for a linear array of identical elements
placed along the x-axis is given by Eq. (3) [16]

Parray(θ) = Pel(θ)

N∑
i=1

exp(j
2π

λ
xi sin(θ))ai (3)

where Pel(θ) is the radiation pattern of the slot, which should
be considered both in the analysis and synthesis of the radiation
pattern; xi is the position of the i-th element; ai is the complex
coefficient of the i-th element; and θ is the elevation angle.
Considering a generalized slotted SIW as a sequence of shunt

admittances spaced by sections of a rectangular waveguide

filled with dielectric, it is possible to proceed with the analytical
calculation of the antenna, considering the circuit theory [17]
to obtain the amplitude and phase of the signal radiated in each
slot, which will represent ai in Eq. (3), and calculate the radia-
tion pattern of the slotted SIW antenna.

3. ARRAY RADIATION PATTERN SYNTHESIS
Writing Eq. (3) as a difference from a linear array with elements
uniformly spaced of d where the i-th element is shifted of δi.

P (θ) = Pel(θ)

N∑
i=1

exp
(
j
2π

λ
id sin(θ)

)
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FIGURE 4. Slot characterization as function of the spacing between slots
and Slot shift from waveguide center versus slot admittance.

FIGURE 5. Slot characterization as function of slots spacing and slot
shift versus waveguide center for Length of Resonance.

FIGURE 6. Coverage diagram for the defined radiation pattern goal.

exp
(
−j

2π

λ
δi sin(θ)

)
ai (4)

The term exp(−j 2π
λ δi sin(θ)) represents an error between the

uniformly and non-uniformly spaced array, and it increases for
higher δi and also for more external θ, or higher elevations.
When ai is calculated for uniformly spaced array synthesis,
this term can be neglected for small elevations, but a specific
method to synthesize the coefficients for the non-uniformly
spaced arrays is needed to guarantee higher elevation coverage.
This work applies a method based on the Synthesis of

Shaped-Beam Radiation Patterns Using the Iterative Sampling
Method [18] for non-uniformly spaced linear arrays. In each
iteration, the obtained pattern is compared with the desired
one, and the difference is corrected with iterative sampling.

4. DESIGN

4.1. Radiation Pattern Goal Definition
If you are planning a communication or broadcasting within an
exhibition center, stadium, or any other area measuring 280m
wide (or a square of 200× 200m) and 15m high, it is feasible
to establish a radiation pattern that uniformly covers the periph-
ery of this space. By positioning the antenna at the center of the
arena and at a height of 15m, the pattern needs to be omnidi-
rectional in the azimuth cut, ensuring coverage in all directions.
In the elevation cut, the pattern should commence at 0◦ eleva-
tion and maintain the same gain until arctan(15/140) = 6.1◦,
after which a csc2 pattern should be adopted from 6.1◦ until the
desired coverage. Here, mainly due to the element radiation
pattern (exhibited in Fig. 2), the csc2 was defined up to 60◦,
effectively covering 99.6% of the circular area. The coverage
diagram, which illustrates the defined elevation radiation pat-
tern, is presented in Fig. 6, and the csc2 here described will en-
sure that all the blue border of Fig. 6 will receive the same signal
level from the antenna. It is important to emphasize that, owing
to the omnidirectional nature of the azimuth cut, this coverage
remains consistent around the antenna height axis.

4.2. Antenna Analytical Synthesis
AMatlab code was written to execute the calculation following
the workflow described in [12]. The input parameters were the
frequency of 28GHz, the desired radiation pattern described in
4.1, the RO4350B substrate with 20mil thickness to construct
a SIW equivalent to a rectangular waveguide 3.4mm wide, and
20 radiant elements. The outputs of the Matlab code include
the analytical radiation pattern (shown in Fig. 7), which is com-
pared with the goal and synthesized radiation pattern. The ini-
tial position of the slots is calculated based on a linear regres-
sion of the uniformly spaced elements coefficients phase. The
position adjustment is made with the change of the slot po-
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FIGURE 7. Comparison among goal, synthesized, and analytical calculation of the radiation pattern for the slotted SIW antenna.

FIGURE 8. Amplitude and position of each slot for calculated synthesis
coefficient and the analytical calculation for the slotted SIW antenna.

FIGURE 9. Phase and position of each slot for calculated synthesis co-
efficient and the analytical calculation for the slotted SIW antenna.

sition in a fraction of the guided wavelength proportional to
the equivalent phase difference from the desired coefficient, al-
ways considering the possibility of inverting the direction of the
shift from the center of the slot to make it radiate in the counter
phase.
Additionally, the code provides S parameters for the lossless

calculation, with an S11 of−20.3 dB and an S21 of−7.4 dB, in-
dicating an efficiency of 81% due to load losses. Figs. 8 and 9
display the amplitude and phase, respectively. The position and
admittance of each of the 20 slots are also given. Using these
results, along with the findings from Section 2.2, it is possible
to determine the length and offset from the center of the SIW
for each slot and generate a 3D model for electromagnetic sim-
ulation. The results of this calculation, position, admittance,
offset from the waveguide center, and length of resonance for
each slot are available in Table 1.

4.3. Electromagnetic Model Simulation

A3Dmodel for electromagnetic simulationwas developedwith
the outputs from the previous section and simulated in CST Mi-
crowave Studio. The radiation pattern result is presented in
Fig. 10 as initial simulation. A particle swarm optimization
of the 3D model was performed in CST Microwave Studio to
improve the secondary lobe level (SLL). This optimization ad-
justed the lengths of the critical slots (Slots 1, 2, 8, 9, 10, 11, 12,

13, 19, and 20 in Table 1). The selected slots were the border
slots, those with the largest distance differences from adjacent
slots, and those with the greatest amplitude differences between
neighboring slots based on Fig. 8. The length of the critical slots
was chosen for optimization based on the variations of length
in function of the distance between slots and the offset from the
waveguide center shown in Fig. 5, which in some cases achieve
10% and the impacts of non-resonant slots on amplitude and
phase.
Additionally, the synthesis reduced the number of variables

to optimize from 60 (position, offset, and length of each of the
20 slots) to 10. The goals were to keep the SLL as low as 20 dB
and the error from the analytical radiation pattern in the csc2 re-
gion below 3 dB. The optimization results are shown in Fig. 10
as optimized simulation, with the final lengths of the critical
slots detailed in Table 1 and 3D radiation pattern in Fig. 11.
The effective bandwidth of the proposed antenna is defined

by the tolerable variation in the radiation pattern with frequency
changes, including the gain variation impacted by the power
dissipated in the load. This variation is presented in Fig. 12
for elevation cut and in Fig. 13 for azimuth cut, considering
1GHz bandwidth between 27.4 and 28.4GHz. The results for
the optimized simulation model at 28GHz present a maximum
gain of 6.8 dB and 6.4 dB in 0◦ azimuth cut and an efficiency
of 82.2% due to load losses. The S parameters for this model
are available in Fig. 14.
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FIGURE 10. Comparison between normalized radiation pattern at el-
evation cut for the Analytical Calculation, Initial, and Optimized 3D
simulation results.

FIGURE 11. 3D simulated radiation pattern for the optimized model.

FIGURE 12. Variation of radiation pattern for elevation cut for the opti-
mized simulation over frequency.

FIGURE 13. Variation of radiation pattern for azimuth cut for the opti-
mized simulation over frequency.

4.4. SIW Transition and Characterization

To allow the construction and tests of the prototype, it is nec-
essary to design a transition from SIW to 50Ω coplanar with
ground transmission line (CPWG). The transition proposed
here, based on [19], and also a 50Ω coaxial connector inter-
face, here a 2.92mm connector, was designed by adjusting the
length and width of the tapered CPWG line to achieve the re-
turn loss matching at the simulation in CST Microwave Studio.
The model of the transition is seen in Fig. 16 with the simulated
S parameters response shown in Fig. 15.
After the prototype manufacturing, a SIW with CPWG tran-

sition and coaxial connector PCB, with 115mm of SIW sec-
tion and 123mm in total length and seen in Fig. 17, was also
produced and characterized in a network analyzer and the re-
turn loss results presented concordance with the simulation, but
higher insertion losses were noticed, as seen in Fig. 18. This
loss is commonly associated with the electroless nickel immer-

sion gold (ENIG) PCB finish and the copper roughness [20],
which has a significant impact on mm-wave frequencies due to
the skin-depth effect, and dielectric loss variations. Based on
thesemeasurements, a complete simulationmodel with reduced
metal conductivity, to represent the increase of losses due to the
addition of ENIG finishing and the equivalent conductivity re-
duction with the surface roughness, was created to compare the
simulated and measured results. All the results are available in
Fig. 18.

4.5. Connectorized Antenna Model

With the results of the previous section, two simulation models
were constructed to analyze the impacts of the insertion of the
SIW to CPWG and the coaxial connector in the antenna, the
complete simulation model and the complete simulation with
loss correction model, with the last one using the reduced con-
ductivity for the metal layers obtained in the previous section.
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TABLE 1. Parameters of slots before and after the optimization.

Slot
Position
(mm)

Admitance
(mS)

Offset
(mm)

Length
(mm)

Optim.
Adjust

Optimized
Length
(mm)

1 0,00 0,022 −0, 017 3,998 0,9478 3,789
2 9,64 0,034 −0, 019 4,079 0,9662 3,941
3 14,82 0,027 0,018 3,931 - 3,931
4 19,61 0,033 −0, 019 3,941 - 3,941
5 24,89 0,106 0,026 4,004 - 4,004
6 30,33 0,041 −0, 020 3,939 - 3,939
7 34,90 0,210 0,036 4,017 - 4,017
8 40,92 0,206 −0, 036 3,979 0,9820 3,907
9 44,97 0,243 0,039 4,001 0,9612 3,845
10 51,18 1,677 −0, 090 4,195 0,9959 4,178
11 57,60 1,664 0,090 4,187 0,9960 4,171
12 63,66 0,236 −0, 038 3,998 0,9747 3,897
13 67,84 0,217 0,037 3,982 0.9815 3,908
14 73,73 0,196 −0, 034 4,012 - 4,012
15 78,39 0,050 0,021 3,940 - 3,940
16 83,73 0,093 −0, 025 3,991 - 3,991
17 88,93 0,041 0,020 3,944 - 3,944
18 93,81 0,022 −0, 018 3,927 - 3,927
19 98,88 0,038 0,019 4,080 0,9590 3,913
20 108,57 0,023 0,018 3,999 0,9616 3,845

FIGURE 14. Comparison among S parameters for the Optimized, Com-
plete, and Complete with loss correction models.

FIGURE 15. Simulated S parameters result for the SIW to CPWG and
coaxial transition from Fig. 16.

The addition of the transition and coaxial connectors im-
pacted the radiation pattern results for some higher elevations,
as seen in Fig. 19 comparing all three simulation results, and the
reduction of the gain is noticeable for the model with loss cor-
rection and the same results for the normalized elevation cut
seen in Fig. 20. The analyses of both, the gain and the nor-
malized radiation pattern pattern, are important here to see the
impact of the SIW in the shape of the beamform synthesis be-
yond the reduction of the gain, once the increase of losses along
the SIW reduces the amplitude of the slots proportionally to the
slot position, changing the amplitude calculated for each array
element. Analyzing these results, it is possible to see a small

variation, around 1 dB, of the normalized radiation pattern in
the synthesized region, from 0◦ to 60◦ and from 120◦ to 180◦,
caused by the increase of losses impact. Also, the variation is
caused by the coaxial connector, once the comparison of the re-
sults with the optimized model in the front of the antenna (0◦–
60◦) shows a major deviation compared to the back of the an-
tenna (120◦–180◦), where the connector volume is significantly
smaller.
Furthermore, the transition and connector addition causes

a variation in the ripple analysis of the normalized omnidi-
rectional pattern azimuth cut in Fig. 21 going from 0.6 dB to
1.8 dB, with no significant impact regarding the increase of in-
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FIGURE 16. Dimensions of the SIW, the SIW to CPGW transition, and the 2.92mm connector.

FIGURE 17. SIW with CPWG transition PCB and connectors manufactured.

FIGURE 18. Comparison between measured, 3D simulation results with and without loss correction for a 123mm PCB with coaxial connectors,
CPWG transitions, and a SIW section of 115mm.
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FIGURE 19. Comparison among radiation patterns at elevation cut for
the Optimized, Complete, and Complete with Loss Correction models
simulation results.

FIGURE 20. Comparison among normalized radiation patterns at eleva-
tion cut for the Optimized, Complete, and Complete with Loss Correc-
tion models simulation results.

FIGURE 21. Comparison between the simulated results (optimized and
complete) for Azimuth cut.

FIGURE 22. 3D simulated radiation pattern for the complete model.

sertion loss, comparing the model with and without loss cor-
rection. Here, the normalized radiation pattern is important to
analyze the variation caused by the connector insertion on the
omnidirectionality of the antenna.
The 3D simulated radiation pattern and model are shown in

Fig. 22. The complete simulation found that efficiency due
to losses in the load termination, defined as the ratio between
the radiated power and the sum of the radiated power and the
load termination power, was 84.5% for the complete model and
85.1% for the model with loss correction.
The simulated maximum gain is 7.3 dB for the complete

model (Fig. 22) and 5.2 dB for the complete model with loss
correction. The simulated gain for the 0◦ azimuth cut is 6.4 dB
for the complete model and 4.4 dB for the model with loss cor-

rection (Fig. 19). The difference of 2 dB between the models is
similar in both cases.
Comparing the results, the increase of the maximum gain of

the model without loss correction is noticeable in comparison
to the optimizedmodel (from 6.8 to 7.3 dB, comparison of max-
imum in Fig. 22 and Fig. 11). It occurs due to interference of
the connector addition, due to constructive and destructive in-
terferences, once it increases the radiation pattern variation at
azimuth cut (from 0.6 to 1.8 dB in Fig. 21) and also increases
the difference between the maximum gain and the 0◦ azimuth
cut gain. Adding these variations to the radiation pattern, part
of the gain will be higher, such as the maximum gain, and part
will be lower, as the back region maximum of the complete
simulation at the elevation cut in Fig. 19.
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FIGURE 23. Antenna prototype, top and bottom.

FIGURE 24. Side view of prototype, showing the two layers and dielec-
tric substrate.

FIGURE 25. SIW to CPWG and coaxial connector transitions.

FIGURE 26. Comparison between the measured and simulated results
for elevation cut.

FIGURE 27. Comparison between the measured and simulated results
for azimuth cut.

Based on the efficiency presented here resulting from power
dissipated in the load, the loss is estimated to be approximately
0.8 dB when comparing only the load and radiated power. In
the overall model, which accounts for power and losses in all
materials, the loss from load dissipation is smaller than the di-
electric and conductor losses, even inmodels that do not include
conductivity loss corrections.

5. MEASUREMENT AND RESULTS

The prototype, shown in Fig. 23 with side view in Fig. 24 and
SIW to CPWG and coaxial connector transitions detailed in
Fig. 25, was characterized in S parameters and anechoic cham-
ber for radiation pattern measurements.
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FIGURE 28. Comparison between the measured and simulated results of S parameters.

A high coherence between simulation and measurement can
be observed for the elevation cut in Fig. 26, especially in the
synthesized csc2 region, which goes from 0 to 60◦ and 120 to
180◦ due to the omnidirectional azimuth radiation pattern. The
difference around 60◦ observed in the graphic, but not observed
around 120◦ is caused by the connector, as demonstrated by
Fig. 10, and the measure is more similar to the optimized simu-
lation in that part. The fixing bracket used during the elevation
cut measurement can explain this difference, reducing the im-
pact of the connector, which also impacts the measured results
around +90◦ and −90◦. The sidelobes were optimized to be
under 20 dB, confirmed by measurement.
In the azimuth omnidirectional radiation pattern shown in

Fig. 27, a ripple of 2.4 dB is observed in the measurement and
1.8 dB in the simulation. The impact of the connector on the
simulation result is evident compared to the ripple of the simu-
lated model without the connector, which was 0.6 dB.
The S parameter results in Fig. 28 show a small deviation

of 1% compared with the simulated results, but without major
impacts on the radiation pattern synthesis, as it is possible to
notice in themeasurement results. Usually, this variation can be
explained by the increase of conductor thickness due to ENIG
PCB finish, which can shift the resonance frequency of the slot,
the variation of the dielectric constant of the PCB, or deviations
between the connector modeling and mounting.

6. CONCLUSION
The proposed antenna was designed, prototyped, and charac-
terized. The results were coherent with the simulations and es-
tablished requirements. A slight deviation of 1% in the S pa-
rameters results was observed; however, this did not affect the
main requirements: the synthesis of the csc2 radiation pattern
at the elevation plane and the omnidirectional radiation at the
azimuth plane.
The radiation pattern was verified through tests conducted in

an anechoic chamber, presenting a slight variation for the az-

imuth cut from 1.8 dB to 2.4 dB. Regarding the elevation cut,
the measurement shows a high coherence for the synthesized
region from 0◦ to 60◦ and from 120◦ to 180◦, with a reduc-
tion of the expected impact of the insertion of the connector
around 60◦, making the results agree more with the optimized
results without it. The mounting of the antenna in fixing brack-
ets and cable to enable elevation cut characterization can ex-
plain this variation, which also accounts for the variation in side
lobes around +90◦ and −90◦. The side lobes outside the syn-
thesized region were optimized to be below 20 dB, a goal that
was achieved.
All the intermediate results and steps were demonstrated, in-

cluding the impact of connectors and transitions and the de-
scription of the development process, which can be used to de-
velop antennas with different radiation patterns for various ap-
plications for different coverage areas, with the possibility of
adding nulls to the desired radiation pattern to avoid obstacles.
The synthesis methodology proposed for the csc2 radiation

pattern showed its robustness even with the higher losses dis-
cussed, which could have a higher impact on the final radiation
pattern. The losses due to the power dissipated in the load, an-
other point of discussion for this project, were lower than the
losses in the materials for the simulated models.
As discussed, higher losses were observed at measurements

than the original simulation, attributed to ENIG PCB finish
and copper roughness. Different PCB finishes can be applied
to solve this issue, such as electroless nickel electroless palla-
dium immersion gold (ENEPIG), hard gold, bared copper, or
other nickel-less options, and a lower-roughness copper pro-
cess. Also, lower-loss substrates, such as teflon-based types,
can be employed to reduce dielectric losses.
The antenna is cost-effective due to its design as a two-layer

PCBwithout blind or buried vias and nomachined components.
The use of blind and buried, besides cost impacts the integration
between the antenna and front-end PCB because it depends on
the PCB stack-up compatibility. The integration between this
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antenna and the front-end circuit PCB is limited only by the
relation between the SIW width and the PCB thickness to guar-
antee the TE10 mode propagation on the waveguide.
An important highlight here is that the final model to be

integrated with microwave circuit PCBs, one of the advan-
tages of this development, does not need the coaxial connec-
tors, once it is directly integrated into components of the PCB.
This makes the model of interest closer to the optimized model,
with higher omnidirectionality and higher concordance with the
beam-shaped synthesis, as seen in the optimized model and
confirmed with the back results (between 120◦ and 180◦) of the
connectorized antennas, presenting lower impact of the connec-
tor in the elevation radiation pattern.
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