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Abstract: A microstrip-fed air-substrate-integrated waveguide (ASIW) slot array with high efficiency
and low cost is presented. The design cuts out the substrate material within SIW, replaces the vias
with metallic sidewalls, and uses a simple microstrip line-waveguide transition to feed the slot
array. Radiating slots are cut on a 5-mil brass-plate, which covers the top of the substrate cutout
to resemble a hollow waveguide structure. This implementation provides a simple and efficient
antenna array solution for millimeter-wave (mm-wave) applications. Meanwhile, the fabrication is
compatible with the standard printed circuit board (PCB) manufacturing process. To demonstrate the
concept, a 4-element ASIW slot array working at the n257 band for 5G communications was designed
using low-cost Rogers 4350B and FR4 substrate materials. Our simulation result shows 18% more
efficiency than a conventional SIW slot array using the same substrate. The fabricated prototype
shows |S111 < —15 dB over 27-29 GHz and a peak realized gain of 10.1 dBi at 28.6 GHz. The design
procedure, prototyping process, and design analysis are discussed in the paper.
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1. Introduction

With the rapid development of 5G communication systems and mm-wave automotive
radars, better quality, low-cost, and low-loss antennas are in high demand. Substrate-
integrated waveguide (SIW), which was first introduced by Deslandes and Wu [1], provides
a high-performance solution for mm-wave antenna design. Since then, SIW slot arrays
have been analyzed and developed at multiple bands for different applications [2-5]. They
are compact and easy to fabricate and integrate with other planar circuits. However, the
SIW slot arrays suffer from different sources of loss such as conductor loss, dielectric
loss, and wave-leakage loss, which become more significant as frequency goes beyond K-
band. Building high-efficiency antennas at mm-wave requires expensive low-loss substrate
materials and high-precision manufacturing processes. To overcome these limits, the
air-filled structure of the traditional rectangular waveguide has been reconsidered and
gradually implemented using the current substrate-integrated circuit (SIC) technique. The
numerical analysis in Ranjkesh et al. [6] shows that when using Rogers RO4003 (Rogers
Corporation, Chandler, Arizona) as the substrate, the attenuation constant of SIW with an
air-cut is reduced by more than 1.5 Np/m at 29 GHz, compared to that of SIW. More recently,
an air-filled SIW (AFSIW) [7] and a slot array using this structure [8] were developed. The
simulated antenna array has an efficiency of more than 90%, which benefits from the
substrate cut-out and the efficient transition from SIW and AFSIW. However, a part of the
waveguide is dielectric-filled. Additionally, the gaps between existing metallic vias can
still cause wave-leakage and reduce antenna performance at higher mm-wave frequencies.
To eliminate the metallic vias, simplify the transition, and further improve the antenna
efficiency, we introduce a tapered microstrip-fed air-SIW (ASIW) slot array with copper-
plated side walls. The radiating slots are cut on a 5-mil brass layer, which covers the
top of the substrate cutout. The copper-plated sidewalls along with the top and bottom
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metallic covers form a hollow waveguide with no dielectric material and no vias. This
three-layer structure can be easily aligned with alignment holes and fabricated with the
current multi-layer PCB manufacturing process. This paper will be arranged as follows.
The antenna array design and fabrication process are discussed in Sections 1 and 2. The
simulated and measured antenna performance, the effect of surface roughness on antenna
efficiency, and a comparison between the proposed ASIW slot array and the SIW slot array
using the same substrate material are presented in Section 3. Finally, the conclusion is
given in Section 4.

2. Antenna Array Design

The 3-dimensional (3D) structure of the proposed 1 x 4 slot array is shown in Figure 1a.
The printed circuit board (PCB) multilayer stack-up is shown in Figure 1b.
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Figure 1. (a) Exploded view of air-substrate-integrated waveguide (ASIW) slot array; (b) printed
circuit board (PCB) laminated structure of ASIW slot array.

The top layer is a 5-mil brass plate. Its conductivity (¢) is only 28% that of copper.
Despite its lower conductivity, brass is much less prone to oxidation and the increased
amount of zinc can provide the material with improved strength, which is mechanically
more stable than most 5-mil substrates. Additionally, for waveguide structures with a large
conductor area, simulation results show that a brass-based waveguide only has 4% higher
attenuation at 30 GHz than the copper counterpart (Figure 2).
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Figure 2. Attenuation of ASIW with a 5-mil brass top layer (¢ = 1.5 x 107 S/m) and a 5-mil copper top
layer (o = 5.8 107 S /m). The root mean square (RMS) surface roughness is set to 1 for both materials.

In our design, the brass-plate has four radiating slots in the middle, six alignment
holes on the sides to ensure accurate placement, and five additional slots around the
waveguide for soldering. These additional slots are only used for prototyping, which can
be eliminated in the actual manufacturing process with proper conductive bonding or
mechanical assembly. The purpose of soldering slots surrounding the waveguide instead
of using screws is to improve the prototyping accuracy. Although the 5-mil brass plate
is stronger than copper and most 5-mil substrates, this thin layer is still susceptible to
bending. There can be small air gaps between adjacent screws that can cause wave
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leakage and reduce antenna efficiency. The middle layer includes a microstrip line (MSL)
and a hollow waveguide, which are fabricated on a 20-mil Rogers RO4350B substrate
(Rogers Corporation, Chandler, Arizona). RO4350B has a relative permittivity (e,) of 3.66
and a dielectric loss tangent (tand) of 0.0037, which provide a good performance at high
frequencies with a relatively low cost. The MSL is gradually tapered to allow the quasi-TEM
mode to smoothly transition into TE;9 mode of the waveguide. To avoid short-circuiting
the input of the waveguide, only three edges of the waveguide are copper plated as shown
in Figure 1a. The top layer of the bottom substrate serves as the ground, and thus other low-
cost material may be chosen. Since the waveguide shares the same physical structure as the
hollow rectangular waveguide, the width a of the waveguide can be simply determined by

£
2f’
In which c is the speed of light in free space and f. is the TE;y mode cutoff frequency,

which is 20.27 GHz in this design. The detailed dimensions of the design are shown in
Figure 3.
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Figure 3. Dimensions of the 28 GHz ASIW slot array. (a) Overall size (b) Dimensions of the 5-mil top
slotted brass plate (c) Dimensions of the waveguide and microstrip line (MSL)-waveguide transition.

3. Antenna Array Fabrication

The individually milled layers and the assembled prototype are shown in Figure 4.
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Figure 4. (a) Fabricated individual layers before assembly; (b) assembled prototype of proposed
ASIW slot array under test.

For prototyping, the radiating slots on the brass-plate, the waveguide, and microstrip
lines were cut and milled using LPKF Proto Laser S4 (LPKF Laser and Electronics, Garbsen,
Germany). After cutting, the edges of the waveguide were copper-plated using an LPKF
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Contac 54 plating machine (LPKF Laser and Electronics, Garbsen, Germany). To plate only
three edges of the waveguide, the RO4350B substrate was cut to form a five-sided hollow
polygon as shown in Figure 5.

After plating After cutting

Figure 5. Three-edged copper plating process. The small triangle is cut after copper plating, such
that the MSL-waveguide transition is not short-circuited.

After copper-plating, the protruding small triangle was cut out so that the input
edge of the waveguide was not covered with copper. For the prototype, all the layers
were aligned and soldered manually in the lab. Additionally, the surface roughness of the
in-house plated copper layer could be much higher than the specification. These fabrication
inaccuracies can be reduced with the standard PCB manufacturing process. To characterize
the antenna efficiency more accurately, the effect of surface roughness will be discussed in
the next section.

4. Results and Discussion
4.1. Simulated and Measured Antenna Performance

The ASIW slot array is simulated and analyzed in ANSYS Electronics Desktop (Canons-
burg, PA, USA). The fabricated antenna is characterized in our anechoic chamber. As shown
in Figure 6, the electric field of TE1y mode is uniformly distributed inside the ASIW with
radiating slots.
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Figure 6. Electric-field distribution on the MSL and inside the ASIW with radiating slots at 28 GHz.

The measured and simulated reflection coefficients and realized gain are shown in
Figure 7. In the simulation, the surface roughness of copper and brass layers is considered.
The fabricated array has an impedance bandwidth (where 1S1; 1 < —10 dB) of 10.3%
(26.7-29.6 GHz). Within this bandwidth, the measured realized gain is 7.6-10.1 dBi, which
is slightly less than the simulation results especially at higher frequencies. This difference
is mainly caused by the non-perfect surface roughness model, which will be discussed in
Section 4.2.
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Figure 7. Simulated and measured peak realized gain and reflection coefficient of ASIW slot array.

In Figure 8, the measured and simulated radiation patterns at 27 GHz, 28 GHz, and
29.5 GHz are normalized and plotted. Both E-plane and H-plane radiation patterns agree
well with the simulation results. Besides, the slot array maintains a centered main beam
from 27 GHz to 29.6 GHz with a maximum of 3° tilting at 27 GHz. This ensures a wide
range of frequency scanning required by modern wireless communications.
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Figure 8. Simulated and measured radiation patterns (E-plane and H-plane) of ASIW slot array at
27 GHz, 28 GHz, and 29.5 GHz.

For the efficiency calculation of both measured and simulated array, the reference
plane is set to the input of the end-launch connector. Thus, return loss caused by impedance
mismatch, as well as surface roughness, dielectric, and conductor loss of the MSL section,
is considered. When the MSL section is de-embedded and the reference plane is set to the
input of waveguide, simulated antenna efficiency is as high as 98%. However, to evaluate
the antenna performance when integrating with planar circuits, the effect of the MSL
section has to be considered. By taking the ratio of total radiated power over incident
power, the measured efficiency is 84% at 28.6 GHz, which is 4% lower than the simulated
efficiency of 88% with the consideration of surface roughness (Rgps). This reduction is
mainly caused by two factors. One is the fabrication error mentioned in Section 3, the
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other is the limitation of surface roughness model. When Rgrps = 0, the simulated total
efficiency is 92% as shown in Figure 9, causing a larger discrepancy between simulated
and measured results.
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Figure 9. Simulated insertion loss (IL) and antenna efficiency versus RMS surface roughness at

28 GHz using Groisse’s surface roughness model.

4.2. Surface Roughness Model

The surface roughness model used in the simulation is based on Groisse et al. [9], who
described a factor Cs for correcting power loss (PL) caused by Rras

PLrough = PLgpootn % Cs, ()

5 116
Cs=1+exp |:2RRMS:| , ®3)

In the equations, PL,y,g, is the power loss through a rough conductor, PLg001, is the
power loss through a smooth conductor, and ¢ is the skin depth. This correction factor
works well for conductors with moderate surface roughness. As Rrys and frequency
increases, Cs will saturate at two. This also means the maximum power loss caused by
RRrus is only twice the smooth conductor.

To evaluate the surface roughness effect on the ASIW slot array performance us-
ing Groisse’s model, the antenna efficiency and insertion loss (IL) of MSL and air-filled
waveguide versus Rrys are plotted in Figure 9.

Because the waveguide is filled with air, the loss is mainly caused by the MSL section.
When Rgps is lower than 0.6 um, the IL increases; antenna efficiency decreases linearly
with higher Rryps, while they start to saturate when Rrpss is higher than 1 um. However, in
real measurement, this saturation will not occur and the insertion loss for rough conductors
at high frequencies can be substantially higher than the calculated one [10]. For our array
prototype, a low-cost RO4350B with electrodeposited (ED) copper was used, which gave
us an Rrps of 2.8 pm. The in-house copper-plating process could have also produced a
higher Rrp1s. These could have been the main causes of the lower measured efficiency
and were not predicted by Groisse’s model. This result also confirms that the ASIW slot
array fabricated on a low-cost substrate material can have improved efficiency with better
surface treatment, such as reversed treated ED copper (Rrps = 9 um) and standard copper
plating techniques.

4.3. Antenna Performance Comparison

With the existence of the well-developed SIW slot array, the purpose of the proposed
ASIW slot array is to produce better antenna efficiency with a lower budget. For compari-
son, a SIW slot array using the same 20-mil Rogers RO4350 (Rogers Corporation, Chandler,
Arizona) was designed. Both arrays were optimized to the similar operating frequencies,
and their reflection coefficients and efficiencies are shown in Figure 10a.
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Figure 10. Comparison between ASIW slot array and substrate-integrated waveguide (SIW) slot
array optimized to the similar frequency range using the same 20-mil Rogers RO4350B (Rogers
Corporation, Chandler, Arizona) substrate. (a) Total antenna efficiency and 15111 of ASIW slot array
and SIW slot array. (b) Peak realized gain and half-power beamwidth (HPBW) of ASIW slot array
and SIW slot array.

The SIW slot array has 30% less bandwidth than the ASIW slot array. Although they
have a similar level of reflection coefficient at 27.6 GHz, the efficiency of the ASIW slot
array is 18% higher than that of the SIW slot array. Furthermore, the hollow waveguide
structure of ASIW can provide a much larger aperture size than the dielectric-filled SIW, as
shown in Figure 11.

17 mm
33.35mm

(a) .. (b)

Figure 11. Size comparison between SIW slot array and ASIW slot array optimized to the similar
frequency range using the same 20-mil RO4350B material. (a) SIW slot array; (b) ASIW slot array.

This larger aperture of the 1 x 4 SIW slot array provides a 3.7 dB higher gain and a 58%
narrower H-plane half-power beamwidth (HPBW) than the 1 x 4 SIW slot array as shown
in Figure 10b. These can be beneficial for some mm-wave applications. To achieve the
same gain and beamwidth, the SIW slot array would have to have a longer dielectric-filled
waveguide and more radiating slots. This would result in even higher dielectric loss within
the waveguide.

The performance of ASIW slot array is also compared to other works, as shown in
Table 1. As discussed before, the realized gain and total efficiency of the ASIW array not
only include the impedance mismatch and connector loss but also dielectric, conductor,
and surface roughness loss of the MSL feeding. When these effects are de-embedded
by setting the reference plane to the input of the waveguide as described in Parment
et al. [8], the simulated antenna efficiency of ASIW slot array is 98% and the realized gain
is 11.3 dBi at 29.5 GHz. Compared to AFSIW, the advantage of proposed ASIW is more
pronounced at higher mmWave frequencies, since the densely placed vias of AFSIW are
replaced with metallic walls, which can be more accurately fabricated. The ESIW slot array
presented in Qi et al. [11] does not suffer from the loss of planar transition, because the
waveguide is directly fed by a 2.4 mm connector, which makes it incompatible with planar
circuit fabrication technologies. Overall, the proposed ASIW slot array can achieve a high
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efficiency with a wide bandwidth. Meanwhile, the array can still be integrated with other
planar circuits using the MSL to waveguide transition.

Table 1. Comparison between different SIW slot array technologies.

Center . . . .
Slot Arra; . . . Number of . . Fractional Bandwidth Compatibility with

Type Y Realized Gain (dBi) Elements Fr(egl;lezr;cy Efficiency (16111 <-10dB) Plar;ar Circ};its
SIW [2] 15.7 4x4 10.0 na. 6% Yes
SIW [12] 22.8 4 x 32 24.0 67% 1.7% Yes
AFSIW [8] 1151 1x4 30.5 97.4% 12 8.7% Yes
ESIW with Cavity Loading [11] 15.5 1x6 38.5 90.7% 12.7% No
ESIW [13] 15 1x10 16.25 90.78% 4.3% Yes
ASIW (this work) 10.1 (11.3 12) 1x4 28.15 84% 3 (98% 12) 10.7% Yes

1 Reference plane is set to the input of waveguide, transition section is de-embedded; 2 simulated; 3 total efficiency: return loss included.

5. Conclusions

A high-efficiency and low-loss ASIW slot array design is proposed in this paper. The
hollow waveguide implementation with a simple tapered MSL feeding eliminates the
substrate loss and wave-leakage loss existing in the conventional SIW slot arrays. The
proposed four-element array covering the 28GHz 5G band shows 18% higher efficiency than
the SIW slot array designed on the same substrate. During the analysis, surface roughness
has a major contribution to the loss of the ASIW slot array. With low-roughness surface
treatment, higher antenna efficiency can be achieved with low-cost substrate materials.
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