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Abstract—The design of substrate integrated waveguide
couplers for adaptive receiver applications employing tapered
slot antennas is presented. Two different 20 dB couplers are
designed on low-permittivity substrate, and their performances
are verified by commercially available field solvers. For an
incident plane wave, the systems of antenna and couplers are
demonstrated to provide the desired operation between 18 GHz
and 28 GHz in terms of both received E-field levels and
propagation through the components. Antenna radiation
patterns are provided. Two different SIW coupler designs are
compared with measurements and are found in good agreement,
thus validating the design procedure.

Index Terms— substrate integrated waveguide; tapered slot
antenna; directional coupler; adaptive receiver.

I. INTRODUCTION

In adaptive receiver systems, a part of the power captured
by the antenna is coupled into limiter or gain control circuits
that limit the power delivered to or drive the gain of the
receiving amplifier. This principle is used in a variety of
applications such as communication [1] and wireless systems
[2], [3], RFID tags [4], distance sensors [5], and others. It is
also used to limit the output power of transmitters [6].

Substrate integrated waveguide (SIW) technology is a
promising trend in integrated receiver design [7]. Of the many
planar antennas known, the antipodal tapered slot antenna
(ATSA) is the obvious choice for connection with SIW
circuitry, e.g. [8], [9].
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Figure 1. Antipodal linearly tapered slot antenna with substrate integrated
waveguide coupler; isolated coupler port terminated (a) and shorted (b).
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Therefore, this paper presents designs of two different SIW
couplers to be used in adaptive ATSA-SIW receiver systems.
The first approach is based on a four-port coupler whose
performance depends largely on the requirement that all ports
be matched. Therefore, in an actual design, the isolated port
must be matched. As shown in Fig. 1a, this is commonly done
by a SIW-to-microstrip transition terminated in a 50 € load
which adds complexity to the fabrication process, especially in
array applications.

The second approach uses a coupler that is used as an
uneven power divider since its isolated port is shorted. The
connection with the ATSA is shown in Fig. 1b. It is obvious
that this circuit is readily mass-producible in standard printed-
circuit technology. However, the disadvantage of this design,
as discussed in the next section, is that the three divider ports
cannot be simultaneously matched.

In the following Section II, we will first highlight the
coupler designs and then verify the theoretical results with
measurements for two previously published couplers. Section
IIT presents the performance of the antenna, first in terms of
radiation characteristics and then as a receiver system including
the couplers.

II.  COUPLER DESIGN

The substrate selected for this application is RT/Duroid
6002 with £=2.94, tand=0.0012, substrate thickness
h=0.508mm, metallization thickness t=17.5um, and
conductivity 6=5.8x10’S/m. For the design of the coupler and
the SIW port of the antenna, the following parameters are used:
via-hole diameters and center-to-center spacings are 642 um
and 866 um, respectively. For a cutoff frequency of 14.05
GHz, the equivalent waveguide width is 6.22 mm and the SIW
width 6.714 mm. The initial coupler design is accomplished in
an all-dielectric waveguide environment by using well-known
design procedures, e.g. [10]. In this step, certain dimensions
pertaining to the SIW geometry are already fixed. They include
parameters such as wall thickness, aperture width versus
waveguide sections in the coupler, etc. This design is translated
into an SIW coupler with square via holes which is analyzed
and optimized by applying an efficient formulation of the
mode-matching technique (MMT) [11] that uses square instead
of circular via holes. After design specifications are met, the
square vias are converted to circular ones [12] and designs
verified by either CST Microwave Studio or HFSS.
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Fig. 2 shows the performance of a 20 dB SIW coupler with
return loss and isolation better than 34 dB between 18 GHz and
27.3 GHz. Beyond this upper frequency, excitations of higher
order modes in the coupler aperture sections limit the operation
of the device. This behaviour is also known from H-plane
waveguide couplers [10]. Narrowing the SIW guides would
push the spikes beyond 28 GHz, but at the expense of
increasing coupling values between 18 GHz and 21 GHz. The
comparison between the results obtained with the MMT and
CST are very good, with CST predicting about 0.35 dB more
loss in the through port (|S,,|). If connected to the ATSA in Fig.
la, such a system could be made adaptive for both RX and TX
operations if the 50 Q resistor would be replaced by a TX gain
limiter.
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Figure 2. Performance of 20 dB SIW coupler and comparison between
MMT (square via holes) and CST (circular via holes).
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Figure 3. Performance of a 20 dB SIW coupler with a short on the isolated
port and comparison between MMT (square via holes) and CST (circular via
holes).

For an application in a receiver module, the isolated port of
the coupler in Fig. 2 should ideally be matched. However,
producing a match in SIW is not straightforward and would, as
mentioned earlier, require fabrication steps in addition to the

simple printed-circuit board process to fabricate the ATSA-
coupler.

Therefore, it is more appropriate in SIW to short the
isolated port. The performance of such a coupler is shown in
Fig. 3. Very good agreement between the MMT and CST is
observed, thus validating the design. In comparison with Fig.
2, it is obvious that the short reduces the level of spikes at
around 27.3 GHz. However, it comes with the price of a poor
match at the coupled port. This is of no concern as long as it
can be accommodated by an Automatic Gain Control (AGC)
circuit connected to that port. For comparison, the individual
3dB power dividers in SIW technology as used in, e.g., [9]
have an output return loss in the order of 6 dB and operate
well in a feed network for eight ATSAs.

In order to verify the coupler design procedure, results
must be compared to measurements. Fig. 4 shows such a
comparison for a 3 dB Ka-band SIW coupler. First of all, very
good agreement between MMT (square vias) and CST
(circular vias) is observed. The results are obtained using
waveguide ports since experimental results reported in [13]
are obtained by using calibration standards to reduce the
influence of SIW-to-microstrip and microstrip-to-coaxial-end-
launcher transitions. However, since only two of the four ports
are deembedded simultaneously, the coaxial loads on the other
two ports influence the measurement. This explains the
differences in [S;;] and |S4| between simulations and
measurements. Within the operating frequency band, the
overall agreement is good, and the measured return loss is
better than 20 dB over most of the 26 — 34 GHz range.
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Figure 4. Performance comparison between results obtained with MMT
(square via holes — solid lines), CST (circular via holes — dashed lines) and
measurements (circular via holes — dotted lines) for a 3dB Ka-band SIW
coupler according to [13].

A comparison for a 3 dB coupler with microstrip ports is
presented in Fig. 5. The measured data in [14] is obtained with
microstrip-to-coaxial end launchers which are not included in
the simulations. Nevertheless, the agreement between
experimental and simulated results is quite good with
simulations and measurements showing input return loss and
isolation values better than 10 dB between 8 GHz and 12.5
GHz. The differences between MMT (square vias) and CST
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(circular vias) results are attributed to the modelling of the
SIW-to-microstrip transitions. While CST models the
microstrip taper as seen in the inset of Fig. 5, the MMT code

uses a staircase approximation [11, 12] of ten steps in this case.
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Figure 5. Performance comparison between results obtained with MMT
(square via holes — solid lines), CST (circular via holes — dashed lines) and
measurements (circular via holes — dotted lines) for a 3dB Ka-band SIW
coupler according to [14].

This completes the coupler design and validation section.
We now proceed with the antenna system of ATSA and SIW
couplers.

III.  ANTENNA SYSTEM

The ATSA is designed following basic guidelines presented
in [16] with the substrate cut out close to the aperture to satisfy
the effective thickness requirement [16]. Corrugations are
added to limit the overall height of the antenna and to improve
cross polarization [17]. The radiation pattern of the antenna
system is presented in Fig. 6 for three different frequencies —
20 GHz (Fig. 6a), 23 GHz (Fig. 6b), and 26 GHz (Fig. 6¢).
This ATSA features a pattern that is narrower in the E-plane
than in the H-plane. Other combinations depending on antenna
length, taper function, etc, are possible [18]. Fig. 6
demonstrates the wide band characteristic of the antenna.
Between 20 GHz (Fig. 6a) and 26 GHz (Fig. 6¢), the E-plane
half-power beam width varies between 42 and 39.5 degrees,
the H-plane half-power beam width between 66 and 59
degrees, and the maximum observed cross-polarization level at
45 degree (within the 3 dB E-plane beam width) increases from
25 dB at 20 GHz to 18 dB at 26 GHz.

In order to demonstrate the capabilities of the combined
ATSA coupler system in a receiver scenario, Fig. 7a shows the
performance of the system in Fig. la when a plane wave with
amplitude of 1V/m is excited in the far field of the antenna.
Due to its small size, the antenna captures only a small part of
the plane wave (around -60 dB) and provides signals at output
port 1 (through) and port 2 (coupled). Fig. 7a shows their
individual levels versus frequency and the ratio of the output
signals. It is observed that both the coupled and through ports
experience some fluctuation of levels. This is attributed to two
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Figure 6. Principle-plane co-polarized and 45-degree cross-polarized
radiation pattern of the ATSA at selected frequencies; (a) 20 GHz, (b) 23
GHz, (¢) 26 GHz.

factors: first, the SIW-to-microstrip transition and its 50 Q
termination cause some reflection that propagates through the
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system and impacts the system performance mostly at the level
of lowest signal (port 2); secondly, as the plane wave excites
the ATSA and propagates through the system in Fig. 7b, a
small amount of electric field is observed at the location of the
50 Q termination (c.f. inset of Fig. 7a). This field adds another,
unwanted input to the coupler which deteriorates its
performance. Note that the magnitude of the total field at port 3
(E; in Fig. 7a) can even be higher than the one at the coupled
port (e.g. at 22.5 GHz).
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Figure 7. Performance of the system of Fig. 1a when excited in the far field
by a plane wave (pw) of 1V/m magnitude; (a) E-field amplitudes in dB, (b)
propagation through the system at 23 GHz.

For comparison, Fig. 8a shows the same analysis for the
system in Fig. 1b using the shorted coupler as unequal power
divider. Note that the fluctuations at the coupled port are
drastically reduced and that the ratio between the two output
ports 1 and 2 is almost identical to that of the coupled port
(IS31]) in Fig. 3, thus validating the design of the coupler. Fig.
8b depicts a snapshot of E-field propagation through the
antenna system when a plane wave is incident at the antenna
port. Together with Fig. 8a, it demonstrates that the system
operates according to specifications and that it can be used in
adaptive receiver applications. Of course, SIW couplers with
other coupling factors can be designed according to [12] if
required.

IV. CONCLUSIONS

Substrate integrated waveguide couplers present a viable
option for adaptive receivers using antipodal tapered slot
antennas. Two examples of 20 dB couplers are presented: one
four port coupler for adaptive transmit and receive operations
and a three port coupler for receive operation only. In a
receiver application connecting the ATSA to the coupler, the

four port coupler fails to receive a flat frequency response due
to the fact that first, the isolated port has to be terminated and
secondly, that an incoming plane wave will excite a small
signal at the terminated port. In comparison, the coupler
operating as an unequal power divider achieves an excellent
response over the entire 18 GHz to 28 GHz bandwidth but
suffers from a limited match at the coupled port. If such a
change in impedance level can be accommodated in an
automatic gain control circuit within a receiver, then the
antenna system using the coupler as an unequal power divider
(Fig. 1b) is the preferred system due to its flatter performance
over a wide frequency band.
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Figure 8. Performance of the system of Fig. | when excited in the far field
by a plane wave (pw) of 1V/m magnitude; (a) E-field amplitudes in dB, (b)
propagation through the system at 23 GHz..
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