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Abstract— A substrate integrated waveguide (SIW) variable
phase shifter for K-band applications is presented that can be
straightforwardly integrated with other SIW antenna feed
circuitry. Biasing of two varactor diodes provides continuous
control of the phase shift. The results demonstrate that the
proposed structure has a wide phase tuning range, flat insertion
loss and low reflection coefficient over a wide frequency band.
Experimental results confirm that the phase can be shifted by up
to 200 degrees at one frequency and by about 140 degrees for the
rest of the band. Insertion losses are measured at 4 dB, and the
return loss is better than 10 dB.

Index Terms—phase shifter, substrate integrated waveguide,
feed network, varactor diode.

L INTRODUCTION

As bandwidth requirements increase due to demands for
higher data rate, the operating frequency of future wireless
networks will surpass 20 GHz and even increase into the
millimeter-wave range bands [1]. For such applications, it is
important to develop planar technologies including antennas
that can straightforwardly be incorporated in highly integrated
millimeter-wave systems.

In such frequency ranges, substrate integrated waveguide
(SIW) technology has proven to be a promising alternative to
conventional waveguide and microstrip circuitry [2].
Therefore, in addition to individual SIW antennas, arrays and
feed networks for fixed beam applications have been
increasingly designed within the SIW concept [3] - [6].

In order to adapt an array for a preferred direction,
however, devices involving phase variations are required to
rapidly steer and direct the beam [7], [8]. Therefore, SIW
phase shifters have been designed which are compatible with
printed-circuit manufacturing techniques and on-board device
placement [9], [10]. However, those components are for Ku-
band operation and percentage bandwidths of 4 percent and 15
percent, respectively.

This paper focuses on an SIW reflection-type variable
phase shifter design for K-band applications. By employing
only two varactor diodes (as opposed to four in [10]), the phase
can be varied over a 15.7 percent bandwidth centered at 20.4
GHz while insertion losses are comparable with those of [10]
and return losses remain below 10 dB.
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II.  DESIGN

The design of the reflection-type phase shifter involves a
three-step process. First, an SIW 3-dB coupler is designed.
Secondly, SIW-to-microstrip transitions are added as shown
in Fig. 1. At the reflecting ports 3 and 4, they are later
required to accommodate the varactor diodes. At the input (1)
and output (2) ports, they are bent to provide access for
measurement equipment. Note that the transitions at ports 1
and 2 can be eliminated in an actual SIW feed network design
as those ports will be connected to other SIW circuitry.
Thirdly, the varactor diodes will be selected to provide the
desired phase shift based on the biasing voltage.
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Fig. 1. SIW coupler with microstrip ports.

A. Coupler Design

The SIW coupler used for this application is a variation of
the one presented in [11]. In the design process, the coupler
can be first designed in all-dielectric waveguide technology
where the cutoff frequency f. specifies the equivalent
waveguide width W,
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with & being the permittivity of the substrate and ¢ the speed
of light in free space. The chosen substrate is RT/Duroid 6002
with relative permittivity of 2.94 and height of # = 508 pum.
The translation to the respective SIW widths (agyy in Fig. 1) is
given by [12]

agryy =Wogi + p(0.766e0,4482d/p _1.1766—1,214d/p) @)
for given via diameter d and via pitch p (c.f. Table I).

B. Microstrip Transitions

The microstrip-to-SIW transitions are designed according
to [13]. For a given width W5, of the 50-Q microstrip line
(Fig. 1, Table I), the following equation is solved for ¥,
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The so-obtained dimensions of the microstrip transitions
are summarized in Table .

TABLE L. DIMENSIONS OF MICROSTRIP TRANSITIONS
Parameter Value (mm)

Agiw 6.30

d 0.70

p 1.00

Wso 1.28

Wt 1.89

Lt 1.90

Wequi 5.75

Fig. 2 shows the performance of the K-band SIW
directional coupler with microstrip ports as simulated in CST
Microwave Studio. Return loss and isolation are better than 10
dB between 18 and 27.5 GHz. Since coupled and through
ports signals join at -5 dB, the insertion loss of the entire
coupler amounts to about 2 dB.
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Fig. 2. Simulated performance of SIW coupler with microstrip ports.

C. Varactor Diodes

The first step to determine the required phase shift is to
insert capacitors at ports 3 and 4 of the coupler as shown in
Fig. 3. As the capacitances are varied between 0.1 pF to 100
pF for a frequency of 23 GHz (Fig. 4a), it is observed that low
capacitance values provide higher phase variation. Therefore,
the range of low capacitance is depicted in Fig. 4b which
shows a phase variation of approximately 80 degrees.

Fig. 3. Coupler with capacitors.
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Fig. 4. Transmission phase (<S,;) versus capacitance; (a) up to 100 pF, (b)
up to 1 pF.

In order to provide appropriate capacitance, parasitic
compensation stubs of 150 um width and 4.5 mm length are
placed in parallel to the selected varactor diodes, SMV2201-
040LF. Both varactor diodes are connected in series to
inductors and a voltage source. The inductors provide quasi-
open circuits for the RF so that the varying capacitances of the
varactor diodes resemble open line sections of variable
lengths.



The circuit is simulated in CST, and the capacitance values
range from 0.23 pF to 2.10 pF when applying a biasing voltage
between 0 V and 20 V [14]. Fig. 5 presents the simulated phase
of §y; which is about 180 degrees at 19 GHz and 105 degrees
at 22 GHz. The exact phase values at three different
frequencies are summarized in Table II.
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Fig. 5. Simulated S,; phase for different values of biasing voltage.
TABLE II. PHASE FOR DIFFERENT VALUES OF BIASING VOLTAGE AND
FREQUENCY

Frequency -> 19 GHz 205GHz | 22GHz

Voltage
oV —48 —49 -34
5v 6 -28 =21
10V 64 14 -4
15V 108 60 29
20V 130 100 70

III.  RESULTS

Fig. 6 shows a prototype of the K-band variable phase
shifter within the test fixture for measurements.

Fig. 6 K-band SIW variable phase shifter prototype.

From top to bottom, the following components can be
observed: SIW coupler with microstrip transitions, capacitive
stubs at the straight microstrip lines, varactor diodes, inductors,
and the wire to provide the biasing voltage.

Fig. 7 shows the S-parameters result of the SIW phase
shifter. Good agreement between measured and simulated
results is observed. The overall insertion loss is around 4 dB,
and the return loss is better than 12dB from 18.8 GHz to 22
GHz. These performance values are comparable with those in
[10].
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Fig. 7 Simulated and measured S parameters of the K-band SIW variable
phase shifter.

In order to compare measured and simulated phase shifts,
we display in Fig. 8 the differential phase shift between zero
and full biasing voltage as
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Fig. 8 Simulated and measured phase difference of the K-band SIW
variable phase shifter.

First of all, we observe good agreement between simulated
and experimental results. Secondly, the differential phase shift
can be varied between 0 degrees and a maximum of about 200
degrees at 19.5 GHz. Above this frequency, the differential



phase shift tapers down to about 140 degrees at 21 GHz to 21.5
GHz, and finally arrives at 110 degrees at 22 GHz. Note that
this downward drift is also observed in [10] where the phase
difference decreases from about 170 degrees at 12 GHz to 110
degrees at 13.8 GHz.

IV. CONCLUSIONS

A K-band SIW variable phase shifter is presented for
applications in the 18.8 — 22 GHz range. Simulated and
experimental results demonstrate that the phase can be shifted
by varying the capacitances of two varactor diodes to a
maximum value of 200 degrees. Compared to a previous
design in half-mode SIW [10], insertion losses, return losses
and the phase shifting range are similar. However, the circuit
presented here operates at a higher frequency, provides a
similar percentage bandwidth (15.7 percent versus 15.4
percent) and uses only two varactor diodes instead of four. It
is expected that the current design is suitable for high-density
SIW millimeter wave applications.
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