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Abstract— A half-mode substrate integrated waveguide
(HMSIW) variable attenuator for operation in the 6 GHz to 10
GHz frequency range is presented. Different levels of
attenuation are achieved by adjusting the level of the dc bias
applied to four surface mounted PIN diodes. After fine
adjustment of the PIN diode’s equivalent circuit, the simulation
and measured results are in good agreement, and the initial goal
of up to 6 dB attenuation is achieved and verified by
measurements of a prototype circuit.

Index Terms—HMSIW, PIN diode, variable attenuator.

L INTRODUCTION

Substrate Integrated Waveguide (SIW) technology has
been demonstrated to be a good compromise between
conventional rectangular waveguide (RWG) and microstrip
(MS). Besides presenting a reasonable result in terms of loss
and Q-factor, SIW components are light, easy to fabricate,
present a low-cost profile and allow the entire system to be
fabricated in planar form, including planar circuitry,
transitions, active components and antennas [1-3]. However,
the SIW foot print can be too large for some practical circuits,
affecting the integration [4]. In order to overcome this
disadvantage, a novel guided wave structure derived from
SIW components, the half-mode substrate integrated
waveguide (HMSIW), has been proposed [4, 5]. In the
HMSIW, both the waveguide width and the surface area of
the metallic sheets are reduced by nearly half when compared
with regular SIW technology. Moreover, the fabrication
simplicity is maintained at the same level as for the SIW [6].
This design adapts the advantages of SIWs such as low
profile, low transmission coefficient and low interference, but
the resulting structure becomes smaller in size [7].

For manipulating large signals, attenuators are good
candidates since they offer a lower power consumption (DC
power consumption as low as 2mW) [8]. In [9], resistive,
non-variable attenuators are proposed, where, when different
surface-mount (SMT) passive resistors are applied to a
HMSIW structure, a specified level of attenuation can be
achieved. Variable attenuators are widely used in the radio
frequency (RF) and microwave field to control power
transmission, due to the necessity of reducing the signal level
in order to improve the amplifier's stability [10, 11]. They
have applications in modulators, automatic gain control
(AGC) and radar systems [11]. PIN diodes have been used as
control elements in variable attenuators due to their
functionality as a variable resistance when used at high
frequencies [11]. By using PIN diodes as the control element,
a single structure can present different levels of attenuation.

In order to explore some of the applications of HMSIW
and to demonstrate the integration of SMT components, a
variable HMSIW attenuator is designed. An operating
frequency range between 6 GHz and 10 GHz is selected due
to the availability of PIN diodes that can be manually
soldered without the need for a reflow solder process. Four
PIN diodes are added to a HMSIW circuit to develop a
variable attenuator with an attenuation goal of up to 6 dB,
corresponding to one quarter of the power. By adjusting the
level of the dc bias applied to the diodes, different levels of
attenuation can be achieved as required, for instance, in an
AGC environment.

II.  DESIGN

A. HMSIW Design

The HMSIW is derived from an initial SIW where, by
cutting the SIW (and its equivalent rectangular waveguide) in
half on the vertical center plane along the propagation
direction, each half of the SIW becomes a HMSIW structure
[4-6]. The HMSIW design is performed using RT/Duroid
6002 substrate with & = 2.94, tand= 0.0012, substrate height
h = 0.508 mm, metal thickness # = 17.5 um and conductivity
o= 5.8x107 S/m. The SIW design is carried out following
equations presented in [12], arriving at a via hole diameter d
= 0.70 mm, via hole distance (pitch) p = 1 mm, equivalent
waveguide width deq, = 17.88 mm and the actual SIW width a
=18.43 mm.

Since SIW and HMSIW technologies have to interface
with other planar transmission lines [2, 13], the transition
between SIW and MS follows guidelines in [14] to arrive at
the dimensions of the transition from SIW to MS, which
includes a taper and a regular section of MS. The MS line is
calculated to present a 50 Q characteristic impedance for the
substrate and copper thicknesses used. The initial transition
between MS and SIW involves dimensional parameters of w
=4.60 mm, wy = 1.25 mm and / = 7.45 mm according to [14].

!

Fig. 1 Top view of microstrip-to-HMSIW-to-microstrip structure.

To arrive at the final HMSIW structure, the MS-SIW-MS
is cut in half and the MS line is adapted in the remaining taper
to provide a 50 Ohm characteristic impedance. The final
structure is shown in Fig. 1 with the following dimensions:
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HMSIW, =9.21 mm, HMSIW,, = 3.12 mm, w, =1.25 mm and
the length of the HMSIW section / =7.5 mm.

B. PIN Diode Attenuator

In order to integrate the PIN diodes into the HSMIW, a
metal strip is added to form the structure at which the DC bias
is applied and that will forward bias the diodes. Since the
design requires a spacing of Ag/4 between the diodes, the
dimensions of the metal strip are chosen accordingly to fit
four PIN diodes. The width of the slot which separates each
diode from the HMSIW is optimized. Also, in order to block
any RF interference from the power supply, a decoupling
capacitor of 100 pF is added in parallel with the biasing
plates. Thus, a smaller metal strip is added and grounded with
three via roles. Table 1 presents the structural parameters for
both metal strips that are added to the structure after
optimization. The final structure with metal strips is shown in
Fig. 2.

TABLE 1. BIASING METAL STRIP STRUCTURAL PARAMETER DIMENSIONS
FOR HMSIW PIN DIODE ATTENUATOR

Structural Parameter Dimensions (mm)

M,; 4.50

M 24.40
c 0.40
slot 5.80
gapi 0.50
M2 2.00
M 4.00
gap: 1.97

Igapz

|

MIZ

Fig. 2 Top view of the HMSIW structure with biasing metal strip.

Several attempts of PIN diode modeling can be found in
the literature, e.g. [15, 16]. However, it is difficult to achieve
an accurate model of this semiconductor, especially in the
transient region of the device [17], which is particularly
important in attenuator applications. According to [17], it is
more convenient to extract the design parameters from
experimental data and tune the design parameter simulation
by comparison with experimental data. In addition, the PIN
diode manufacturer provides the package inductance and
series capacitance. However, these values change during
assembly as a result of the soldering process which may affect
the RF performance due to its parasitic effects [18]. Since at
high frequencies, the PIN diode under forward bias appears

essentially as a pure linear resistor whose value can be
controlled by the DC bias [19, 20], the design process
simulates the diode as an equivalent circuit with an ideal
resistance. The fine adjustment of the PIN diode equivalent
circuit simulation is shown in the results (Section III).

The attenuator is designed using the commercially
available field solver software Computer Simulation
Technology (CST). Fig. 3 shows the structure with four PIN
diodes separated by a distance of 6.2 mm. The equivalent
circuit is added to the design by using the lumped elements
available in CST 3D EM Design. The attenuation of the
design is simulated by decreasing the value of the ideal
resistance until it achieves the attenuation which was initially
proposed while maintaining a reflection coefficient better
than -10 dB over the entire frequency range.

Fig. 3 Final HMSIW PIN diode variable attenuator with four PIN diodes and
a decoupling capacitor added to the structure.
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Fig. 4 Simulation of X-band HMSIW PIN diode attenuator with the
attenuation level for each value of equivalent resistance; (a) transmission, (b)
reflection coefficient.

Fig. 4(a) shows the attenuation level for each value of
ideal resistance for the entire band. It can be seen that an
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overall attenuation level of about 6 dB is achieved and that
the reflection coefficient is below or close to -10 dB over the
entire frequency band as shown in Fig. 4(b).

III. EXPERIMENTAL CHARACTERIZATION AND RESULTS

The HMSIW variable PIN diode attenuator is fabricated
and measured for verification of the design procedure. Fig. 5
shows the final fabricated component with four PIN diodes
and the biasing circuit added. The diodes used for this design
are SMP1352-079Ls. A 100 pF capacitor is inserted between
the bias plate and ground to block any AC interference from
the power supply. A 100 Q resistor in series with the power
supply allows monitoring the current that is being applied to
the diodes at each voltage bias. Measurements are performed
using an Anritsu 37397C Vector Network Analyzer, an
Anritsu SC5226 Test Fixture, a power supply as well as
customized TRL calibration standards to deembed the
coaxial-to-MS-to-HMSIW transitions.

Fig. 5 Top view of the fabricated HMSIW variable attenuator with the four
PIN diodes and capacitor added to the structure.

To verify the attenuator’s performance, the measured and
simulated results are compared. Due to the differences in the
assembly of the PIN diodes when comparing with simulations,
a fine adjustment in the simulation of the PIN diode’s
equivalent circuit is required to obtain a fair comparison
between simulated and measured results. This fine adjustment
is performed empirically by first adjusting the value of C, and
then the value of L; starting with the values presented in the
data sheet given by the manufacturer, C, = 0.16 pF and L, =
0.46 nH as shown in Fig. 6. Also, by looking at the datasheet,
the manufacturer provides a table with values of R, for each
bias condition applied to the PIN diode. However, since the
value presented in the data sheet is for operation at 100 MHz,
R, is adjusted to match each bias condition applied in the
measurement.

Anode Rs Cathode

- .+ mm -
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Fig. 6 Equivalent circuit of the PIN diode.

For the PIN diode’s off-state equivalent circuit, the
measurement is performed with a 0 mA bias current applied
to the four PIN diodes. The simulation uses R=1000 €2 in the
equivalent circuit. Fig. 7 shows the comparison of simulated
versus measured results. The results present a good agreement
for the PIN diode’s off state, where the measured reflection
coefficient is better than -10 dB from 6 GHz to 10 GHz. The
measurement of the HMSIW attenuator with PIN diodes in the
off state shows a maximum of -0.5 dB and a minimum of -1.5
dB transmission coefficient while the simulation predicts a
maximum of -0.7 dB and a minimum of -2.2 dB. Note that the
measured results have not been smoothened which explains
the slight ripple in the traces.
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Fig. 7 S-parameter comparison between experimental and simulated results
for R;=1000 Q and zero forward current.

Fig. 8 compares simulated versus measured results for R
=500 Q in the equivalent circuit and a biasing current of 5 HA
applied to each diode during the measurements. The
simulated and measured results show good agreement, where
the measured reflection coefficient is better than -10 dB from
6 GHz to 10 GHz. The measurement presents a maximum of
-0.9 dB and a minimum of -2.8 dB transmission coefficient
while the simulation predicts a maximum of -1.2 dB and a
minimum of -3.2 dB.

Fig. 9 depicts the comparison between simulated and
measured results for R, =200 Q in the equivalent circuit and
a biasing current of 20 HA applied to each diode in the
measurements. The simulation and measured results agree
very well, where the measurements present a maximum of -
2.5 dB and a minimum of -5.2 dB transmission coefficient
while the simulation shows a maximum of -2.4 dB and a
minimum of -6.1 dB. The measured reflection coefficient is
better than -10 dB from 6 GHz to 10 GHz.

Fig. 10 shows the comparison of simulated versus
measured results when using Ry, =150 € in the equivalent
circuit and a biasing current of 30 WA applied to each diode
during the measurements. The simulated and measured
results are in good agreement, where the measurement
presents a maximum of -3.5 dB and a minimum of -6.3 dB
transmission coefficient while the simulation predicts a
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maximum of -3.0 dB and a minimum of -7.5 dB. The
measured reflection coefficient is better than -10 dB from 6
GHz to 10 GHz.
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Fig. 8 S-parameter comparison between experimental and simulated results
for R,=500  and a forward current of 5 pA.
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Fig. 9 S-parameter comparison between experimental and simulated results
for R;=200 Q, forward current =20 uA.
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Fig. 10 S-parameter comparison between experimental and simulated results
for R, =150 Q, forward current =30 HA.

Fig. 11 shows the comparison of simulated versus
measured results for R, =75 Q in the equivalent circuit and a
biasing current of 50 LA applied to each diode during the
measurement. The simulated and measured results are in
good agreement. The measurement presents a maximum of -
5.4 dB and a minimum of -7.3 dB transmission coefficient
while the simulation shows a maximum of -5.2 dB and a
minimum of -11.5 dB. The measured reflection coefficient is
better than -10 dB from 6 GHz to 10 GHz.
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Fig. 11 S-parameter comparison between experimental and simulated results
for R, =75 Q, forward current =50 HA.

Fig. 12 compares simulated and measured results using R;
=55 Q in the equivalent circuit and a biasing current of 70 LA
applied to each PIN diode during the measurements. The
simulated and measured results agree reasonably well, and
the measurement shows a maximum of -7.1 dB and a
minimum of -8.3 dB transmission coefficient while the
simulation predicts a maximum of -6.5 dB and a minimum of
-12.5 dB. A measured reflection coefficient better than -10
dB is obtained from 6 GHz to 10 GHz.
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Fig. 12 S-parameter comparison between experimental and simulated results
for R; =55 Q, forward current=70 pA.
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Note that the initial goal of up to 6 dB attenuation has
been achieved. However, measurements and simulations start
to deviate for forward currents greater than 50 LA applied to
each diode. This can be explained by the equivalent circuit
(Fig. 6) which fails to represent the PIN diode’s true behavior
under these biasing conditions.

CONCLUSION

A HMSIW variable PIN diode attenuator operating in the
frequency range between 6 GHz and 10 GHz is designed and
experimentally  verified.  Surface-mount  component
integration is explored by adding four PIN diodes to the
structure. By adjusting the level of the dc bias applied to the
diodes, different levels of attenuation are achieved. After fine
adjustment of the PIN diode’s equivalent circuit, simulated
and measured results present good agreement, and the initial
goal of 6 dB attenuation is achieved as verified by
measurements. Thus, these results show that the HMSIW PIN
diode attenuator is operating properly. While the attenuation
is not constant over the wide frequency band of 50 percent,
the results demonstrate that the signal can be attenuated
continuously over a range of up to 6 dB while maintaining a
reflection coefficient of -10 dB or better.
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