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ABSTRACT

This study presents the temporal Coupled-Mode Theory (CMT) analysis of a
K-band MMIC (Microwave Monolithic Integrated Circuit) bandpass filter with dual
orthogonal resonant modes. Two test methods are applied and compared in the filter
response measurement. The dimensions of the MMIC filter, whose chip size s
1.9%1.35 mm, are optimized based on the FEM (Finite Element Method) simulation
assisted temporal coupled-mode theory. As a two-port reciprocal system, the
transmission and reflection responses of the filter are deduced. GaAs MMIC IPD
(Integrated Passive Device) technology is applied for chip fabrication. The test
results using a probe station fit well with the simulation results. A testing fixture is
introduced to model the practical application scenario, whose measurement results,
after de-embedment, have shown consistency with the simulation and the probe
station test results.

Keywords: Bandpass filter, coupled mode theory, dual orthogonal resonant mode,

GaAs MMIC IPD technology

INTRODUCTION

Microstrip bandpass filters are essential high frequency
components In microwave communication systems. Microstrip
bandpass filters with improved performance for out-of-band
and in-band responses, reduced size, high rejection and low
mnsertion loss are widely required in modern microwave
communication system (Matthaei et al, 1980, Hong and
Lancaster, 2001). With the improvement of design and process
technology, using MMIC technology to realize microwave
filters has shown great advantages (Delmond ef af., 1995) and
attracted many researchers. For example, Vindevoghel and
Descamps (2000) has designed the K-band narrowband active
GaAs MMIC filters with central frequency at 22 GHz and
a bandwidth of 0.75 GHz. A fixed-frequency and a tunable
K-band active bandpass filter has been proposed (Fan ef al.,
2005), the operation frequency of the fix-frequency filter
centered at 22.6 GHz with the working bandwidth of
900 MHz. Furthermore, based on MMIC technology, several
microstrip dual-mode filters are introduced for applications in
communication system (Lee et al., 2000; Zhang et al., 2008;
Liao et al., 2007). In order to achieve the properties of high
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compact size, low insertion loss, high selectivity, harmonic
suppression, extended stopped band, more rigorous microstrip
bandpass filters are designed (Wei et al, 2011, Wang and
Guan, 2012; Xu etal., 2013; Wolff, 1972; Hong et al., 2007).
Comparing to other filters fabricated by LTCC (Rambabu and
Bornemann, 2005) and thin-film technology, the potentially
great performance-to-size ratio and the compatibility of such
networks with other MMIC circuits by using GaAs MMICIPD
technology can be obtained which are crucial factors in
communication system.

In this study, based on the GaAs MMIC IPD technology,
an MMIC bandpass filter with dual orthogonal resonant modes
are provided and optimized for K-band applications. The
temporal coupled-mode theory (Suh et al, 2004, Matsunaga,
2003; Lopetegi et al., 2002; Krage and Haddad, 1970;
Watanabe and Yasumoto, 2000} assisted by FEM simulations
isapplied for the optimization. The transmission and reflection
responses of the filter are measured through two different test
methods, direct measurement on probe station and indirect
measurement via testing fixture. For the latter case, which
models the practical application scenario, de-embedment
technique is introduced to retrieve the responses of the filter.
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METHODOLOGY

The presented filter A 1s shown in Fig. 1, whose
topological pattern is borrowed from Zhang et al. (2008).
There are four layers in total. The top layer is a 4.8 um thick
gold layer which contains the pattern of the present bandpass
filter. The bottom layer is another gold layer which is used as
the ground layer. Between these two layers there are two
dielectric layers. The 0.1 mm thick GaAs layer, whose relative
dielectric constant 1s equal to 12.9, 1s used as the substrate and
between the top layer and the GaAs layer locates a thin SiN
passivation layer. The SiN layer is an optional layer which is
used to protect the electric properties of the GaAs layer.

There are dual orthogonal modes excited in this filter, an
odd mode and an even mode, illustrated in Fig, 1. The solid
black line indicates the path of direct coupling, the long dashed
red line indicates the odd resonant mode and the short dashed
blue line indicates the even resonant mode. The length of
microstrip along each trace is about the half wavelength at the
resonant frequency of each mode. The direct coupling from
one feed line to the other is introduced to form an additional
transmission zero in the upper stopband. As a result, a
bandpass filter with extended upper stopband is achieved.

——— Oodd

Fig. 1: Mlustration of the direct couphing path (solid black
line), the odd (long dashed red line) and even (short
dashed blue line) resonant modes in the filter
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Fig. 2: Simple schematic diagram showing the multi-coupling
features of the filter with dual orthogonal resonant
modes
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As a spatially symmetric (common case) microstrip filter
with two orthogonal resonant modes, the coupling schematic
ispresented in Fig. 2. The incoming wave will propagate along
three paths, including two coupling paths via the two resonant
modes, respectively and the direct coupling path from one feed
line to the other. At the same time, the amplitude of each mode
can also decay into the two feed lines. For such a reciprocal
filter system, considering the radiation/Ohm loss of the
microstrip and the contribution of the direct coupling and
assuming the frequency of the odd resonant mode ®, is lower
than the even resonant mode @, in order to obtain the upper
stopband, the dynamic equations of CMT n (Suh et al., 2004)
can be rewritten as:
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where, a, denotes the amplitude of mode n, @, denotes the
resonant frequency of mode n, 1, and 1, denote the lifetimes of
mode n due to the coupling to the two feed lines and the
radiation/OChm losses, respectively, s . and s_ denote the
amplitudes of the incoming wave and outgoing wave refer to
terminal m, respectively, r, and jt; denote the reflection and
transmission coefficients of the direct coupling, t” denotes the
time delay of the feed line.

The total reflection and transmission of the filter system
are deducted from Eq. 1 and 2 as:
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RESULTS

To achieve a K-band bandpass filter with extended upper
stopband, the parameters in Eq. 3 and 4 are optimized as:
r, = 097, t, = 0.075, Ve” = 0.0235 ns, ©,/2n = 21.62 GHz,
®,/2r =2299 GHz, 1, =0.14ns, 7,=035ns, 17, = 1.8 ns,
T, = 1.9 ns. The dimensions of the filter pattern are then
optimized through the software Ansoft HFSS (High Frequency
Structure Software). Higenmode simulation is applied to
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approach the above parameters. The optimized dimensions of
the designed filter are shown in Fig. 3, where, R, = 0.285 mm,
R, = 0475 mm, R; = 0.585 mm, W, = 007 mm,
W, =0.065mm, L =0.22 mm, D = 0.04 mm, 6 = 44 deg.

The simulated magnitude and phase responses of the
optimized filter are illustrated in Fig. 4.

As 1s shown in Fig. 4, the insertion loss of the proposed
filter is less than 1.1 dB at its center frequency. In the whole
passband, from 21.86-22. 64 GHz, the insertion loss is less than
1.6 dB and the return loss is more than 20 dB. As illustrated in
Fig. 4, good linearity is achieved from the transmission phase
during the working band. The fabricated MMIC of the filter
based on GaAs MMIC IPD technology is showed in Fig. 5.
The size of the proposed filter 1s 1.9x1.35x0.1 mm.

The transmission and reflection responses of the filter are
measured through two different test methods, direct
measurement on probe station and indirect measurement via

e
W
0
Ry
R, R,

Fig. 3: Dimensions of the filter

Fig. 5: Fabricated filter based on GaAs MMIC IPD technology
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testing fixture. With the help of a vector network analyzer
{Rohde and Schwarz, ZVA 40), a microwave probe station
{Cascade Microtech, Summit 11000 M) and a testing fixture
are applied to evaluate the proposed filter, respectively.
The probe station provides the direct test results which are
close to the simulation results and the measurement via a
testing fixture models the real behavior of the filter applied in
a T/R module. The testing setup is showed in Fig. 6. The
ACP-40-A GSG150 probe is applied in the testing using a
probe station.

The measured results through the above two test methods
are shown in Fig. 7. The 210 degree phase shifting is applied
1.6 dB 1nsertion loss at 22.25 GHz, less than 2.3 dB insertion
loss and more than 20 dB return loss within the whole
passband, from 21.86-22.64 GHz Comparing with the
simulation results in Fig. 4, the passband insertion loss has

Magnitude (dB)

1801 (b)

Phase (°)
T

- I hY lI
15 20 25 30 35
Frequency (GHz)

Fig. 4(a-b): Simulation results, (a) Magnitude response of the
filter and (b) Phase response of the filter
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(b)

Rohde and schwarz

ZVA 40

Rohde and schwarz
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Fig. 6(a-d): (a) Photo, (b) Schematic of the testing setup using a probe station, (¢) Photo and {d) Schematic of the testing setup

with a testing fixture
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Fig. 7{a-c): Measured results of the MMIC using a probe
station (solid blue, dotted green) and the MMIC
with a testing fixture (dashed red, dash-dot
orange), (a) Magnitude responses, (b) Phase of
reflection responses and (¢) Phase of transmission
responses
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increased by 0.5 dB. The main reason for the difference of the
insertion loss is due to the processing inaccuracy and the loss
in the testing system.

In order to model the real application scenario, a testing
fixture 1s applied to test the proposed filter. The texting fixture
1s shown in Fig. 6¢. Figure 7 illustrates the test results. Results
show that the proposed filter has about 2.9 dB insertion loss at
22.25 GHz, less than 3.3 dB insertion loss and more than
20 dB return loss within the whole passband. Comparing with
the test results with probe station, more loss and large phase
shifting exist. The reason of such difference is due to the
mismatching between the MMIC and the testing fixture and
the limited accuracy of the apphed assembly technology. To
fix such difference, de-embedment technique is introduced to
retrieve the responses of the filter. The schematic diagram of
the de-embedment of the MMIC measurement with a testing
fixture is shown in Fig. 8.

Components to be de-embedded on one side of the MMIC
inthe testing fixture are shown in Fig. 8a. On the other side of
the MMIC, same components can be found with mirror
symmetry. In order to de-embed the effect of the testing
fixture, S-parameter of the components on each side is
simulated and output as an S2P file. Substitute the S2P file
into the “de-embed components” in the commercial circuit
simulation software ADS (Advanced Design Systems), the
response of the MMIC can be retrieved from the test results
with the testing fixture through the process in Fig. 8b. The
de-embedded results are shown in Fig. 9. Results show
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Components to be de-embedded:

Glass bead Microstrip
Bonding wire

MMIC

(b) Simulation of the
testing fixture

v

S2Pfile of the testing fixture

v

Measured S2P file of the
MMIC with testing fixture

v % v
De-embed Testing Testing De-embed

T — MMIC | . H—]
component fixture fixture component

Port MMIC Port 2,

v

De-embedded S2Pfile of the]
MMIC with testing fixture

()

g
&

Q

@

Measured S2Pfile of the
MMIC using probe station

Fig. 8(a-b): (a) Components to be de-embedded on one side of the MMIC in the testing fixture and (b} Schematic diagram of the
de-embedment of the MMIC measurement with a testing fixture
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Fig. 9(a-c): Measured results of the MMIC using probe station (solid blue, dotted green) and the de-embedded results of the
MMIC with atesting {ixture {(dashed red, dash-dot orange), (a) Magnitude responses, (b) Phase of reflection responses
and (c) Phase of transmission responses
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Table 1: Method comparison

Methods
Parameters Network-based filter synthesis method (Rambabu and Bomemann, 2005) Proposed CMT method in this study
Loss consideration None Yes
Design accuracy Modest High
Time consumption Modest Low

consistency with the simulation and the test results using probe
station. Differences between the results through the two test
methods are due to the imperfect modeling of the testing
fixture.

DISCUSSION

The present CMT analysis method is based on the energy
conservation in the multi-resonator filter system. Comparing
with the conventional network-based filter synthesis method
(Wei et al, 2011; Wang and Guan, 2012; Xu et al., 2013;
Wolff, 1972; Hong et al, 2007) our CMT analysis method
directly provides the decay rates of each resonantmode, which
1s more convenient to link with the quality factors obtained
directly through eigenmode simulations. When we start to
optimize the concrete microstrip filter which contains multi
resonant modes through eigenmode simulations, the
present method is more direct and less time consuming. Also,
our method conveniently includes the dissipations, while
most of the published approaches haven’t taken the effect
of loss into account, thus our approach may save time in
fine tumng the filter. The method comparison is shown in
Table 1.

CONCLUSION

Inconclusion, a K-band MMIC dual-mode bandpass filter
with extended upper stopband has been proposed. Based on
the temporal coupled-mode theory for a symmetric reciprocal
structure system, a FEM simulation assisted optimization is
applied to achieve the dimensions of the filter. The
transmission and reflection responses of the filter are measured
through two different test methods, direct measurement on
probe station and indirect measurement via testing fixture. For
the latter case, which models the practical application scenario,
de-embedment technique is introduced to retrieve the
responses of the filter. The de-embedded results have shown
consistency with the simulation and the probe station test
results. The provided analysis method and test procedure can
be easily adapted for dual-mode MMIC bandpass filter
designs.
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