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Abstract

This research presents a new insertion type phase shifter based on a conductor-
backed coplanar waveguide transmission line structure. A scale model varactor-tuned
phase shifter on a microwave print circuit board has been designed and performed
empirical calculations and several computer simulations. This new phase shifter
shows significant performances with very low insertion loss of < 2 dB, high
bandwidth of > 1 GHz, and phase change of 0-360°. The phase shifter has been tested,
verifying the phase changes from 0 to 360°, and then continuously driving with the
compensated sawtooth reverse bias voltage (serrodyne technique) to obtain a
frequency shifting. A new class of microstrip bandpass filter with a slow-wave open-
loop resonator structure has been also proposed to get rid of spurious responses from
the shifted frequency. Finally, the frequency shifter has been applied for RF and
microwave measurement of circuit and device characteristics using a heterodyne
technique. A reflectometer (one-port network analyzer) has been designed and
constructed using the proposed heterodyne system. The results of measured reflection
coefficients using the proposed system agree well with ones from a current
commercial network analyzer.

Keywords: Phase shifter, frequency shifter, bandpass filter, heterodyne technique,

reflectometer
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1. Introduction

All electronic phase shifters using both passive and active components (i.e. PIN
diodes and FETs) are generally employed for RF and microwave communication
systems in the present day. Analog phase shifters provide high resolution for small
amount of phase change, whereas digital phase shifters are appropriate when a large
step phase is required. These phase shifters provide low resolution of step-phase
change causing low carrier and spurious sideband suppression when operating as
frequency shifters. Many researchers, therefore, have developed some techniques to
improve the characteristics of electronic frequency shifters by means of combination
of analog and digital phase shifting techniques. This research proposes a new 360°
analog phase shifter with insertion type structure using conductor-backed coplanar
waveguide (CBCPW) transmission line. This phase shifter would overcome the
drawbacks of the present analog phase shifters. Driving the phase shifter from 0 to
360° with time by mean of serrodyne (sawtooth) modulation results in frequency
shifting that can be used as inexpensive RF and microwave sources useful for high
frequency coherent measurement technique. Therefore, this research shows the
application of the proposed phase shifter in frequency shifting and a coherent
reflectometer system.

2. Theory

2.1 Coplanar waveguide structure

A variety of transmission line structures can be used to form phase shifters such
as coaxial, microstrip and coplanar waveguide (CPW) lines. Only microstrip and
coplanar wavegide are extensively utilized when fabricating monolithic microwave
integrating circuits (MMICs), nevertheless, using microstrip suffers from
disadvantages of high dispersion, high insertion loss, and via holes requirement. To
overcome these problems, this research studies a phase shifter structure based on
CPW transmission lines. Additionally, to improve the characteristics of the phase
shifter, the conductor-backed coplanar waveguide (CBCPW) has been chosen due to
its potential advantages over ordinary CPW, including superior mechanical strength,
high power-handling capability and smaller size [1]-[2].

Backed -
¢ Ground Plane

Fig.1 A CBCPW transmission line.

Figure 1 shows a structure of conductor-backed coplanar waveguide (CBCPW)
consisting of a center conductor and ground planes on both sides of the print circuit
board. The characteristic impedance of the CBCPW line can be calculated as [3]-[4]
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The effective dielectric constant (&.) of the CBCPW transmission line can be
obtained as

g, = l+qle —1) (6)
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The phase velocity of wave on the transmission line can be calculated to be (c is
the velocity of light)

c

v ; = ——. )
phase(line )
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These equations will be employed for determining the series transmission line
matching at the input and output of the proposed phase shifter.



2.2 Analog phase shifter

A microwave phase shifter is a two-port device whose basic function is to
provide a change in the phase of a microwave signal. Phase shifters can be broadly
classified as being either mechanical or electronic, and also can be categorized as
analog and digital phase shifters depending on the type of operation. Analog phase
shifters change the phase continuously, whereas digital phase shifters allow variation
of phase shift only in discrete steps, employing a sequence of binary bits to control the
desired phase steps. An analog phase shifter usually provides a high phase resolution
limited only by the control circuits. Typically, analog phase shifters are categorized
into those which operate in passive and active modes. In passive mode, varactor
diodes are usually used as tuning elements of the phase shifters [5]-[6]. Figures 2 and
3 show two types of varactor diode phase shifters used in this research. The varactor
diodes provide a varying reactance to the circuit which is a function of the negative
bias voltage.

3-dB Hybrid coupler
Input @ 2

Port 1 |

i Varactor
Z/7

Z
Output (J |->T

Port 2
Varactor

Fig. 2 Reflection type phase shifter.

o o
Ziy—> Zo Zo <«— Zout
o )

Varactor diode

(a)
Lt L[
4 in;.:rY;Y’l‘]i CVZ'V\:Y%:_ Z out

0

(b

Fig. 3 Insertion type phase shifter (a) a schematic of a transmission line
loaded with varactor diode and (b) its equivalent circuit.



2.3 Serrodyne modulation

A frequency translator or frequency shifter that changes an input RF frequency
up or down by a modulation frequency is required for some applications, especially, a
coherent measurement system. An ideal frequency shifter should change the original
frequency f, of a signal V; by some modulation frequency f,, by applying a phase 6=
2afmt that varies linearly with time, giving an output V, = sin (2af,t +27af,,t) = sin
27(fo+fm)t. This function can be realized in a continuous fashion using a rotary phase
shifter, driven at a constant rate such that 58/a = f,,. A frequency shifter can also be
realized by means of an ideal sawtooth modulation that varies the phase linearly
between zero and 360°, then flies back to zero instantaneously. This technique is
called serrodyne, and is illustrated in Figure 4(a). A good frequency shifter should
provide an output only at the shifted input RF frequency with minimum loss and
without generating any spurious frequency. Several authors [7]-[12] have modified
the serrodyne technique into a step-phase or a staircase technique to implement
frequency shifters, as displayed in Figure 4(b), nevertheless, their works have been
done using a coarse staircase phase function that usually suffers from insufficient
carrier and spurious sideband suppression. Also, these frequency shifters are mostly
realized by integrating hybrid couplers with variable capacitances or gains arising
from diodes or transistors. These techniques usually limit the bandwidth of the
frequency shifters. The latest-reported method of integrating fixed-delay transmission
line segments, switches and drivers has enabled a 6-18 GHz digital phase shifter,
which when serrodyne modulated, has given 22 dB of carrier and spurious sideband
suppression [12].

Phase

f, f+f,
/‘ A

T/2 yan Phase

tir:le ™| shifter
sin(27£) sin[2(f+f.)t]
-180°

Sawtooth-phase function

N

(@)

1800
,_I'I_I_'—I-T/z T2 = Phase
I I_rrl_r I_rrl_r' time shifter
+-1800

Step-phase function

(b)

Fig. 4 Serrodyne technique (a) sawtooth modulation signal and
(b) step-phase modulation signal.
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A simulation of a serrodyne frequency shifter using a continuous sawtooth
scanning signal has been perform under a variety of modulation conditions to observe
how the analog phase shifter would respond at increasingly higher modulation rates.
Figures 5(a) and (b) show two representative results of the simulation, pointing out
one limitation to achieving high-speed modulation: as the retrace transient (“flyback™)
time becomes increasingly signficant in the period of the sawtooth waveform,
sidebands become more prominent. For example, to build an ultrawideband
500 MHz modulator with the near-ideal results of Figure 5(a) would require a 2 ps
flyback in the 2 ns period. One approach to achieve such ultrawideband performance
would be, in fact, to use another nonlinear transmission line (NLTL) to modulate the
frequency shifter itself, since the NLTL output waveform is a sawtooth with a <2 ps
falling edge. Another approach would be to build a nonlinear control system to
achieve minimum transition time during flyback. Most systems, however, do not
require such high frequency modulation, though carrier and spurious sideband
suppression remains important. An alternative to circuit-based approaches is to allow
a longer flyback time and pause the baseband digitizing circuitry and/or Fast-Fourier
Transform (FFT) calculation, allowing the circuit to fly back while ignoring the
resultant spurious products that are generated (only) during this time. A similar
approach we demonstrate below is to use triangle-wave phase modulation and run the
FFT forwards during one cycle and backwards during the second, eliminating the
retrace transient entirely.

Sidebands also result from the step-phase modulation of the phase shifter.
From a Fourier series analysis of a step-phase frequency shifter [7], the normalized
spectral output amplitude of the translated RF signal can be expressed as

. T
T
ex] = T ©)
(kN +1) 7" +
N

where N is the number of steps in the staircase, n = 1 = kN is the spectrum number
(the number of modulation frequency increments away from the input frequency f,), +
indicates the upper or lower sideband, and £ is an integer from 0 to co. If (n = 1)/N # £,
e,” = 0 (although we in fact do measure components in this regime as shown in Fig.
12). If (n £ 1)/N = k, there will be an output at a harmonic of the modulation
frequency f,,, as shown in Figure 6, when N = 16. In this equation, the spurious
sideband suppression level with respect to the desired output can be determined at any
harmonic k. Using £ = 1, the maximum spurious sideband suppression level is 24.6
dBc for an 4-bit digital frequency translator (N = 16). The spurious sideband
suppression level will be improved by ~ 6 dB for every added bit. In this work a 12-
bit analog-to-digital converter has been used as an arbitrary waveform generator
driving the phase shifter, so the flyback transient primarily limited the harmonic
performance.
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Fig.6 Spectral response of the serrodyne frequency shifter, which the spurious
sidebands are resulted by the effect of 16-step (staircase) phase function .

2.4 Bandpass filter

In communication and instrumentation systems, RF and microwave bandpass
filters are essential components usually used at front ends of transmitters and
receivers. Planar filters would be preferred since they can be fabricated using printed
circuit board technology with a low cost and a small size. Microstrip square open-loop
resonators are proposed to form a new compact hairpin bandpass filter with the lateral
size is only a one-eighth guided wavelength [13]. Further progress in size reduction is
made by the proposed miniaturized hairpin resonator filters [14]. In [15] elliptic
function filters are realized by U-shaped microstrip. Slow-wave and step-impedance
resonator (SIR) filters are presented, resulting in size reduction and spurious
frequency shifting [16]-[18].

Previously, planar cross-coupled filters have been proposed, which are mostly
based on open-loop microstrip resonators [19]-[21]. The cross-coupling between
nonadjacent resonators creates transmission zeros that improve the skirt rejection. In
order to obtain the transmission zeros, this filter structure needs at least four
resonators, however, it has been found recently that by using a 0° feed structure, two
transmission zeros near the passband can be created and the stopband rejection is
significantly increased. Therefore, we introduce a new class of microstrip slow-wave
open-loop resonator bandpass filters based on cross-coupled and 0° feed structures.
The proposed filters as shown in Figure7 include maximally flat and elliptic or quasi-
elliptic function responses, resulting in not only more compact size but also a wide
upper stopband (details in Appendix).
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(b)
Fig.7 The proposed bandpass filters (a) two-resonator and (b) four-resonator
structures.

2.5 Applications: coherent measurement

In high frequency measurement systems, two synthesizer sources are required to
generate a heterodyne (coherent) output signal for characterizing a device under test
(DUT). Commercial vector network analyzers (VNAs) rely on only one synthesized
source and use a sampling detector, rather than using two sources and a mixer,
thereby trading dynamic range for lower cost. VNAs are very accurate and can now
measure network parameters for up to 100 GHz. These measurement systems are
bulky, expensive, and provide only narrow instantaneous bandwidths, so their use is
limited to the laboratory and to linear devices and systems. A new solution proposed
here can generate a coherent signal using only one microwave synthesizer with a
phase (frequency) shifter to characterize DUT, as displayed in a schematic diagram of
Figure 8. This technique can enable a complete, possibly monolithic, integration of
wideband network analyzers, directly addressing the need for instruments to
characterize devices, circuits, and systems, as well as the growing opportunities for
sensors in this regime. Driving a phase shifter with serrodyne (sawtooth) modulation
results in frequency shifting that can be used with an inexpensive (ultimately
integrated) microwave source to coherently convert a wideband microwave signal
directly to baseband. This invention, coupled with improved directional sampling
circuits [22], could enable high-performance, inexpensive, and field-capable 100 GHz
vector network analysis. In addition, several other new military and commercial
applications such as terahertz reflectometers which would benefit from a monolithic
coherent generation/detection system [23]. This approach is the first to present a clear
path to complete integration of a coherent micro- and millimeter-wave measurement
system.
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Fig.8 Coherent measurement using a phase (frequency) shifter to characterize a DUT.

A conventional microwave reflectometer consists mainly of a microwave
synthesizer, a dual directional coupler and detectors. The ratio of the reflected wave
and incident wave is the voltage reflection coefficient of the DUT. Reflectometers
form the core of microwave network analyzers, and are typically based on power
sensing (using diodes or bolometers) or coherent sampling front ends. Several
techniques have been proposed to address the need for accurate reflectometry [24].
Using standard loads to calibrate a conventional reflectometer has been proposed by
Hollway and Somlo [25]. This technique uses no critical components and requires no
tuning adjustments, so it is simple, accurate and useful for automatic operations. The
disadvantage of this technique is that the phase of the reflection coefficient cannot be
measured because the detectors yield just the amplitude or power of the microwave
signals. In order to obtain the phase, additional couplers or hybrids and detectors must
be added. This measurement scheme was developed into a six-port reflectometer
(requiring four detectors) by Engen [26]. Meanwhile, reflectometers as employed in
modern commercial network analyzers use sampling front ends, which improve upon
the dynamic range limitations of the six-port approaches. These could be further
improved, however, by use of mixers in the front end, except that the expense of an
additional microwave source is prohibitive. Homodyne reflectometers, while not
commercially available, usually employ a variable-phase and reference arm derived
from a single source, and they use balanced mixers as detectors. Their dynamic range
is limited, however, by DC detection.

The reflectometer (one-port network analyzer) and its simplified signal flow
graph are shown in Figures 9 (a) and (b). If the microwave synthesizer is matched, ['s
= 0, and if the dual directional coupler is symmetrical, S3; = Sy> and S3, = S4;. Solving
the signal flow graph will provide the ratio of P,.r and Pj,, as shown in the following
equation

P = i — E.S32(1_S22FL)+S21S31FL' (10)
Pinc A S3l(1_S22FL)+S2lS32FL

Three commercial 3.5 mm coaxial standards (matched, short and open loads)
were used to calibrate the proposed reflectometer. From the above equation,
substituting P = Py, for matched load (I', = 0), P = Ps for a short circuit (', =-1), P =
Py for an open circuit (I', = 1), and P = P;, for an arbitrary load or DUT, and solving
the equation for these conditions yield the measured reflection coefficient as
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_ (P, =P )(P,—Ps) (12)
(P, +P,)(Py+P;)-2(P,P;+P,P,)

L

Theoretically, using this error calibration technique, the directivity of the dual
directional coupler need not be very high, and the reflectometer can be employed for
accurately measuring small reflections.

Pinc Pref
A IB
R —
Mcrowave -
synthesizer " ——| DUT
Dual directional
coupler
(a)
P IIIII
A Dual-directional
______________________________________________________ ¥ coupler
: bs Standard loads
: S, or DUT
: S e
: 4 Sy . b, i
Pm > H > i
;Fg YSu 452 r,
S
; b, s, a, P
S42
b,
B
Py
(b)

Fig.9 The reflectometer (a) schematic and (b) its simplified signal flow graph.

3. Implementation and results

3.1 The proposed phase shifter

The proposed phase shifter has been proposed as shown in Figure 10(a). The
structure is a high impedance transmission line periodically shunted by reverse biased
varactor diodes to produce a synthetic structure on which the small signal propagation
velocity depends on the voltage-variable capacitance. For a large signal wave, the
dependence of phase velocity or delay on the voltage of the traveling wave leads to
wave compression and shock wave formation because a wave travels slowly at
voltage levels near zero but quickly at reverse-bias voltages where the depletion depth
of the diode is large. However, when a small-signal signal propagates through the
line, the wave compression or shock wave formation is not significant because the
voltage differences of the traveling wave are too small for it to modulate its own
phase velocity. Therefore, the proposed structure can be useful as a small-signal
device in the microwave phase shifting by applying an appropriate bias voltage for a
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certain phase. This phase shifter has broadband operation and low losses because its
structure is distributed and low-Q. The phase shifter can be applied to frequency
shifting, providing very high carrier and spurious sideband suppressions. Therefore,
the proposed phase (frequency) shifter can be used in the proposed coherent system
for RF and microwave measurement.

In this work, the conductor-backed coplanar waveguide (CBCPW) structure was
optimally designed and built. Using a CBCPW line has several advantages compared
with other types of transmission lines including lower losses, low dispersion and
eliminating of air bridges. In addition, the fabrication process of a CBCPW phase
shifter is also compatible with MMIC’s. A microwave substrate of RO3006 with
relative permittivity of 6.15+£0.05 and dielectric thickness of 50 mils (Imil = 1/1000
inch) was utilized to built up the phase shifter. Varactor diodes of MSV-38 (R=1.7 Q
and Cj, = 1.26 pF) with beamlead packages from the Metelics Corp. were used as
reactive elements. The simulation software named Advance Design System (ADS)
was employed to analyze and optimize the proposed phase shifter. The constructed
phase shifter with 14 varactor diodes is shown in Figure 10(b) (further details in
Appendix).

L I In
_> 4—
Z, G G G Zout
(=, 0
(a)
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(b)

Fig.10 The proposed CPW phase shifter consisting of 14 varactor diodes (a)
schematic diagram and (b) the constructed structure.

3.2 The proposed bandpass filter

The first filter consists of the microstrip slow—wave open-loop resonators as
shown in Figure 7(a). The filter was designed on the RT/Duroid 3003 substrate with a
relative dielectric constant of 3 and a thickness of 1.524 mm. In order to have a
maximally flat passband bandwidth of 60 MHz (or the fractional bandwidth of
FBW=3%) at fj equal to 2 GHz. The spacing S, between the resonators was adjusted
to obtain the appropriate external quality factor and coupling coefficient, respectively,
with the aid of an IE3D EM simulator [27]. The filter parameters were obtained in the
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following: L; = 7 mm, L, = 0.5 mm, L3 =4.25 mm, Ly =9 mm, Ls = 9 mm G = 0.5
mm, and W = 0.5 mm, with spacing S;, equal to 1.12 mm. Figure 11 shows the
fabricated filters of the proposed and conventional ones. The size of two-resonator
filter is about 0.095Ag, by 0.202 Ay, Where Ay 1s the guided wavelength of a 50-Q
line on this substrate at the center frequency. The fabricated filter was then measured
on a network analyzer, with the measured and theoretical performance as shown in
Figure 12. We found that the response of the proposed filter is better than the
conventional one. The passband insertion loss is approximately 2.5 dB at the center
frequency of 2.03 GHz, which is mainly due to the conductor loss of copper. The
passband return loss is greater than 20 dB and the out-of-band rejection is better than
20 dB at the lower stopband and 20 dB at the upper stopband. The two transmission
zeros are at 1.91 GHz with 42 dB rejection and 2.13 GHz with 31 dB rejection,
respectively. The filter exhibits a wide upper stopband with a rejection better than 20
dB up to about 10 GHz, and the first spurious response is about 6 dB at 12.7 GHz.

Fr|1m‘n||!||.:=||;:||-n_ T

ol 277 28 29 3

R

Fig.11 The proposed bandpass filter (top) and the conventional one (bottom).
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Fig.12 Measured and simulated responses of the two-resonator bandpass filters.
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The second filter is a four-resonator cross-coupled microstrip slow-wave open-
loop resonator filter as shown in Figure 7(b). The filter design is based on knowledge
of the coupling coefficients of the three basic coupling structures, which are electric,
magnetic, and mixed coupling. Therefore, the offset between resonators 2 and 3 is
1.25 mm; the spacing between the resonators has been determined as the following:
Si4=1.25 mm, Sp; = 1.5 mm, S34 = 1.62 mm, and S;,= 2.75 mm. Figure 13 shows a
photograph of the fabricated four-resonator bandpass filter using new microstrip slow-
wave open-loop resonators. In this case, the size of the filter is only 0.219 A,, by
0.206 Ay Figure 14(a) shows the measured and theoretical data. The measured
passband insertion loss is approximately 2.78 dB at the center frequency of 2.05 GHz.
The passband return loss is greater than 18 dB. The out-of-band rejection is better
than 22 dB at the lower stopband and 20 dB at the upper stopband. In Figure 14(b),
the filter exhibits a wide upper stopband with a rejection better than 25 dB up to about
10.5 GHz. It can also be clearly seen that there is an unnatural dip in the response at f;
around 6 GHz. The reason for this dip is that the bandstop characteristic of the
asymmetrical parallel coupled-line of the proposed resonator causes superior
suppression of the spurious response as previously discussed (further details in
Appendix).

Fig.13 The fabricated four-resonator bandpass filter.
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Fig.14 Measured and simulated responses of the four-resonator filter
(a) passband response and (b) wideband response.
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3.2 Experimental result: frequency shifting

The phase shifter was then tested to verify that its phase angle (delay time) can be
varied from 0 to 360° as a result of the delay time compared with the simulation
shown in Figure 15. A good frequency shifter should provide an output of only the
shifted carrier frequency with minimum power loss and without generating spurious
frequencies. One way to create a frequency shifter is to use a phase shifter as a phase
modulator. When the phase angle of an input RF signal is varied linearly with time, a
frequency of the resultant output signal is translated to a new frequency.

2.0

1.5 —&— Simulation
N — ® — Measurement

Delay time (ns)
P
" 1 "
/
/

0.5 Mg~eq_
g : o_._._._._.
- ~E—n—n
0.0 T T T T T T T
0 2 4 6 8 10

Reverse bias voltage (V)

Fig.15 Simulated and measured delay time of the proposed phase shifter.
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Fig. 16 Experimental circuit of frequency shifting.
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An ideal frequency shifter can be accomplished by using a phase shifter
controlled by a linear phase function of modulation frequency. However, this can be
practically achieved by driving a phase shifter with a periodic sawtooth phase
function, varying the phase linearly between 0 and 360°, then flying back to zero
instantaneously. This phase modulation method is also known as the serrodyne
technique as discussed. In this research, the serrodyne modulation was utilized with
the proposed phase shifter. Figure 16 shows the experiment set up for verifying the
frequency shifter performance. The phase shifter was continuously driven with the
compensated sawtooth reverse bias voltage at a frequency of ~ 100 Hz, resulting in a
frequency shifting. The signal spectrum from the bandpass filter output as shown in
Figure 17 taken from a spectrum analyzer confirms that the translated (frequency
shift) signal is a nearly pure sinusoidal waveform suitable for high performance
coherent measurement systems.

0
Shifting frequency
£ 2 GHz with 100 Hz offset
20
)
Z
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E 40 |
=
g
<
E 6of First spurious sideband
3
~
-80 |
-100 |-
1 L L 1 1 1 1

Frequency (20 kHz/div)

Fig.17 Measured RF spectrum of the proposed frequency shifter.

3.3 Experimental result: coherent measurement

The proposed phase shifter was utilized as a frequency shifter in a coherent
reflectometer system (Figure 18). The signal from the microwave synthesizer was
split into the frequency shifter input and mixer LOs. A dual-directional coupler (HP
11692D) was used to couple the incoming signal from the frequency shifter and the
reflected signal from a DUT. These signals were fed into mixers (RF), resulting in
downconverted ~100 Hz intermediate frequency (IF). The spectrum of the IF signals
(20 periods) were taken by fast Fourior transform (FFT) using a LabVIEW program
on the microcomputer, from which the amplitude and phase of the incident (channel
1) and reflected (channel 2) waves were obtained. The calculation of complex
reflection coefficient was then performed by the microcomputer. The measurement of
25 Q loads from 1 to 3 GHz by using the calibrated reflectometer are shown in Figure

19. These results agree very well with ones from a commercial network analyzer (HP
8720D).
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Fig.18 The coherent reflectometer system.
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Fig.19 Measurement of reflection coefficient for a 25 Q load.

4. Conclusions

A new phase shifter with a conductor-backed coplanar waveguide (CBCPW)
structure has been proposed. This phase shifter can be utilized to generate a shifted
frequency by using the serrodyne technique. To generate a high quality RF shifted
frequency, the new bandpass with slow-wave open-loop resonators has been also
proposed. Using the phase shifter and the heterodyne (coherent) technique for
microwave measurement, it has been proofed that the system is a very high accuracy,
high stability and potentially low-cost system. This new approach is expected to
strongly support the future RF and microwave measurement systems because it offers
a clear path toward complete integration into MICs and MMICs. It will also have
significant applications in other advanced instrumentation and wireless
communication systems.

Acknowledgment

This work has been supported by the Thailand Research Fund (TRF) under the grant
number PDF/38/42.



21

References

[1] K. W. Tan and S. Uysal, “Analysis and design of conductor-backed asymmetric
coplanar waveguide line using conformal mapping techniques and their
application to end-coupled filters,” [EICE Trans. on Electron., vol.E82-C,
pp-1098-1103, Jul. 1999.

[2] C. H. Wu and S. Uysal, “A new systematic and efficient method of analysis for
conductor-backed coplanar-waveguide directional couplers,” IEEE Trans. on
Microwave Theory and Tech., volLMTT-47, pp.1127-1131, Jul. 1999.

[3] G. Ghione and C. Naldi, “Parameters of coplanar waveguide with lower ground
plane,” Electron. Lett., vol.19, pp.734-735, Sep. 1983.

[4] K. C. Gupta, R. Garg, 1. Bahl and P. Bhartia, Microstrip Lines and slotlines, nd
edition, Norwood, MA, Artech House, 1996.

[5] D.E. Dawson, A.L Conti, S.H. Lee, G.F. Shade, and L.E. Dickens, “An analog X-
band phase shifter,” IEEE Microwave Millimeter-Wave Monolithic Circuit Symp.,
pp.6-10, 1984.

[6] E.C. Niehenke, V.V. DiMarco, and A. Friedberg, “Linear analog hyperabrupt
varactor diode phase shifters,” IEEE MTT-S Microwave Symp. Digest, pp.657-
660, 1985.

[7] J.S. Jaffe and R.C. Mackey, “Microwave frequency translator,” [EEE Trans.
Microwave Theory and Tech., vol.13, pp.371-378, 1965.

[8] G. Klein and L. Dubrowsky, “The DIGILATOR, a new broadband microwave
frequency translator,” /IEEE Trans. Microwave Theory Tech., vol.15, pp.172-179,
1967.

[9] S.R. Mazumder, T.L. Tsai, and W.C. Tsai, “A frequency translator using dual-
gate GaAs FETs,” IEEE MTT-S Digest, pp.346-348, 1983.

[10]S. Lucyszyn, I.D. Robertson, and H. Aghvami, “24 GHz serrodyne frequency
translator using a 360 degree analog CPW MMIC phase shifter,” [EEE
Microwave Guided Wave Lett., vol.4, pp.71-73, 1994,

[I1]L.J. Kushner, G.V. Andrews, W.A. White, J.B. Delaney, M.A. Vernon, M.P.
Harris, and D.A. Whitmire, “An 800 MHz monolithic GaAs HBT serrodyne
modulation,” IEEE Solid-State Circuits, vol.30, pp.1041-1049, 1995.

[12]S. Mazumder and C. Isham, “Frequency translation by phase shifting,” Appl.
Microwave & Wireless, pp.144-152, 1995.

[13]J.S. Hong and M.J. Lancaster, “Coupling of microstrip square open-loop
resonators for cross- coupled planar microwave filter,” /EEE Trans. Microwave
Theory Tech., vol.44, pp.2099-2109, Dec. 1996.

[14]).T. Kuo, M.J. Maa, and P.H. Lu, “A microstrip elliptic function filter with
compact miniaturized hairpin resonators” IEEE Trans. Microwave Theory Tech.,
vol.10, pp.94-95, Mar. 2000.

[15]J.S. Hong and M.J. Lancaster, “Cross-coupled microstrip hairpin-resonator
filters,” IEEE Trans. Microwave Theory Tech., vol.46, pp.118-122, Jan. 1998.
[16]M. Makimoto and S. Yamashita, “Bandpass filters using parallel coupled stripline
stepped impedance resonators,” IEEE Trans. Microwave Theory Tech., vol.MTT-

28, pp.1413-1417, 1980.

[17]M. Sakawa, K. Takahashi, and M. Makimoto, “Miniaturized hairpin resonator
filters and their application to receiver front-end MIC’s,” IEEE Trans. Microwave
Theory Tech., vol.37, pp.1991-1997, Dec. 1989.



22

[18]J.S. Hong and M.J. Lancaster, “Theory and experiment of novel microstrip slow—
wave open-loop resonator filters,” IEEE Trans. Microwave Theory Tech., vol.45,
pp-2358-2365, Dec. 1997.

[19]R. Levy, “Filters with Single Transmission Zeros at Real or Imaginary
Frequencies,” IEEE Trans. Microwave Theory Tech., vol. MTT-24, Apr. 1976,
pp. 172-181.

[20]J.S. Hong and M.J. Lancaster, “Couplings of Microstrip Square Open-Loop
Resonators for Cross-Coupled Planar Microwave Filters,” [EEE Trans.
Microwave Theory Tech., vol. 44, no. 12, Dec. 1996, pp. 2099-21009.

[21]J.S. Hong and M.J. Lancaster, “Design of Highly Selective Microstrip Bandpass
Filters with a Single Pair of Attenuation Poles at Finite Frequencies,” IEEE
Trans. Microwave Theory and Tech., vol. 48, no. 7, July 2000, pp. 1098-1107.

[22]R. Y. Yu, M. Reddy, J. Pual, S. T. Allen, M. Case, and M. J. W. Rodwell,
“Millimeter-wave on-wafer waveform and network measurements using active
probes,” IEEE Trans. Microwave Theory Tech., vol.43, pp.721-729, 1995.

[23]J. S. Bostak, D. W. van der Weide, D. M. Bloom, B. A. Auld, and E. Ozbay, “All
electronic terahertz spectroscopy system with terahertz free-space pulses,” J. Opt.
Soc. Am. B, vol.11, pp.2561-2565, 1994.

[24]F. C. DeRonde, “A precise and sensitive X-band reflectometer providing
automatic full-band display of reflection coefficient,” IEEE Trans. Microwave
Theory Tech., vol.13, pp.435-440, 1965.

[25]D. L. Hollway and P. I. Somlo, “A high-resolution swept-frequency
reflectometer,” IEEE Trans. Microwave Theory Tech., vol.17, 1969.

[26]G. F. Engen, “A (historical) review of the six-port measurement technique,”
IEEE Trans. Microwave Theory Tech., vol.45, pp.2414-2417, 1997.

[27]Zeland Software, Inc., IE3D manual, NewYork, 2004.



23

APPENDIX

Publications from this research

Proceedings

1.

Prayoot Akkaraekthalin, Somrat Nimyen, and Vech Vivek, “Conductor-
backed coplanar waveguide hybrid for varactor-tuned phase shifting,” The 3
International Symposium on Wireless Personal Multimedia Communications,
Bangkok, pp.953-957, Nov. 12-15, 2000.

Warunee Dangchom, Prayoot Akkaraekthalin, and Vech Vivek, “A novel
insertion type phase shifter using conductor-backed coplanar waveguide,” The
23" Electrical Engineering Conference (EECON-23), Chiang Mai, pp.333-
336, Nov. 23-24, 2000.

. Prayoot Akkaraekthalin, Chachawan Sawangnate, and Vech Vivek,

“Conductor-backed coplanar waveguide directional coupler and its use for a
varactor-tuned 90° phase shifter,” The Asia-Pacific Conference on Circuits
and Systems, Tianjin, China, pp.525-528, Dec. 4-6, 2000.
Prayoot Akkaraekthalin, “A novel analog phase shifter for microwave
measurement,” The Asia-Pacific Symposium on Broadcasting and
Communications, Bangkok, pp.70-73, Dec. 21-23, 2000.

International Journal

1.

Prayoot Akkaraekthalin and Jaruek Jantree, “Microstrip slow-wave open-loop
resonator filters with reduced size and improved stopped characteristics,”
ETRI Journal on Electronics and Telecommunications, Vol.28, No.5, pp.607-
614, October 2006.



Microstrip Slow-\WWave Open-Loop
Resonator Filters with Reduced Size and
Improved Stopband Characteristics

This paper presents a new class of microstrip slow-wave
open-loop resonator filters with reduced size and
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microstrip slow-wave open-loop resonator. Two-resonator
and four-resonator bandpass filters are designed at the
operating frequency of about 2 GHz, and a bandwidth of
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1. Introduction

Radio frequency and microwave planar bandpass filters are
presently required in a wide variety of applications of wireless
communication systems [1]. Recent advances in high-
temperature superconducting (HTS) circuits and microwave
monolithic integrated circuits (MMIC) have additionally
stimulated the development of various planar filters, especially
narrow-band bandpass filters which play an important role in
modern communication systems [2]-[6]. Currently, filters with
compact size which suppress spurious sidebands and have
wider upper stopbands are necessarily required for several
wireless communication systems. However, most of the planar
bandpass filters built on microstrip structures are large in size
and their first spurious resonance frequencies appear at 2f, and
3fy, where f; is the center frequency, which maybe closed to the
desired frequencies. The half-wavelength resonators inherently
have a spurious passband at 2f;, while quarter-wavelength
resonator filters have the first spurious passband at 3f;, but they
require short-circuit connections with via holes, which are not
quite compatible with planar fabrication techniques. Previously,
most studies proposed techniques for the suppression of
spurious passbands of the filters using microstrip parallel-
coupled lines. Parallel-coupled microstrip filters with over-
coupled end stages have been proposed to extend the electrical
length of the odd mode to compensate the difference in the
phase velocities [7]. The wiggly-line microstrip filter using a
continuous perturbation of the width of the coupled lines
following a sinusoidal law has been studied [8]. Parallel-
coupled microstrip filters with the width of slots in the ground
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Fig. 1. (a) A conventional resonator and (b) the proposed microstrip
slow-wave open-loop resonator.

plane adjusted to compensate unequal modal electrical
lengths to obtain spurious suppression have been proposed
[9], [10].

The substrate suspension structure has been designed to
substantially speed up the even-mode phase velocity to make
the modal phase velocities equal for the suppression of
spurious bands [11]. These published microstrip-coupled line
filters have some key drawbacks. All of these filters are very
long due to their straight structures, especially when the filter
order becomes high. The filters in [9] and [10] need ground-
plane apertures and that in [11] needs a suspended substrate,
which increases the complexity and cost. Besides, many other
proposed filters use stepped impedance resonators (SIR) to
shift away the first higher order resonance frequency [12]-[14].
However, the step impedance method is to move, not to
suppress, the first spurious band and sometime a large
impedance stepping ratio is required and makes the layout of
the filter difficult. Capacitively-loaded transmission lines as
slow-wave open-loop resonators and SIR have been found
advantageous for controlling the spurious bands, however, their
spurious responses are still large [12]-[16].

Cross-coupled resonator filters are traditionally realized
using waveguide cavities or diclectric resonators, which are
bulkier than planar structures. Previously, planar cross-coupled
filters have been proposed, which are mostly based on open-
loop microstrip resonators [17]-[19]. The cross-coupling
between nonadjacent resonators creates transmission zeros that
improve the skirt rejection. In order to obtain the transmission
zeros, this filter structure needs at least four resonators,
however, it has been found recently that by using a 0° feed
structure, two transmission zeros near the passband can be
created and the stopband rejection is significantly increased
[14]. Therefore, we introduce a new class of microstrip slow-
wave open-loop resonator bandpass filters based on cross-
coupled and 0° feed structures. The proposed filters include
maximally flat and elliptic or quasi-elliptic function responses,
resulting in not only more compact size but also a wide upper
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stopband.

In section II, a brief comparison of the proposed microstrip
slow-wave open-loop resonators and the conventional one is
made in view of their sizes, coupling characteristics, and
fundamental and first spurious resonance frequencies. In
section III, we describe the size optimization of the proposed
resonator from the standpoint of the unloaded Q-factor. The
designs and measured results of both a two-resonator filter and
a four-resonator cross-coupling filter using the proposed
resonators are described in detail in section IV. Finally, our
conclusions are given in section V.

II. Comparison of the Conventional and Proposed
Microstrip Slow-Wave Open-Loop Resonators

Figure 1(a) shows a conventional microstrip hairpin
resonator [14]. The proposed microstrip slow-wave open-loop
resonator composed of a microstrip line loaded with triangular
and rectangular ends is shown in Fig. 1(b). The slow-wave
behavior is caused by the capacitive loading effect from both
ends. The resonance responses of the conventional and
proposed microstrip slow-wave open-loop resonators are
computed by using IE3D [20], a commercial electromagnetic
simulator. An RT/Duroid 3003 substrate, which has a given
dielectric constant of 3 and a thickness of 1.524 mm is used,
resulting in curves as given in Fig. 2. The resonance responses
are obtained from the microstrip slow-wave open-loop
resonators with the same size. It can be noticed that the
proposed resonator has a resonance frequency of 2 GHz,
compared to 2.45 GHz of the conventional one. This means
that the proposed microstrip resonator can be made smaller
than the conventional structure when they resonate at the same
frequency. The coupling coefficients are also computed by
using IE3D simulation software. Figure 3 shows a magnetic
coupling. The variation of coupling coefficient K versus the
distance S between two resonators is drawn by dashed and
solid lines for the conventional resonators and the proposed
resonators, respectively. It is seen that the proposed resonators
have smaller K than conventional resonators. This can be
explained by the fact that both the conventional and proposed
resonators have electric and magnetic coupling, but the
magnetic couplings are dominant. The magnetic fringing fields
of the conventional resonators are stronger near the center of
the resonators, but the magnetic fringing fields of the proposed
microstrip resonators distribute asymmetrically at the resonator
line. Therefore, both the size and the coupling property of a
resonator, as well as the specifications of a filter, need to be
considered in choosing resonators. Roughly speaking, if a
narrowband filter is designed, smaller coupling coefficients
between resonators will be required [2], therefore the proposed
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Fig. 3. Variation of the coupling coefficient K versus the distance
S between two coupled resonators of the conventional
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and G = 0.5 mm.

microstrip slow-wave open-loop resonators are preferred; if a
wideband response is required, it may be preferable to choose
conventional resonators.

III. An Optimized Resonator and Its Bandstop Characteristic

1. An Optimized Resonator

The size of the proposed microstrip slow-wave open-loop
resonator has been optimized from the standpoint of the unload

ETRI Journal, Volume 28, Number 5, October 2006

=

Lfeed

Fig. 4. Layout for the simulation of Q, with Lgeq = 11 mm, Wy
=0.5 mm, and L = L;+L, mm when L; =L,.

QO-factor of the resonator with an IE3D simulator. We assume
that the conductivity of the metal is o = 5.8 x 107 [S/m], the
dielectric loss tangent is tan & = 0.0013, the dielectric constant
is 3, and the thickness is 1.524 mm. In Fig. 4, the line width W
and gap G are varied, while the lengths L and L, have been
adjusted so that the resonance frequency of the microstrip
slow-wave open-loop resonator f; is equal to 2 GHz. The
unloaded Q-factor Q, can be calculated by the following
equation [21]:

0 -—2 _

- Ly (1)
1-10 *

where O is the loaded O-factor and L is the insertion loss in
decibels of the resonance frequency that is obtained from the
simulated result of the resonator. The resonator layout used for
our simulation is shown in Fig. 4. Figure 5(a) shows the
variation of the unloaded QO-factor Q, against the line width W
and the gap G It is seen that as the width of gap G increases,
the unloaded QO-factor O, will increase and saturate when the
width W is a large number, however, the area of the resonator
increases. The key area of the resonator is assumed to be A,
since when adjusting width W and gap G areca A of the
resonator will be affected more than other parts. We obtain
0, /4 by dividing the unloaded Q -factor O, by occupation area
A, as shown in Fig. 5(b). The higher the O, /A4 value is, the
higher the Q -factor Q, for each unit area is. In other words, the
area of the resonator that has the same Q-factor O, can be
reduced, so we can reduce the area of the filter without
increasing its insertion loss. The point is, G =0.5 mm and W =
0.5 mm, seem to be optimum because the O, /4 value is very
high as we can clearly see in Fig. 5(b).
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Fig. 5. Variation of Q, and Q,/A with the W and G of the
proposed slow-wave open-loop resonator.

2. Bandstop Characteristic for Spurious Suppression

The proposed microstrip slow-wave open-loop resonator has
been optimized, resulting in the final dimensions as shown in
the previous subsection. The resonator has an inherent
bandpass characteristic with the fundamental resonance
frequency of 2 GHz and the first spurious resonance frequency
of about 6 GHz. The loading capacitances at the open-ends of
the proposed resonator have been further studied in detail.
These loading capacitance parts are formed in an asymmetrical
parallel-coupled line structure as shown in Fig. 6. The IE3D
has been employed to evaluate the characteristics of the
asymmetrical parallel-coupled line section by using differential
two-port models for two modes of excitations, known as odd-
and even-modes, as shown in Fig. 6(a) and 6(b), respectively
[20]. Figure 7 demonstrates the simulated frequency responses
(Sz1) to which it can be seen that the asymmetrical parallel-
coupled line has notch responses. The odd- and even- mode
notches appear at the frequencies of 6.36 GHz and 6.0 GHz,
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(b)

Fig. 6. The loading capacitance part of the proposed resonator
forming an asymmetrical parallel-coupled line and
modeled as an IE3D differential two-port for (a) odd- and
(b) even-mode excitations.
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Fig. 7. Frequency responses (S,;) of the asymmetrical parallel-
coupled line with odd- and even-mode excitations.

respectively, closed to the first spurious response frequency of
the proposed resonator. These odd- and even-mode responses
will certainly affect the resonator, resulting in a bandstop
characteristic; therefore, superior suppression of the first
spurious response may be obtained.

IV. Filter Design and Measured Results

1. Coupling Structures

The IE3D simulator, which is based on the method of
moments which proves to be quite accurate in its prediction,
was used to simulate the frequency responses of the three basic
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coupling structures. The coupling in each structure can be
specified by the two dominant resonance frequencies, which
are split off from the resonance condition due to the
electromagnetic coupling. The coupling coefficients M for
resonators i and j would then be extracted from the simulated
frequency responses by using [15].

LSS
M, =+ : 2
TS @

where f; or f; corresponds to either even- or odd-mode
resonance frequency. The external quality factor may be
characterized by

o

, 3
T ®

0, =

where f) and f;;3 are the resonance frequency and 3 dB
bandwidth of the input or output resonator when it alone is
externally excited. The layouts of the two-resonator and four-
resonator bandpass filters using the proposed microstrip slow-
wave open-loop resonators and 0° feed structures, of which the
signals at the input and output are in phase, are shown in Fig. 8
and Fig. 11, respectively.

2. Two-Resonator Bandpass Filter

The first filter is an example of a two-resonator bandpass
filter, which consists of the proposed microstrip slow—wave
open-loop resonators. The filter was then fabricated on an
RT/Duroid 3003 substrate with a relative dielectric constant of
3 and a thickness of 1.524 mm. In order to have a maximally
flat passband bandwidth of 60 MHz (or the fractional
bandwidth of FBW=3%) at f; equal to 2 GHz, the external
quality factor O, and the coefficient M>; were calculated as

CoC
= =471, 4
O FBW @
M, =- rB =-0.021, )

Va6,

where ¢y, ¢;, and ¢, are clement values. The spacing S,
between the resonators in Fig. 8 was adjusted to obtain the
appropriate external quality factor and coupling coefficient
with the aid of an IE3D EM simulator [16]. The filter
parameters were obtained in the following: L; =7 mm, L,= 0.5
mm, [;=425mm, Ly =9 mm, Ls =9 mm, G = 0.5 mm, and
W = 0.5 mm, with spacing S, equal to 1.12 mm.

Figure 9 shows a photograph of the fabricated filter. The size
of this two-resonator filter is about 0.095),, by 0.202A,, where
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Ago 1s the guided wavelength of a 50-Q2 line on this substrate at
the center frequency. The fabricated filter was then measured
on an Agilent 8719ES network analyzer, with the measured
and theoretical performance as shown in Fig.10. Figure 10(a)
gives the details of the passband response. Due to the 0° feed
structure, we can notice the appearance of two transmission
zeros near the passband [14]. Figure 10(b) shows the wideband
response. We can notice that the measured result shows a slight
deviation in the center frequency and bandwidth. Also from the
measured data, we found that the passband insertion loss is
approximately 2.5 dB at the center frequency of 2.03 GHz,
which is mainly due to the conductor loss of copper. The
passband insertion loss curve of the proposed bandpass filter is
sharper than that of the conventional filter. The passband return
loss is greater than 20 dB and the out-of-band rejection is better
than 20 dB at the lower stopband and 20 dB at the upper
stopband. The two transmission zeros are at 1.91 GHz with 42
dB rejection and 2.13 GHz with 31 dB rejection, respectively.
The filter exhibits a wide upper stopband with a rejection better
than 20 dB up to about 10 GHz, and the first spurious response

in Resonator 1 Resonator 2

512
ty
RF out

Fig. 8. Layout of the two-resonator designed filters with L; =
7mm, L, =0.5mm, L; =425 mm, Ly, =9 mm, L; =9
mm, W= 0.5 mm, G=0.5mm, L;, =27.62 mm, and t,
=4 mm.

3

| >

T guer
7 28 29 3loi=

I'|||u‘ m‘:m

2

Fig. 9. A photograph of the proposed filter (top) and conventional
filter (bottom).
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Fig. 10. Comparison of measured and simulated responses of the
two-resonator slow-wave open-loop resonator filters’ (a)
passband response and (b) wideband response.

is about 6 dB at 12.7 GHz. The first spurious frequency is
higher compared with the conventional structure because of the
higher dispersion effect of the loading capacitance [15].

3. Four-Resonator Cross-Coupled Filter

The second filter is an example of a four-resonator cross-
coupled microstrip slow-wave open-loop resonator filter,
designed and fabricated on the same microwave substrate and
same resonator size of the designed two-resonator filter. The
configuration of a four-resonator cross-coupled microstrip slow-
wave open-loop resonator filter is shown in Fig. 11(a). Figure
11(b) shows the typical coupling structure of the four-resonator
cross-coupled bandpass filter, where each node represents a
resonator. The solid line and dotted line represent the direct
coupling route and the cross-coupling route, respectively. The
filter specifications are the center frequency of 2 GHz, a passband
ripple of 0.01 dB, and the passband bandwidth of 60 MHz.
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Fig. 11. (a) Layout of the four-resonator designed filters with L; =
7 mm, L, = 0.5 mm, L; =425 mm, Ly =9 mm, Ls =9
mm, W=0.5mm, G=0.5mm, S;;=125mm, S,3=1.5
mm, 834 =1.62 mm, S]2 =2.75 mm, L34 =20.75 mm, L|4
=28 mm, and t, =4 mm. (b) Typical coupling structure.

The filter could be synthesized by using a method described
in [22], from which the lumped-element values of a low pass
prototype were determined as ¢y = 1, ¢; = 0.95947, ¢, =
142292, J;=-0.21083, and J, = 1.11769. The design
parameters of the bandpass filter (namely, the elements of the
coupling matrix and the input/output single-loaded external Q,)
could then be calculated as

M,=M,, = FBW _ 005, (©6)
\/Zcz
FBW -
M,, = FBW- Ty _ 0003 , (7
)
M, = FBW- I\ _ 6,006, ®)
G
Co&
=L 31,99, 9
Q. =W ©)

The filter design is based on knowledge of the coupling
coefficients of the three basic coupling structures, which are
electric, magnetic, and mixed coupling, as described in [15];
therefore, the offset between resonators 2 and 3 is 1.25 mm. The

ETRI Journal, Volume 28, Number 5, October 2006



L]

Fig. 12. A photograph of the fabricated four-resonator bandpass
filter using the proposed microstrip slow-wave open-loop.
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Fig. 13. Comparison of measured and simulated responses of the
four-resonator slow-wave open-loop resonator filter (a)
passband response and (b) wideband response.
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spacing between the resonators in Fig. 11(a) has been
determined as the following: Sy = 1.25 mm, Sy; = 1.5 mm,
Sy = 1.62 mm, and S;= 2.75 mm. Figure 12 shows a
photograph of the fabricated four-resonator bandpass filter
using new microstrip slow-wave open-loop resonators. In this
case, the size of the filter is only 0.2192,, by 0.206A,. Figure
13(a) shows the measured and theoretical data. It can be
expected that there is a single pair of transmission zeros near
the passband due to the cross-coupling effect. The effect of the
two transmission zeros at 1.98 GHz and 2.09 GHz is observed.
It can be also clearly observed that there are two extra
transmission zeros on opposite sides of the passband due to the
0° feed structure. One of the extra transmission zeros is at 1.93
GHz and the other is at 2.21 GHz. The measured passband
insertion loss is approximately 2.78 dB at the center frequency
of 2.05 GHz, which again is attributed to the conductor loss of
copper. The passband return loss is greater than 18 dB. The
out-of-band rejection is better than 22 dB at the lower stopband
and 20 dB at the upper stopband. In Fig. 13(b), the filter
exhibits a wide upper stopband with a rejection better than 25
dB up to about 10.5 GHz. It can also be clearly seen that there
is an unnatural dip in the response at f; around 6 GHz. The
reason for this dip is that the bandstop characteristic of the
asymmetrical parallel coupled-line of the proposed resonator
causes superior suppression of the spurious response as
previously discussed.

V. Conclusions

We have presented two bandpass filters designed using the
proposed microstrip slow-wave open-loop resonators. The size
of the resonators has been optimized from the standpoint of the
resonators’ unload Q-factor. These bandpass filters have been
designed at an operating frequency of about 2 GHz and a
bandwidth of 60 MHz. The filters are not only compact in the
size, but also have a wider upper stopband as a result of the
asymmetrical parallel-coupled line section of the proposed
resonator. The measured responses have very good agreement
with our simulation expectations.
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