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Abstract—This paper introduces a new method to tune
microwave circuits of phase shifters, filters, resonators, and
oscillators, controlled by a piezoelectric transducer (PET) with
computational and experimental results. An optimized PET-con-
trolled phase shifter is demonstrated to operate up to 40 GHz
with a maximum total loss of 4 dB and phase shift of 480.
PET-controlled tunable bandpass filter, ring resonator, and
one-dimensional photonic-bandgap resonator show a very wide
tuning bandwidth of 17.5%–28.5% near 10 GHz with little perfor-
mance degradation. A new PET-controlled or voltage-controlled
dielectric-resonator oscillator (DRO) is demonstrated with a
tuning bandwidth of 3.7% at the center frequency of 11.78 GHz.
The tuning bandwidth is slightly less than that of a mechanical
tuning using a micrometer-head-controlled tunable DRO with a
tuning bandwidth of 4.7%. The new tuning method should have
many applications in monolithic and hybrid microwave integrated
circuits.

Index Terms—DRO, PBG, perturbation, phase shifter, piezo-
electric, resonator, tunable filter, VCO.

I. INTRODUCTION

T UNABLE microwave circuits can be realized in many
techniques, but whatever the method of tuning may be,

they must conserve as much as possible their original-param-
eter magnitudes or output characteristics over a tuning range
[1]. Most tunable microwave circuits described in the literature
fall into four basic types [2], i.e., mechanically [3]–[5], magnet-
ically [6], [7], ferroelectrically [8]–[10], electrically [11]–[15],
and optically [16], [17] tunable circuits. In addition, recently
reported are microelectromechanical systems (MEMS) [18],
[19], mechanical tuning with electrically controlled methods
using electrostatic forces. A new method introduced in this
paper is also a kind of electromechanical tuning method using
a piezoelectric transducer (PET) or actuator [20]–[22]. The
PET is a piezoelectric ceramic, deflected by an applied voltage
[23]. The new PET tuning method will be demonstrated for
the largest tuning range to date in a bandpass filter, resonator,
and dielectric-resonator oscillator (DRO) based on a low-loss
PET-controlled phase-shifter concept.

A wide-band and low-loss phase shifter is an important com-
ponent in a phased array for beam steering and beam forming,
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timing recovery circuits, phase equalizers for data channels, etc.
Published results [10], [14], [16] were narrow-band, lossy, or
provided small phase shift. A new phase shifter was recently
presented using dielectric perturbation on the microstrip line,
electrically controlled by the PET [20]. The PET-controlled di-
electric layer perturbs the electromagnetic fields of microstrip
line. The dielectric perturber attached to the PET can be easily
moved in -axis direction, as shown in Fig. 1(a). In this paper, an
optimized PET phase shifter will be presented with the largest
phase shift with a low loss to date. In addition, from the PET-
controlled phase-shifter idea, a new tunable bandpass filter and
ring resonator are presented on the microstrip line with simula-
tion and measurement data. The dielectric perturber produces a
shielding effect on the microstrip line for reducing the radiation
loss [24].

Recently, one-dimensional (1-D) photonic-bandgap (PBG)
resonators have been reported using varactors for electronic
tuning [25]. This resonator is based on a Fabry–Perot resonator
consisting of a center resonant line with two sides of PBG
reflectors. Even though a flip-chip varactor having very small
parasitic effects was used, the quality factor was still
degraded. In this paper a new electronically tunable 1-D PBG
resonator is proposed using the PET-controlled perturber over
the resonant line. The dielectric or metal perturber attached
under the PET can perturb the electromagnetic fields at the
center of the resonant line. This changes the line capacitance,
which is exactly the same effect as with a varactor. Thus, the
distance of the air gap between the perturber and resonant
line determines the operating frequency. This new method
is successfully demonstrated with wide-band tuning of the
resonant frequency with little degradation of thefactor.

The DRO is widely used for stable microwave sources be-
cause of its good temperature stability, small size, compact-
ness, low price, etc. In addition, the electronically tunable DRO
or voltage-controlled dielectric-resonator oscillator (VCDRO)
has many applications in communication and radar systems and
frequency-hopping spread-spectrum circuits. Several methods
have been used to tune the resonant frequency of dielectric res-
onators (DRs) [2] and DROs, i.e., mechanical [5], ferrite, var-
actor [12], [13], p-i-n diode, and optical [17]. The mechanical
method using a dielectric disc perturbation was able to maintain
good performance over a wide tuning range [2]. The oscilla-
tion frequency of a DRO can be tuned by perturbing the DR’s
electromagnetic fields. This tuning can be achieved by varying
the air gap between the DR and the dielectric (or metallic) disc
above the DR using the PET. The PET-controlled VCDRO is
demonstrated to obtain the largest tuning range up to date.
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Fig. 1. PET-controlled phase shifter. (a) Configuration. (b)S-parameters. (c) Phase shifts versus frequencies with different PET voltages with a substrate of
" = 10:8, thickness= 10 mil, microstrip width= 5 mil, and perturber of" = 10:8 and length= 1:2 in.

II. FORMULATION OF FREQUENCY-DEPENDENTPHASE SHIFT

A. Tunable Phase Shifter

The new phase shifter of Fig. 1(a) is consisted of microstrip
line substrate (dielectric constant of ), air gap ,
and perturber . To calculate the capacitance of perturbed
microstrip-like transmission lines, the variational method was
used [26]. The capacitance variations correspond to variations
in effective dielectric constant, characteristic impedance ,
and propagation constant. A dispersion formula is found
from curve fitting [27], [28], which is used for optimizing the
PET-controlled phase shifter to reduce the control voltage with
smaller size and larger phase shift. The substrate optimized for
microstrip-line is RT/Duroid 6010.8 with a dielectric constant
of 10.8, thickness of 10 mil, and width of 5 mil. The dielectric
perturber has a dielectric constant of 10.8, height of 50 mil,
and length of 1.2 in. The microstrip linewidth of 5 mil is
designed for a high of 64 at 40 GHz to compensate
for the decreased by dielectric perturbation. At maximum
perturbation, i.e., when the dielectric perturber is placed on the
microstrip line, is close to 50 . This will maintain good

impedance matching without any external matching circuit.
The PET has a size of 2.75 in (length) 1.25 in (width)
0.085 in (thickness including a supporter) with a composition
of lead–zirconate–titanate. This size makes a large capacitance
of 290 nF and a relatively slow response time of 5 ms. Smaller
size can be used to make a compact unit and improve the tuning
time even though smaller phase shift or PET movement may
be compromised to achieve this.

Thru-reflect-line (TRL) calibration was used to remove the
coaxial connector-to-microstrip-line transition effect for-pa-
rameters measurement of HP8510, but an imperfect calibration
and/or surface wave generation caused a fluctuation in the inser-
tion loss near 37 GHz, as shown in Fig. 1(b). Except the
fluctuation of , the maximum perturbation added loss is less
than 2 dB and, thus, total loss is less than 4 dB up to 40 GHz.
The return loss is less than 15 dB over all frequency
range and about 10 dB near 40 GHz. Magnitude of-param-
eters are not affected much by the dielectric perturbation.

Fig. 1(c) shows measured differential phase shifts with
varying frequencies and PET voltages and how of the
microstrip line with PET-controlled perturber exhibits a phase
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Fig. 2. Tunable bandpass filter. (a) Configuration—top view. (b) SimulatedS-parameters. (c) MeasuredS-parameters with different PET voltages with a substrate
of " = 10:8, thickness= 25 mil, microstrip width= 22 mil, and perturber of" = 10:8.

shift from 450 to 20 at 40 GHz with respect to the unper-
turbed condition. The amount of phase shift depends on PET
deflection, which is controlled by varying the applied voltage
from 0 to 30 V. There is no deflection (or no perturbation) at
0 V and full downward deflection (or maximum perturbation)
at 90 V. This is called a top-down alignment, the reverse of the
bottom-up alignment used in [20]–[22]. The calculated phase
shift agrees very well with measured data at each PET control
voltage. Between 30–90 V of the control voltage, the additional
phase shifts becomes small. The phase shift at 90 V is almost
saturated and shows480 . Thus, the dc bias is required only
up to 30 V. This dc voltage can be further decreased if the
alignment is improved or a narrower microstrip line and thinner
substrate are used.

The optimized PET phase shifter has three advantages
compared with the previously reported results [20], [22]; the
bias voltage range is reduced from 90 to 30 V, the size is
reduced from 1.8 to 1.2 in, and the phase shift curves are
more linear versus frequency, even though the-parame-

ters and phase-shifting performance are similar. In addition,
phase-shift/insertion-loss ratio of 229/dB at 25 GHz and
287 /dB at 35 GHz are achieved. The results are better than
those reported in [15] and [19].

B. Tunable Bandpass Filter and Ring Resonator

A seven-section parallel-coupled microstrip bandpass filter
was designed, as shown in Fig. 2(a). The dielectric perturber
is large enough to cover the whole filter and attached under
the PET. Details of design parameters for the filter are not
described here, but can be found in [29]. The hand-calculated
design is confirmed using IE3D, a moment-method full-wave
electromagnetic simulator produced by Zeland Software Inc.,
Fremont, CA. In Fig. 2(b), multilayer simulation results of

-parameters are shown with and without perturbation, near the
center frequency of 10 GHz. A wide tuning range of 2.315 GHz
or 24% was achieved in the simulation without-parameters
degradation. The measured results are shown in Fig. 2(c) and
agree very well with the simulation. The slight difference of
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Fig. 3. Tunable ring resonator. (a) Configuration—top view. (b) SimulatedS-parameters. (c) MeasuredS-parameters with different PET voltages with a substrate
of " = 2:33, thickness= 20 mil, microstrip width= 50 mil, ring coupling gap= 5 mil, and perturber of" = 10:8.

filter responses between simulation and measurement may be
caused by fabrication inaccuracy and long bent 50-input and
output microstrip lines to balance two ports on a test fixture
that were not considered in the simulation. A measured tuning
range is 1.675 GHz or 17.5%, which is slightly smaller than
the simulated result due to nonperfect overlay or perturbation.
The tuning range should be increased if the filter substrate is
designed using a lower dielectric-constant material. This idea
is demonstrated in the following PET tuned ring resonator.

In Fig. 3, the PET tuning feasibility for the microstrip ring
resonator is demonstrated with simulation and measurement. As
mentioned above, a lower dielectric constant of was
used for the microstrip substrate to increase the tuning range.
The second resonant frequency of the ring resonator was de-
signed near 10 GHz and tuned over 3.1 GHz or 36% with max-
imum perturbation in the simulation, as shown in Fig. 3(b). The
measured results in Fig. 3(c) show a tuning range of 2.5 GHz or
28.5%; the range is greatly improved by using the lower permit-
tivity material substrate. Although not shown, experiments in-

dicated a tuning range of 1.35 GHz or 14.7% with a microstrip
substrate of . Note that the radiation and mismatch
losses are gradually reduced by overlaying of dielectric per-
turber, as shown in Fig. 3(b) and (c), and as suggested in [24].
In addition, as a part of explanation, the dielectric overlay in-
creases the capacitance between the ring and open-ended mi-
crostrip line, thus, increasing the coupling.

C. Tunable 1-D PBG Resonator

The 1-D PBG structure consists of a 50-microstrip con-
ductor line and etched square holes on the ground plane, as
shown in Fig. 4(a). This has similar results with an alternated
high–low characteristic impedance line or with air holes drilled
through the substrate along the microstrip line [25]. When a var-
actor is mounted in a resonant line, the variable capacitance is
used to change the resonant frequency. The substrate used
is a RT/Duroid 6010.5 with dielectric constant of 10.5, length
of 2 in, thickness of 25 mil, and linewidth of 22 mil. Slot size

of 100 mil, spacing of 200 mil, and resonant line
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(a)

(b)

Fig. 4. Tunable 1-D PBG resonator configurations. (a) Varactor tuned.
(b) PET tuned.

Fig. 5. Micrometer head controlled perturbation on 1-D PBG resonator, to
compare measurement with calculation data.

length of 300 mil are chosen. As a result of var-
actor-tuned PBG resonator, a wide-band tuning capability of ap-
proximately 20% near 10 GHz is measured with a maximum
loaded- of only 77. The low intrinsic of the varactor

Fig. 6. PET-controlled tunable 1-D PBG resonator, measuredS-parameters
with different PET voltages with a substrate of" = 10:8, thickness= 25 mil,
microstrip width= 22mil, and perturber of" = 10:8 and thickness= 50mil.

(a)

(b)

Fig. 7. PET-controlled VCDRO. (a) Configuration. (b) Photograph.

near 10 GHz is the main reason for the low. With the same
structure of a 1-D PBG resonator, the PET is used instead of
the varactor to change the resonant frequency by perturbation
of the electromagnetic fields on the resonant line, as shown in
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(a)

(b)

Fig. 8. PET-controlled VCDRO results with the dielectric and metal
perturbation. (a) Spectrum analyzer display of tuning the oscillation frequency.
(b) Oscillation frequencies versus PET control voltages.

Fig. 4(b). The air-gap distance between the perturber and reso-
nant line is controlled by varying the dc bias of the PET from 0
to 90 V.

Both metal and dielectric perturbations can be used to tune the
1-D PBG resonator. To investigate effects of metal and dielectric
perturbers on the resonant frequency, a variational analysis [26]
was developed and compared with measured results, as shown
in Fig. 5. A micrometer head was used for measuring the accu-
rate distance of the air gap. The resonant frequency depends on
the effective length of resonant line, which can be easily calcu-
lated from the line capacitance and effective dielectric constant
obtained from variational analysis. As can be seen from Fig. 5,
metal perturbation increases the resonant frequency, whereas di-
electric perturbation decreases the resonant frequency. This is
because metal perturbation decreases effective dielectric con-
stant and dielectric perturbation increases effective dielectric
constant of the perturbed resonant. The calculated and mea-
sured results of dielectric perturbation agree very well. How-
ever, metal perturbation results are somewhat different, which

Fig. 9. Photograph of mechanical tuning using a micrometer-head controlled
DRO.

is caused by the fact that a quasi-TEM of microstrip line is so
distorted when the metal perturber is very close to the resonant
line and the above variational analysis may be not accurately
predicting this situation.

Insertion loss and return loss are measured for
the PET-controlled metal and dielectric perturbation on the 1-D
PBG resonator, as shown in Fig. 6. In order to avoid shorting
the metal perturber and microstrip line at 0 V, an air gap of ap-
proximately 0.1 mm is added for the metal perturbation. Tuning
capability is from 8.2 to 9% at 10.6 GHz. A maximum in-
sertion loss increase is 1.6 dB and is larger than 100 for both
perturbations. Measured is 148.5 at 10.6 GHz for the unper-
turbed condition under 90-V applied bias.

D. Tunable DRO

As shown in Fig. 7(a), the DRO consists of a MESFET
feedback-type oscillator with a DR. To perturb electromagnetic
fields of the DR and thereby tune the oscillation frequency, a
dielectric or metal perturber disc attached to the PET moves
vertically above the DR puck as the dc-bias voltages is varied
from 0 to 90 V. A commercial DR (Trans-Tech) of
and a MESFET (Agilent, ATF-26836) are used. To obtain an
optimum power level and a more stable oscillation, the location
of the DR between two microstrip lines and bias conditions
are adjusted. DC biases of V, V, and

mA are applied. A drain resistor of 100 is used.
The dielectric perturber has a dielectric constant of 10.8, a
diameter of 0.3 in, and a thickness of 0.1 in. The perturber’s
size affects the tuning bandwidth. So as not to change the
normal circuit operation, the perturber diameter is chosen
very similarly with the DR puck diameter. Fig. 7(b) shows a
photograph of the PET-controlled VCDRO.



YUN AND CHANG: PET-CONTROLLED TUNABLE MICROWAVE CIRCUITS 1309

(a)

(b)

Fig. 10. Mechanically micrometer-head controlled DRO results with the
dielectric and metal perturbation. (a) Spectrum analyzer display of tuning the
oscillation frequency. (b) Measured oscillation frequencies versus PET control
voltages.

Measured results are shown in Fig. 8. A bottom-up alignment
method was used, which means the minimum perturbation and
deflection at 0 V and the maximum perturbation and deflection
at 90 V. The use of dielectric and metal perturbation results in the
tuning of the oscillation frequency from 11.54 to 11.97 GHz or

2.0 to 1.7% about the center frequency of 11.78 GHz. There
is a gap without tuning from 11.7 to 11.87 GHz in Fig. 8(b),
which is caused by the fact that the DRO was not designed for
PET tuning and it was difficult to align the PET perfectly on
the DR. The metal perturbation may increase the stored mag-
netic energy in the DRO with respect to the electrical energy,
which results in increasing the oscillation frequency. Increase
in resonant frequency can be also explained with a metal cavity
wall movement inward. The dielectric perturbation effect can
oppositely be explained [2]. Higher dielectric-constant material
than 10.8 for the perturber may produce a wider tuning range
[5]. Ideally, the VCO output power level remains a constant, but

practically, the PET and metal or dielectric perturber make the
output power level fluctuated from5 to 2.9 dBm. The output
power level without perturbation is1.45 dBm.

For comparison, a mechanical tuning using a micrometer
head was set up, as shown in Fig. 9, and the results are given
in Fig. 10. The micrometer-head controlled DRO produces
more ideal perturbation results due to better alignment and the
smaller effect on circuit by the micrometer-head movement.
A tuning bandwidth of 3.1 to 1.6% with a power level
variation of 4.5 dB has been achieved. The results are slightly
better than the electronic tuning.

III. CONCLUSIONS

New PET-controlled tunable microwave circuits have been
successfully demonstrated. Theoretical results agreed well with
measured data. A new analog PET-controlled phase shifter
using a perturbed microstrip line showed the largest phase
shift with low loss over ultra-wide bandwidth up to 40 GHz.
The new phase shifter should be useful for beam steering and
beam forming of antenna arrays. In addition, a new PET tuned
bandpass filter, ring resonator, 1-D PBG resonator, and DRO
have been demonstrated with the largest tuning range to date.
The proposed tuning method should have many applications in
monolithic and hybrid microwave integrated circuits.
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