
This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES 1

Miniaturized UWB Filters Integrated With Tunable
Notch Filters Using a Silicon-Based Integrated

Passive Device Technology
Zhengzheng Wu, Student Member, IEEE, Yonghyun Shim, Student Member, IEEE, and

Mina Rais-Zadeh, Member, IEEE

Abstract—This paper reports on the implementation of minia-
turized ultra-wideband filters integrated with tunable notch fil-
ters using a silicon-based integrated passive device technology. An
ultra-wideband bandpass filter is realized on a micromachined sil-
icon substrate, showing an insertion loss of 1.1 dB, return loss of
better than 15 dB, and attenuation of more than 30 dB at both
lower and upper stop-bands, with a spurious-free response up to
40 GHz. The filter occupies only 2.9 mm 2.4 mm of die area.
To address the in-band interference issues associated with ultra-
wideband communication, very compact tunable notch filters are
monolithically integrated with the bandpass filters. A two-pole tun-
able notch filter integrated with an ultra-wideband filter provides
more than 20 dB rejection in the 5–6 GHz range to reject U-NII in-
terferences, with a total footprint of 4.8 mm 2.9 mm. The power
handling, linearity, and temperature stability of filters are charac-
terized and presented in this paper.

Index Terms—Integrative passive devices (IPDs) and modules,
interference suppression, MEMS or microelectromechanical sys-
tems, tunable filters, ultra-wideband.

I. INTRODUCTION

U LTRA-WIDEBAND (UWB) has emerged as a fast
growing technology since the Federal Communications

Commission (FCC) approved the unlicensed use of the fre-
quency spectrum from 3.1 to 10.6 GHz [1]. The allocated wide
spectrum enables Impulse Radio-UWB (IR-UWB), which is
based on transmitting and detecting short duration pulses. In
contrast to narrowband systems, IR-UWB is carrier-less, greatly
simplifying the RF front-end by using all-digital transmitters
[2], [3] and receivers that do not require power hungry RF
oscillators or PLLs [4], [5]. The low-cost and energy-efficient
IR-UWB scheme is a good candidate for several applications,
such as wireless sensor networks and handheld devices.
UWB communication stimulates both opportunities and chal-

lenges in the design and implementation of fully integrated RF
front-ends [2]–[6]. Still, a major impediment to the wide adop-
tion of UWB technology is the issue of narrowband interfer-
ences that might exist in the same frequency range. The FCC-
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regulated low UWB emission power ( 41.3 dBm/MHz) neces-
sitates interference mitigation techniques. Circuit design tech-
niques, such as frequency selective receivers, have been ex-
plored to reject the interferences using active filters, but at the
cost of increased CMOS chip area and higher power consump-
tion [7], [8]. Alternatively, RF front-ends exploiting only sub-
bands of the UWB frequency range have been used to address
the interference issue [9], [10], although with reduced commu-
nication capacity. It is known that RF preselect filtering greatly
relaxes the receiver linearity requirement and reduces the gain
desensitization due to strong interferers. Also, for IR-UWB, fil-
ters used in transmitters can regulate the emission power of
short duration pulses to comply with the FCC spectral mask
and eliminate the use of additional pulse shaping circuits as in
[11]. Therefore, low-loss, highly selective, and integrated pas-
sive UWB filters are needed.
So far, reported works have focused on UWB filter minia-

turization based on microstrip, coplanar waveguide (CPW), or
quasi-lumped components on low-loss microwave substrates
such as FR4, LTCC, or LCP [12]–[19]. These filter imple-
mentations are developed mostly as standalone components.
Our recent work demonstrated, for the first time, low-loss and
miniaturized UWB filters fully integrated with fixed notch
filters on silicon substrates using an integrated passive devices
(IPD) technology [20]. In this paper, the proposed IPD tech-
nology is employed to fabricate UWB filters integrated with RF
microelectromechanical system (MEMS) tunable notch filters.
The tunable notch filters in this work are some of the most
compact filters reported [21]–[28] that provide interference
rejection of more than 20 dB (in 4.9–6.5 GHz frequency range)
and low passband loss. Integration of UWB filters with tunable
notches allows detect-and-avoid (DAA) mechanism, which
can address the issue of interferences. Using the multiband
orthogonal frequency division multiplexing (MB-OFDM), the
DAA-enabled UWB radio can form the basis for cognitive
radio implementation [29].
In this paper, first the IPD technology will be introduced.

Then, the UWB and tunable notch filter design techniques that
achieve size miniaturization and high-performance filtering will
be discussed. Finally, integration result of the UWB filter with
the tunable notch filter will be presented and characterization
results of filters will be discussed. The presented filter tech-
nology is suitable for flip-chip assembly or multi-chip-module
(MCM) integration with CMOS ICs, making the implementa-
tion of highly integrated UWBRF front-end modules realizable.
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Fig. 1. Conceptual view of the IPDmulti-chip integration (top) and the process
flow of the IPD technology (bottom).

II. FABRICATION PROCESS FLOW OF THE INTEGRATED PASSIVE
DEVICE (IPD) TECHNOLOGY PLATFORM

The UWB filters are fabricated using a silicon-based IPD
technology, schematically shown in Fig. 1 (top). Using this
process, RF MEMS tunable capacitors, switches, and high-
inductors can be simultaneously fabricated. When wafer-level
packaged, the all-in-one IPD is expected to offer a more com-
pact form factor and a lower cost passive integration scheme
compared to other RF MEMS technologies.
The fabrication process is shown in Fig. 1. The process starts

with the deposition of a 2 -thick low-stress silicon oxyni-
tride (SiON) dielectric layer on a high-resistivity
silicon substrate. The processing steps are: (a) deposition and
patterning of gold as the bottom electrode; (b) deposition of
a dielectric layer for metal-insulator-metal (MIM) capacitors;
(c) deposition and patterning of an amorphous silicon sacrificial
layer; (d) etching the sacrificial layer to form a step for realizing
high tuning ratio MEMS tunable capacitors and ohmic-contact
dimples; (e) gold electroplating for the top metal electrode of
MIM capacitors; (e) thick copper electroplating to form high-
inductive components; and (f) xenon difluoride gaseous etching
of the amorphous silicon to form air-gap membrane, and selec-
tively removing the silicon substrate to reduce the substrate loss.
Where the silicon substrate is partially removed, the SiON di-
electric membrane provides support for metal structures for en-
hanced mechanical robustness. The sacrificial layer step etch
allows the formation of dual gaps for high analog tuning range
( 4:1) MEMS capacitors [30], [31], and contact dimples used
in ohmic-contact MEMS switches [32].

III. DESIGN AND IMPLEMENTATION OF FILTERS

Using the presented IPD platform, UWB bandpass filters as
well as tunable planar notch filters are demonstrated. Filters
are designed in co-planar configuration with proximate ground
plane so that the electromagnetic field is confined on the sur-
face of the substrate. Therefore, the performance of filters is not

Fig. 2. A SEM image of a cascaded bandpass filter on a micromachined sub-
strate (size: 2.9 mm 2.4 mm). Inset shows the inductor on a SiON membrane.

Fig. 3. (a) High-pass filter circuit, and (b) layout of coupled inductors.

affected by backside metallization, variations in the substrate
thickness, or the packaging layer.
To accurately predict parasitic effects of the co-planar filter

configuration, filters are simulated using the HFSS full-wave
electromagnetic simulation tool [33]. In all HFSS simula-
tions, the conductivity of electroplated copper is taken as

and the loss tangent and conductivity of the
silicon substrate are assumed to be 0.004, and 1 , re-
spectively. In the following subsections, the design strategy of
the UWB filters, tunable notch filters, and UWB filter with an
integrated tunable notch will be discussed, and the simulation
results of the filters will be compared with measured results.

A. Cascaded UWB Bandpass Filter

Previously we reported on a UWB bandpass filter design
composed of a cascade of low-pass and high-pass filter sections
that offers low loss on both micromachined and solid silicon
substrates (Fig. 2) [20]. The filter networks were synthesized
from generalized Chebyshev configuration [34], providing
steep rejection with a low-order design. Fig. 3(a) shows the
circuit diagram of the high-pass filter section. From the filter
synthesis and optimization, the value of the components for
the high-pass filter having a cutoff frequency of 3.1 GHz and
out-of-band rejection of 30 dB below 2 GHz can be obtained.
The derived filter network contains a high-value inductor, ,
in the T-junction, which can be eliminated by transforming
the T-junction into a pair of mutually coupled inductors [35].
The component values of the coupled inductor pair are listed
in Table I.
Mutual coupling of 0.2 is difficult to implement using ei-

ther tightly coupled interleaved structures [36] or loosely cou-
pled proximate inductor pairs. Therefore, a custom-designed
inter-winded inductor pair is used [Fig. 3(b)]. The inter-winded
pair has tight coupling in the inner turns and weak coupling in
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Fig. 4. (a) Low-pass filter circuit and (b) layout of the coupled inductor pair.

TABLE I
COMPONENTS IN THE HIGH-PASS FILTER

TABLE II
COMPONENTS IN THE LOW-PASS FILTER

Fig. 5. Measured response of the cascaded high-pass–low-pass bandpass filter
on a micromachined substrate (silicon is removed beneath inductors). (a) Inser-
tion loss and return loss (with closed-up view of passband performance inset).
(b) Group delay.

the outer turns of the inductors, offering the desired mutual cou-
pling of 0.2. The relatively small size of these mutually coupled
inductors is the main contributing factor in significant size re-
duction of the high-pass filter.
The circuit diagram of the low-pass filter section of the UWB

filter is shown in Fig. 4(a). Inductors and are purpose-
fully coupled by placing them in close proximity, as depicted in
Fig. 4(b). As a result, the transmission zero is moved close to
the passband to improve the roll-off at the edge of the high-fre-
quency cutoff. The component values used in the low-pass filter
are listed in Table II. It can be seen that the substrate parasitic
capacitances in the filter can be absorbed into filter components
, , and , making it possible to achieve a low-loss filter at

frequencies up to 10 GHz [20]. Fig. 5 shows the measured and
simulated responses of a cascaded (high-pass–low-pass) UWB
bandpass filter on a micromachined silicon substrate. The cas-
caded UWB filter has a bandwidth of 7.6 GHz (3–10.6 GHz)
within which the return loss is better than 15 dB. The mid-band
insertion loss of the filter is 1.1 dB (at 6.85 GHz). This filter
exhibits an excellent out-of-band rejection of at least 30 dB at

Fig. 6. Circuit implementation of the notch filter.

lower ( 2 GHz) and upper ( 13 GHz) sides of the passband.
A spurious-free response up to 40 GHz is obtained. The group
delay is less than 0.25 ns.

B. Tunable Notch Filter

UWB communication using bandpass filters in the receiver
may suffer from strong in-band interferers. The center frequen-
cies of in-band interferences may not be known in advance.
Considering the IEEE 802.11a interferers, for example, narrow-
band interferers can appear in a range of 4.9–5.85 GHz. There-
fore, a fixed notch filter cannot completely resolve the inter-
ference problem of UWB filters. It is also necessary that notch
filters have sufficient rejection level across the communication
band of interferers. As such, analog tuning of a notch filter with
high rejection level is required to block unknown interferers.
Reported works have been focused on the design of fixed-fre-
quency narrowband notch filters embedded with UWB band-
pass filters [12], [16]–[18], [20]. In this paper, we demonstrate
tunable notch filters that can be monolithically integrated with
UWB filters to mitigate the interference issue.
The design of miniaturized notch filters in this work is based

on the configuration of coupled transmission line bandstop fil-
ters [37]. As can be seen in Fig. 6, the first-order notch filter cell
is obtained by loading a pair of coupled transmission lines with
a capacitor for reduced electrical length. If the even-mode and
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odd-mode impedances ( and ) of a coupled line are de-
signed to match the port impedance , i.e.,

(1)

the four-port -parameter matrix of a pair of symmetrical
coupled transmission line with electrical length can be written
as [38]

(2)

where

(3)

(4)

is the coupling coefficient defined as

(5)

When Port 3 is grounded, the reflection coefficient at Port 3 is

(6)

Further, when Port 4 is terminated with impedance , the
reflection coefficient at Port 4 is

(7)

With these terminations on Ports 3 and 4, the coupled line be-
comes a two-port network with -parameters of

(8)

(9)

When there is an ideal capacitive load terminating
Port 4, the two-port network is a bandstop network. By solving

, the notch center frequency, can be found.

(10)

The bandwidth of the notch filter can be found from (8)–(10).
For example, the 10 dB bandwidth of can be obtained by
solving . The 10 dB fractional
bandwidth versus notch center frequency is plotted in Fig. 7 for
various electrical lengths and coupling coefficients .
To further reduce the filter size, the coupled transmission line

section is transformed into a lumped LC coupler [39], as seen in
Fig. 6. Using this lumped transformation, narrowband notch fil-
ters can be designed using low-value inductors, making it pos-
sible to achieve high- , small size, and improved filter shape
compared to conventional bandstop LC filters [21]–[23]. Al-
though the lumped conversion is in principle a narrowband ap-
proximation of the coupled transmission line configuration, the
converted lumped network has low passband insertion loss up

Fig. 7. Fractional bandwidth ( 10 dB) of the notch filter versus center fre-
quency. (a) Different electrical lengths at 5.25 GHz, coupling coefficients

. (b) Different values, at 5.25 GHz.

TABLE III
COMPONENT VALUES OF THE TUNABLE NOTCH FILTER

Fig. 8. Fractional bandwidth and load capacitance of the lumped notch
filter versus center frequency.

to very high frequencies. In designing the lumped coupled in-
ductors, parasitic capacitors need to be taken into account as
part of the even-mode and odd-mode capacitances ,
as depicted in Fig. 6. A lumped notch filter is transformed from a
coupled line filter with electrical length of 31.5 at 5.25 GHz
and coupling coefficient of 0.51, which results in a pair of
inductors with inductance of 0.93 nH and mutual coupling co-
efficient (k) of 0.51 (Table III). If a tunable capacitor
with tuning range from 0.4 to 1.8 pF is used, the notch center
frequency can be tuned from 7 to 3.7 GHz. The expected fre-
quency tuning as well as the 3 and 10 dB fractional band-
widths across the tuning range is plotted in Fig. 8.
Dual-gap MEMS tunable capacitors are utilized to achieve

continuous frequency tuning. As can be seen in the SEM image
and cross-sectional view shown in Fig. 9, the narrow center gap
defines the tunable RF capacitor , while the wider
side-gap is used for electrostatic actuation. This configuration
overcomes the pull-in effect of electrostatic actuators [30].
A fabricated dual-gap MEMS capacitor is tuned from 0.38
to 2.1 pF (5.5:1) when measured at 500 MHz (Fig. 9). The
equivalent circuit model of the RF MEMS tunable capacitor
is plotted in Fig. 9, and the equivalent component values are
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Fig. 9. A SEM image, measured tuning results, cross-sectional view, and circuit model of a fabricated dual-gap MEMS capacitor.

TABLE IV
COMPONENT VALUES IN THE MEMS CAPACITOR MODEL

TABLE V
PARAMETERS OF DUAL-GAP MEMS CAPACITOR

given in Table IV. The design of the MEMS capacitors involves
several tradeoffs among various parameters including , tuning
voltage, linearity, and tuning speed [31]. The most important
parameter depends on the application and the capacitor design
may be optimized to achieve a specific goal.
There is no stringent requirement on the tuning speed of

the notch filter if the existing interferences do not change fre-
quently. Therefore, continuously tuned MEMS capacitors that
offer a tuning speed on the order of 100 seems reasonable
for the filter design. Low tuning bias voltage is preferred as it
reduces the power consumption of DC converters and simpli-
fies the implementation of the tuning bias circuit. However, a
capacitor with low tuning bias suffers from insufficient power
handling capability, as will be discussed in Section IV. The
designed parameters of the RF MEMS tunable capacitor used
in the tunable notch filter are summarized in Table V.
As can be seen in Fig. 6, the RF MEMS tunable capacitor

forms a series LC resonator in the notch filter. Also, the MEMS
tunable capacitor has a series parasitic inductance, (see
Fig. 9). The parasitic inductance of the MEMS capacitor is ab-
sorbed into the main inductor of the tank. Therefore, the of
the MEMS capacitors is improved at high frequencies and the

Fig. 10. A SEM image of a fabricated two-pole tunable notch filter together
with the circuit schematic of the tunable notch filter cell.

Fig. 11. Measured tuning characteristics of a two-pole tunable notch filter. (a)
Insertion loss. (b) Return loss at different bias levels.

usable frequency range of the device is extended beyond the
self-resonant frequency predicted by the conventional extrac-
tion method using -parameters: .
A two-pole tunable notch filter is realized by cascading two
first-order notch cells (Fig. 10). The measured tuning charac-
teristic of the two-pole notch filter is shown in Fig. 11. A tuning
range of 3 GHz (6.5–3.5 GHz) is achieved by applying a DC
bias voltage up to 17 V to the MEMS capacitors. The tunable
notch filter maintains low passband loss ( 1 dB) up to 13 GHz
at all tuned states.
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Fig. 12. A SEM image of the fabricated UWB filter integrated with a two-pole
tunable notch filter (overall size: 4.8 mm 2.9 mm).

Fig. 13. Measured and simulated responses of the UWB bandpass filter inte-
grated with a two-pole tunable notch filter (State 1: notch center at 5.25 GHz;
State 2: notch center at 5.8 GHz). (a) Insertion loss. (b) Return loss and group
delay.

C. UWB Filters With Integrated Notch Filters

The two-pole tunable notch filter is cascaded with UWB
bandpass filters to allow in-band interference rejection capa-
bility in a DAA fashion (Fig. 12). Measured and simulated
frequency responses of the filter at two tuning states are
shown in Fig. 13. The two states are set to reject the interfer-
ences from 802.11a, at either the IEEE 802.11a lower band
(5.15–5.35 GHz) or the higher band (5.725–5.825 GHz). The
measured rejection level of the tunable notch filter is better than
20 dB covering the 5–6 GHz Unlicensed National Information
Infrastructure (U-NII) band. The UWB passband insertion loss
is less than 2.7 dB. The size of the UWB filter integrated with
the two-pole tunable notch filter is 4.8 mm 2.9 mm (Fig. 12).

The FCC indoor mask is overlapped on the filter responses
in Fig. 13. Although the current design does not fully satisfy
the FCC mask, compliance to FCC mask can be met by slightly
reducing the filter bandwidth to account for the brick wall pass-
band transition [15]. Table VI compares the tunable filters in this
work with other recently reported works. As highlighted in the
table, the filters implemented in this work achieve a significant
size reduction (of 10 ) with a competitive performance. Also,
monolithic tunable UWB filters are for the first time realized in
a silicon IPD technology.

IV. FILTER LINEARITY AND TEMPERATURE STABILITY

In addition to small-signal performance, power handling and
linearity are also important performance metrics for tunable RF
filters. The RF signal that passes through RF MEMS devices
has an effective DC bias and causes self-actuation. As a result, at
higher RF powers, the tuning range of the MEMS capacitor will
be limited [30], [40]. In addition, intermodulation signals are
generated due to the nonlinearity of MEMS devices [41], [42].
It should be noted that the AC voltage swing across the MEMS
capacitor in a tunable LC circuit is amplified by the of the
tank. Therefore, estimation of the power handling and linearity
performance is essential when designing tunable filters.

A. Power Handling

The power handling of the MEMS capacitor is limited to an
RF power level that causes the membrane to pull-in [41]. The
maximum RF voltage that can be applied to a dual-gap MEMS
capacitor at various DC bias before pull-in is analyzed in [30].
For the designed dual-gap MEMS capacitor of Fig. 9, the max-
imum tolerable RF voltage swing (peak-to-peak voltage) versus
center frequency of the designed notch is plotted in Fig. 14. As
can be seen, the maximum allowed RF voltage swing is larger
than 1.6 V if the notch filter is tuned to frequencies above 5GHz.
Therefore, the tunable notch filter in this work is suitable for
UWB receivers. Higher power handling can be achieved by in-
creasing the stiffness of the RF MEMS capacitors at the cost of
increased DC bias.

B. Linearity

To study the linearity performance of the fabricated tunable
notch filter, a nonlinear model is developed for the MEMS ca-
pacitor using the method discussed in [42]. Modifications are
made to accurately reflect the dual-gap configuration as well as
the separate DC bias and RF electrodes using the device char-
acteristics summarized in Table V. The capacitor model is then
included in the two-pole tunable notch filter to predict the lin-
earity and the large signal behavior. The two-pole notch filter
is tuned to 5.25 GHz, a typical tuning state to reject the in-
terference from WLAN. Agilent ADS [43] Harmonic Balance
simulation is used to predict the filter large signal behavior. In
simulations, two-tone signals are applied to the notch filter with
center frequency of 5.25 GHz, frequency offset of 1 kHz, and
input power of 10 dBm (amplitude of 0.1 V across a 50 ter-
mination). Because of the high resonator , the voltage swing
at 5.25 GHz across the tunable capacitor is amplified to more
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TABLE VI
COMPARISON OF UWB FILTERS WITH NOTCH

Fig. 14. Maximum allowed RF voltage swing (peak-to-peak voltage) of the
notch filter.

Fig. 15. Displacement of the tunable capacitor membrane at input power of
10 dBm.

than 0.5 V peak-to-peak. The displacement of the MEMS ca-
pacitor membrane under such two-tone input power is plotted in
Fig. 15. As shown, the displacement fluctuation of the MEMS
capacitor membrane under such high voltage swing (0.5 V) is
less than 3.5 nm. This is due the fact that the membrane has a
mechanical resonant frequency of less than 10 kHz (Table V).
The low-pass mechanical response of the MEMS device sig-
nificantly attenuates the high-frequency membrane vibration.
The observed membrane movement is a response to the inter-
modulations that generate a signal tone at 1 kHz and excite the
capacitor membrane through electrostatic force in the RF gap.
When applying two-tone signals with larger frequency offsets
( 10 kHz), the frequency of the intermodulation tone is beyond

Fig. 16. Output spectrum with input offset of (a) 1 kHz and (b) 10 MHz.

the mechanical resonant frequency of the membrane and even
smaller vibration is expected.
Based on two-tone Harmonic Balance simulations, the output

spectrum of the UWB filter integrated with tunable notch filter is
plotted in Fig. 16. The two-pole notch filter is tuned to 5.25 GHz
when the two-tone inputs have a center frequency of 5.25 GHz
and input power of 10 dBm. In Fig. 16(a) and (b), two-tone in-
puts with a frequency offset of 1 kHz and 10 MHz are applied,
respectively. It can be observed that there is higher harmonic
output power around 5.25 GHz when two-tone inputs have 1
kHz offset. However, such inter-modulation tones are within
the stopband of the notch filter, and they do not cause addi-
tional interference to the UWB passband. As can be observed in
Fig. 16(b), when the frequency offset of the two-tone input (10
MHz) is far beyond the mechanical resonant frequency of the
MEMS capacitor (i.e., 9 kHz), the intermodulation signals are
highly attenuated. Therefore, very low harmonic output power
is observed. It can be also found that very low-power inter-
modulation tones are observed across the entire UWB passband
(Fig. 16). The notch filter nonlinearity does not produce addi-
tional interferences to the UWB passband.
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Fig. 17. Output spectrum with input offset of (a) 1 kHz; (b) 9 kHz; (c) 1 MHz;
and (d) 20 MHz.

Two-tone measurements are also carried out to verify the
inter-modulation outputs generated from the tunable filter. A
two-tone input is applied at the center frequency of 5.25 GHz
with input power of 10 dBm when the two-pole tunable notch
filter is tuned to 5.25 GHz. The measured output spectra with
frequency offset of 1 kHz, 9 kHz, 1 MHz, and 20 MHz are
shown in Fig. 17(a)–(d). It can be found that intermodulation
output terms are attenuated as the input frequency offset in-
creases, which is consistent with the simulation results using the
nonlinear RF MEMS model. The extracted third-order input in-
tercept point from the measurement is 10 dBm at 9 kHz
frequency offset. The low mechanical of the membrane helps
with avoiding linearity degradation when frequency offset is
equal to the membrane natural resonance frequency. Significant
linearity improvement can be obtained by using higher stiffness
MEMS capacitor design orMEMS switched capacitors [41]. Al-
though low bias voltageMEMS capacitor design is employed in
this work, it is shown that the intermodulation terms generated
due to the device nonlinearity do not cause additional interfer-
ence across the whole UWB passband. These nonlinear analysis
results show unique benefits of RF MEMS devices used in tun-
able bandstop filters.

C. Temperature Stability

The temperature stability of the fabricatedmicromachined fil-
ters are examined using a temperature-controlled probe station.
The frequency response of the UWB filter is measured from to

C to 70 C. The frequency stability of the UWB passband
edges are plotted in Fig. 18. It can be observed that the passband
edges are very stable under the temperature change, and the re-
jection level of the filter is maintained.
A two-pole tunable notch filter is also characterized under

temperature change (Fig. 19). The notch filter is tuned to
5.8 GHzf at room temperature. It can be seen that the measured
center frequency drift is 5.6% when temperature is changed

Fig. 18. Frequency stability of the UWB bandpass filter edges. (a) High-pass
edge. (b) Low-pass edge.

Fig. 19. Frequency responses of the two-pole tunable notch filter at different
temperatures.

from C to 70 C. The frequency shift because of tem-
perature change is significantly smaller than the electrostatic
frequency tuning range, which is more than 60% (Fig. 11).
Therefore, frequency change due to temperature drift can be
compensated by adjusting the bias on the tunable notch filter.
Improvement to the temperature stability of the RF MEMS
tunable notch filter can be achieved using a temperature-stable
RF MEMS design [31].

V. CONCLUSION

In this paper, a silicon-based IPD technology is developed
for the implementation of miniaturized UWB bandpass filters
as well as tunable notch filters. Design and characterization of
UWB bandpass filters and tunable notch filters are presented.
The fabricated filters exhibit high performances on a silicon sub-
strate, which makes them suitable candidates for highly inte-
grated UWB RF front-end modules.
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