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a b s t r a c t

A wideband 8–12 GHz inline RF MEMS power sensor that is based on sensing a certain percentage of the
incident microwave power coupled by a MEMS membrane is presented, and the sensor is accomplished
with GaAs MMIC technology. In order to improve microwave characteristics and the frequency response
of the output at X-band, an impedance matching structure and a capacitance compensating structure
are proposed in the paper. The design of the power sensor with the improved structures has resulted in
the measured reflection loss of the sensor less than −17 dB, the insertion loss less than 0.8 dB, and the
flatness of the frequency response at X-band. A sensitivity of more than 26 �V mW−1 and a resolution of
MIC
F MEMS

ntermodulation distortion

0.316 mW are obtained at 10 GHz under the normal ambient temperature. The experiment demonstrates
the immediate effect of the modulation depth under amplitude modulation (AM) signals on the sensitivity
of the sensor. In addition, the measured mechanical resonant frequency (fo) of the MEMS membrane of
the sensor is 110 kHz. The measured results show that the intermodulation (IM) power for �f = 80 kHz,
P1 = P2 = 10 dBm of the signals is less than −52 dBm, and the input third-order intermodulation intercept

ue at
on dis
point (IIP3) is a large val
significant intermodulati

. Introduction

Radio frequency (RF) power sensors play an important role in
ireless applications like power monitoring, gain control or cir-

uit protection. Most of modern personal communication and radar
ystems require that the RF signal is available during power detec-
ion. Recently, two kinds of typical inline microwave power sensors
ased on MEMS technology have been proposed. Dehe et al. [1–3]
eveloped the inline inserted sensors for the measurement of the
ower dissipated by the intrinsic ohmic losses of the center con-
uctor of a coplanar waveguide (CPW) line, based on Seebeck effect.
ernandez et al. [4–6] and Vaha-Heikkila et al. [7,8] presented
he inline capacitive sensors for the measurement of the capac-
tive change of a moveable membrane suspended above a CPW
ine where the signal was traveling, based on the capacitive MEMS
echnology. However, these sensors include many disadvantages
uch as the trade-off between the microwave performance and
he sensitivity, the large variations of the output as a function of
he frequency, and the complex process. All these sensors can be
mbedded into the RF circuits for the purpose of inline power detec-

ion, gain control or circuit protection. However, most of these
ircuits operate at the higher level of the power, so the linearity
f the power sensors is a critical parameter to prevent distortions
r interchannel interferences.

∗ Corresponding author. Tel.: +86 025 83792632x8807; fax: +86 025 83792939.
E-mail address: xpliao@seu.edu.cn (X. Liao).

924-4247/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.sna.2010.03.018
�f = fo, so the inline RF MEMS power sensor for �f > fo will not generate
tortion.

© 2010 Elsevier B.V. All rights reserved.

In our lab, Han et al. [9] presented the inline coupling microwave
power sensor that measures a certain percentage of the incident
microwave power coupled from the center conductor of a CPW
line by a MEMS membrane and then converted to the output ther-
movoltage based on Seebeck effect. The power sensor consists of
a coupling step and a measurement step, which makes it possi-
ble to thoroughly solve the trade-off problem that is suffered from
the inserted sensors and the capacitive sensors. In order to obtain
the excellent microwave performance and the wideband frequency
response, Han et al. [10] presented the design and experiment
results of the coupling power sensor with the compensating struc-
tures by modifying the gap size of the CPW line and adding the
metal–insulator–metal (MIM) capacitor. However, due to the com-
pensated capacitance on the order of several fF, directly adding
the MIM capacitor is difficult to be fabricated in the process and
can result in the deterioration of the microwave performance. On
this basis, this paper presents the impedance matching method
by modifying the gap size of the CPW line before and after the
MEMS membrane, as well as the capacitance compensating method
by adding an open-circuital transmission line, in order to further
reduce the effect of the MEMS membrane on the microwave per-
formance and obtain the wideband frequency response of the RF
MEMS power sensor. The open-circuital transmission line compen-

sating capacitance compared with directly adding a MIM capacitor
can be minimally dependent on the process. The power sensor
with the improved structures has many advantages such as higher
sensitivity, wider frequency response, lower insertion and reflec-
tion losses, excellent linearity, and compatibility with GaAs MMIC

http://www.sciencedirect.com/science/journal/09244247
http://www.elsevier.com/locate/sna
mailto:xpliao@seu.edu.cn
dx.doi.org/10.1016/j.sna.2010.03.018
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echnology. And the measured results also show that the modu-
ation depth influences the output of the power sensor directly.
urthermore, this paper presents an experimental study of non-
inear effects generated by the RF MEMS power sensor to prevent
nterchannel interferences in the following circuit systems. The
xperiment demonstrates the power sensor will not generate sig-
ificant intermodulation distortion in some cases. In this paper,
he coupling RF MEMS power sensor can be embedded into a

icrowave receiver, through inline monitoring the microwave
ower received, and the power value converted to a DC level,
hen the DC level controlling a controllable attenuator, resulting in
voiding overload and protecting the following low-noise amplifier
hen receiving too large the microwave signal.

. Design of the power sensor with the impedance
atching and capacitance compensating structures

The coupling RF MEMS power sensor consists of a microwave
ower coupler and two indirectly thermoelectric microwave power
ensors. The microwave coupler that is similar to a capacitive
hunt MEMS switch couples a certain percentage of the incident
icrowave power into two inputs of the thermoelectric power sen-

ors by a suspended MEMS membrane. Then the two indirectly
hermoelectric microwave power sensors convert the coupled

icrowave power into heat and result in the output thermovolt-
ge, respectively, based on Seebeck effect. Fig. 1 shows a schematic
iew and the lumped equivalent circuit model of the power sensor
ith the basic structure.

In Fig. 1(b), port 1 and 2 are the input and output ports, and port
and 4 are the coupling ports. Z0 is the characteristic impedance of

he CPW line and the matched resistance. C represents the capac-
tance between the MEMS membrane and the center conductor of
he CPW line, which can couple a certain percentage of the incident

icrowave power. Because the operating frequencies (8–12 GHz)
f the sensor in the paper are much smaller than the series resonant
requency of the membrane, the inductance L and the resistance Rs

f the MEMS membrane can be neglected, and the capacitance C of
he MEMS membrane can be expressed as [11]

= ε0bw

g0 + (td/εr)
+ Cf (1)

here b and g0 are the width and the initial height of the mem-
rane; w is the width of the center conductor of CPW; td is the
hickness of the insulation layer; ε0 and εr are the permittivity
f free space and the relative permittivity of the insulation layer,
espectively; Cf is the fringing field capacitance of the membrane,
hich is about 20–50% of the total capacitance.

From Ref. [9], it can be known that the coupling power and
he application frequencies of the sensor are mainly determined
y the capacitance between the MEMS membrane and the center
onductor of the CPW line. So a desirable sensitivity and applica-
ion frequencies can be realized by designing the dimension of the

EMS membrane in the microwave coupler. When the microwave
ower is transmitted through the MEMS membrane, an electro-
tatic force is induced on the membrane [12]. It can cause the
embrane deflection and lead to the change of the capacitance

etween the membrane and the center conductor of the CPW line.
he effect of the electrostatic force on the MEMS membrane can be
btained as√

2k
= (g0 − z)
ε0bw

z (2)

here V is the rms voltage amplitude of microwave signals; z is the
ownward deflection of the membrane; k is the spring constant of
he membrane. Assuming no residual stress of the membrane, the
Fig. 1. (a) A schematic view and (b) the lumped equivalent circuit model of the
power sensor with the basic structure.

spring constant k is expressed as

k = K
Et3b

l3
(3)

where E is Young’s modulus; t and l are the thickness and the
length of the membrane; the constant coefficient K is dependent
on the location of the evenly distributed force. It can be seen from
Eqs. (1)–(3) that varying the width of the membrane can change
the capacitance between the membrane and the center line of the
CPW but cannot cause the membrane deflection, yet the decrease
of the length of the membrane can greatly reduce the deflection
at certain rms voltage amplitude. So the width of the membrane
will be designed for the realization of the desirable sensitivity, and
the length of the membrane will be designed to be very short in
order to minimize the effect of microwave signals on the membrane
deflection.

In order to reduce the effect of the MEMS membrane on the
microwave performance and improve the frequency response of

the output thermovoltage, an impedance matching method by
modifying the gap size of the CPW line before and after the MEMS
membrane, as well as a capacitance compensating method by
adding an open-circuital transmission line, is proposed in this
paper. Due to the compensating capacitance on the order of several
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ig. 2. (a) A schematic view and (b) the lumped equivalent circuit model of the pow

F, directly adding a metal–insulator–metal (MIM) capacitor will
trongly depend on the process and cause a significant deviation
etween the fabricated capacitance and the required capacitance,
ltimately result in the deterioration of microwave performance.
ccording to the theory of the transmission line, an open-circuital

ransmission line can be equivalent to a capacitor. The capacitance
ompensated by an open-circuital transmission line can be mini-
ally dependent on the process. Fig. 2 shows a schematic view and

he lumped equivalent circuit model of the power sensor with the
mpedance matching and capacitance compensating structures. In
ig. 2(b), Z and l′ are the impedance and the length of the uneven
PW line before and after the suspended membrane. Z1 and l1 are
he impedance and the length of the open-circuital transmission
ine.

According to the microwave theory, S-parameters of the power
ensor with the impedance matching and capacitance compensat-
ng structures can be expressed as

11 =

(j((−2jZ2(ωCZ sin2(ˇl′) − sin(2ˇl′)) − ωCZ2Z0 sin(2ˇl′) − 2jZ

+ωCZ3
0 sin(2ˇl′))Z1 + 4Z0(Z2(ωCZ sin2(ˇl′) − sin(2ˇl′)) + Z

(2(Z sin(ˇl′) − jZ0 cos(ˇl′))(Z1(Z(−2 cos(ˇl′) + ωCZ sin(ˇl′)
+ωCZ2

0 sin(ˇl′)) + 2Z0(jZ(−2 cos(ˇl′) + ωCZ sin(ˇl′)) + Z0

21 = (jZZ0(Z1(2 + jωCZ0) + 4jZ0 tan(
((Z sin(ˇl′) − jZ0 cos(ˇl′))(Z1(Z(−2 cos(ˇl′) + ωCZ sin(ˇl′)) −

+ωCZ2
0 sin(ˇl′)) + 2Z0(jZ(−2 cos(ˇl′) + ωCZ sin(ˇl′)) + Z0(ω

31 = S41 = − (4jωCZZ2
0 (Z + Z

(−4jZ3Z1 sin(ˇl′) tan(ˇl′) + 2Z3
0 (−Z1(4ωCZ cos(ˇl′) +

+2Z sec(ˇl′)(−1 + (−3 − 2jωCZ) cos(2ˇl′) + 2(−j +
+ sin(ˇl′)(−6 − 2jωCZ + 3ωCZ tan(ˇl′))) + 4Z sin(ˇ
+4(−jωCZ cos(ˇl′) + sin(ˇl′)(−j + ωCZ + tan(ˇl′)))
+5ωCZ) cos(2ˇl′) + (4 + 7jωCZ) sin(2ˇl′))Z1 + 8Z(−

here ˇ = 2�/� is the phase shifting constant. And the matched
mpedance Z through only considering impedance matching con-
itions can be calculated as

3ωC tan2(ˇl′) − 2Z2 tan(ˇl′) + ZZ2
0 ωC + 2Z2

0 tan(ˇl′) = 0 (5)

. Microwave performance measurement and power
andling
In this paper, the coupling RF MEMS power sensor is fabricated
sing GaAs MMIC process with two-layer metal, as described in
etail in Refs. [9,10]. The thermopiles are made of gold and n+ GaAs
ith a doping concentration of 1.0 × 1018 cm−3. The termination
atched resistors (50 �) are made of TaN. In order to increase
nsor with the impedance matching and capacitance compensating structures.

Z cos2(ˇl′) + sin(2ˇl′))
Z cos2(ˇl′) − sin(2ˇl′)))tan(ˇl1)))

jZ0(ωCZ cos(ˇl′) + sin(ˇl′))
cos(ˇl′) + 2 sin(ˇl′))tan(ˇl1)))

(4.1)

)
(ωCZ cos(ˇl′) + sin(ˇl′))
cos(ˇl′) + 2 sin(ˇl′)) tan(ˇl1)))

(4.2)

−j + tan(ˇl′)))

l′)(2 + 4jωCZ + (2j − ωCZ) tan(ˇl′)))
sin(2ˇl′)) tan(ˇl1)) + 2Z2Z0(Z1(2j cos(ˇl′)
(ˇl′) tan(ˇl1)) + 2Z4

0 (ωCZ1 sin(ˇl′)(−j + tan(ˇl′))
l1)) + ZZ2

0 (− sec(ˇl′)(−2j + ωCZ + (−6j
ˇl′) + sin(ˇl′)(−3j + ωCZ + jωCZ tan(ˇl′))) tan(ˇl1)))

(4.3)

the sensitivity of the coupling power sensor in this paper, the
GaAs substrate underneath hot junctions of the thermopiles and
the matched resistors is removed by hole etching technology, and
the thickness of the membrane underneath hot junctions of the
thermopiles and the matched resistors is about 10 �m.

3.1. Microwave performance measurement

Microwave performance of the power sensor with the
impedance matching and capacitance compensating structures is
measured using an Agilent HP8719ES network analyzer and a
Cascade Microtech GSG probes station. The measurement of the
microwave performance includes the measurement of reflection
losses (S11) and insertion losses (S21) of the signal applied to the
sensor. Fig. 3 shows a SEM photograph of the power sensor with
the impedance matching and capacitance compensating structures.

Fig. 4 shows the measured S-parameters of the sensor with the
impedance matching and capacitance compensating structures. In
Fig. 4, the measured reflection loss of the sensor is less than −17 dB
and the insertion loss is less than 0.8 dB at X-band due to the
impedance matching structure. A certain percentage of the total
transmitted power is coupled by the MEMS membrane and then
converted to the output thermovoltage, so the insertion loss is
slightly high. However, the measured reflection and insertion losses

are not ideal. It mainly includes the following reasons: the decrease
of the fabricated membrane height (g0) that leads to the increase of
the capacitance between the MEMS membrane and the center con-
ductor of the CPW line with the result that much more microwave
power is reflected and coupled, and the error of the dimensions of
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and it means that the flatness of the output response with respect to
the frequency is obtained. Fig. 6 shows the measured output ther-
ig. 3. SEM photographs of (a) the sensor with the impedance matching and capa
ensor.

he structure in the fabrication that also results in the increase of
he reflection and insertion losses.

.2. Power handling

Power handling of the power sensor with the impedance match-
ng and capacitance compensating structures is measured using an
gilent E8257D PSG analog signal generator, a Cascade Microtech
SG probes station, a 50 � loaded resistor, and a Fluke 8808A digi-

al multimeter. The power handling includes the measurements of
ensitivities at different frequencies, the frequency response of the
utput, and the effect of the modulation depths under AM signals
n the sensitivities.

Fig. 5 shows the measured output thermovoltage as a function
f the microwave power for the power sensor with the impedance
atching and capacitance compensating structures under different

requencies. The measurement results demonstrate the excellent
inearity of the output thermovoltage with respect to the input

icrowave power at X-band, and a sensitivity of the power sen-
or is more than 26 �V mW−1 at 10 GHz under the normal ambient
emperature. But the sensitivity is slightly decreased because of the
pen-circuital transmission line dissipating some coupled power.

resolution of the power sensor is on the order of 0.316 mW and

s mainly limited by the heat noise of the thermopiles of the power
ensor. In Fig. 5, the variations of the output of the power sensor at
-band are small due to the capacitance compensating structure,

ig. 4. Measured S-parameters of the sensor with the impedance matching and
apacitance compensating structures.
Fig. 5. Measured output thermovoltage as a function of microwave power under
different frequencies.
movoltage as a function of the frequency for the input power level
of 5 dBm. The measured results further show the flatness of the fre-

Fig. 6. Measured output thermovoltage as a function of the frequency for the input
power level of 5 dBm.
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ig. 7. Measured output thermovoltage as a function of the microwave power under
ifferent AM depths at 10 GHz.

uency response at the entire X-band and demonstrate the validity
f the capacitance compensating theory.

Fig. 7 shows the measured output thermovoltage as a function
f the microwave power for the power sensor with the impedance
atching and capacitance compensating structures under different
M depths at 10 GHz. The measurement demonstrates the increase
f the output thermovoltage with the modulation depth at 10 GHz
hen AM signals with the modulated frequency of 10 kHz are

pplied to the power sensor. The trend is in accordance with that
alculated by the AM signal equation in Ref. [12]. Under the AM
ignals, the sensitivity of the power sensor is almost equal to the
rigin input signal in the AM depth of 0.1% at 10 GHz, but increases
o 30 �V mW−1 in the AM depth of 40% and reaches 35.5 �V mW−1

n the AM depth of 80%.

. Intermodulation distortion

Intermodulation distortion of the coupling RF MEMS power sen-
or with the impedance matching and compensating capacitance
tructures is measured using two Agilent E8257D PSG analog signal
enerators, an Agilent E4447A PSA series spectrum analyzer, a Cas-
ade Microtech GSG probes station, and an Agilent 11667C power
plitter. Fig. 8 presents the measurement setup of IM distortion.
wo RF signals are combined by the −10 dB power splitter. Mea-
urement is done on the wafer and the output spectrum is shown
n the spectrum analyzer.

Considering the case of two incident RF signals on the CPW
ine of the microwave coupler (Vin = V1 sin(ω1t) + V2 sin(ω2t)), and
ssuming V1 = V2, the IM power at 2f1 − f2 and 2f2 − f1 can be easily
alculated as
intermod = Psideband

Psignal
=

(
V1V2

�C

4kg2
0

)2

(6)

Fig. 8. Measurement setup of IM distortion.

Fig. 9. Measurement of IM products. (a) Mechanical resonant frequency of MEMS
membrane. (b) Output spectrum for P1 = P2 = 10 dBm and �f = 80 kHz. (c) Measured
results of IM power. (d) IM power versus �f.
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here C is the capacitance of the MEMS membrane; g0 and k are
he initial height and the spring coefficient of the membrane; � is
he output phase of the transmission coefficient of the microwave
oupler and is given by Rebeiz [12,13]

= −ωCZ0

2
(7)

Fig. 9 shows the measurement results of IM products. In Fig. 9(a),
he measured mechanical resonant frequency fo of the MEMS

embrane is 110 kHz by the laser doppler vibrometer (LDV),
mploying the theory of piezoelectric ceramic (PZT) that results
n the vibration of the membrane. And the mechanical resonant
requency of the substrate is de-embedded from the measurement
esults. Fig. 9(b) shows the output spectrum (�f = |f2 − f1| = 80 kHz,
1 = P2 = 10 dBm) with an IM product which is lesser than −52 dBm.

The two tone third-order intermodulation intercept point (IIP3)
orresponds to the value Psignal, where Psignal = Pintermod, and could
e easily derived from Eq. (6)

IP3 = 2kg2
0

�CZ0
(8)

Fig. 9(c) shows the measured results of the IM power. Both
he output power and the IM power of the measurement ver-
us the input power could be plotted and the IIP3 could be
educed. From the measurement results, it can be deduced that
he IIP3 is +28.7 dBm at �f = 10 kHz, but reaches a large value at

f = fo = 110 kHz and it means that the inline RF MEMS power sen-
or will not generate significant intermodulation distortion.

Fig. 9(d) shows the IM power versus �f. In Fig. 9(d), IM power
emarkably falls off when �f increases from 2 kHz to 110 kHz, but
lightly from 120 kHz to 500 kHz for P1 = P2 = 4 dBm and 6 dBm.
he measurement further demonstrates that the power sensor for
f > fo will not generate any significant intermodulation distortion

n most of the multichannel communication systems.

. Conclusions

In order to improve microwave characteristics and the fre-
uency response of the output thermovoltage, a wideband
–12 GHz inline coupling RF MEMS power sensor with the

mpedance matching and capacitance compensating structures is
resented in this paper and the power sensor is accomplished
ith GaAs MMIC technology. The experiments prove the expected

dvantages such as higher sensitivity, wider frequency response,
ower insertion and reflection losses, and excellent linearity. The

odulation depth under AM signals influences the sensitivity of the
ower sensor directly. Furthermore, the experiment demonstrates
hat the inline RF MEMS power sensor for �f > fo will not gener-
te significant intermodulation distortion. The inline wideband RF
EMS power sensor can be widely applied to modern personal

ommunication and radar systems.
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