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A micromachined inline type microwave power sensor with working state
transfer switches�
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Abstract: A wideband 8–12 GHz inline type microwave power sensor, which has both working and non-working
states, is presented. The power sensor measures the microwave power coupled from a CPW line by a MEMS
membrane. In order to reduce microwave losses during the non-working state, a new structure of working state
transfer switches is proposed to realize the twoworking states. The fabrication of the power sensor with twoworking
states is compatible with the GaAs MMIC (monolithic microwave integrated circuit) process. The experimental
results show that the power sensor has an insertion loss of 0.18 dB during the non-working state and 0.24 dB
during the working state at a frequency of 10 GHz. This means that no microwave power has been coupled from
the CPW line during the non-working state.
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1. Introduction

Power detection is an important part of microwave and
millimeter wave wireless applications. Modern personal com-
munication systems and radar systems require that the power
sensor has low volume, reflection losses, insertion losses and
power consumption, and can also be fabricated compatibly
with the GaAs MMIC or Si processesŒ1�. Existing technology
for measuring the microwave and millimeter wave power is
based on thermistors, thermocouples and diodes. These are the
terminating devices and the signal is not available after power
detection. Recently, three sensing principles of inline type mi-
crowave power sensors based on MEMS technology were pro-
posed. The first principle utilizes the conversion of microwave
power into heat, resulting in a local temperature increase due
to ohmic losses from a CPW line’s center conductorŒ2�4�. The
structure of this sensor is complex and not compatible with the
GaAs or Si processes. The second principle was realized by
movement detection of a suspended membrane over a CPW
line through which the signal is transmittedŒ5�9�. The output
of such a power sensor is related to capacitance change, so
it needs to be read by the electronics and its performance is
strongly dependent of this process. Furthermore, when the mi-
crowave power transmitted through themembrane is increased,
the reflection and the insertion losses will also increase due to
the capacitance change. The two above principles have a trade-
off between microwave performance and sensitivity. The third
principle couples a small ratio of the microwave power through
a MEMS membrane suspended over a CPW line. The coupled
microwave power is then converted to heat by the matched re-
sistance and measured by the thermopilesŒ10; 11�. This power
sensor has two independent steps: the coupled step and the
measurement step. The two steps make it possible for the mi-
crowave properties and the sensitivity of the power sensor to

be designed separately. It also means that the power sensor can
realize high sensitivity with low insertion losses and reflection
losses. The sensor can be used in the middle of the signal chain
with a small size and low losses.

In this paper, the theory, design, fabrication and measure-
ments from the microwave power sensor of the third princi-
ple with the working state transfer switches are presented. By
adding the transfer switches directly at the two sides of the
MEMS membrane, a power sensor with two working states
is obtained. The novel structure can avoid unnecessary mi-
crowave losses during the non-working state. This power sen-
sor has many advantages, such as working state alternation,
high sensitivity, wide frequency range, low insertion losses
and reflection losses, excellent linearity and it is compatible
with the GaAs MMIC process. The experimental results show
that the power sensor has an insertion loss of 0.18 dB during
the non-working state and 0.24 dB during the working state at
10 GHz frequency. It means that no microwave power has been
coupled from the CPW line during the non-working state.

2. Principle of operation

2.1. Basic operation

An inline type microwave power sensor is composed of
a microwave power coupler and a thermoelectric microwave
power sensor. Figure 1 shows a schematic view of the power
sensor. A membrane is suspended over the CPW line and the
capacitance between the membrane and the center conductor
of the CPW line couples a small ratio of the microwave power
transmitted in the CPW line. The capacitance C can be ex-
pressed asŒ12�
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Fig. 1. Schematic view of the inline type microwave power sensor.

Fig. 2. The lumped element model of the inline type microwave power
sensor.
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where b is the width of theMEMSmembrane,w is the width of
the center conductor of the CPW line, g0 is the MEMS mem-
brane height, td is the thickness of the insulation layer andCf is
the fringing field capacitance of the MEMS membrane, which
is about 20%–50% of the total capacitance. "0 and "r are the
permittivity of free space and the permittivity of the insula-
tion layer, respectively. Due to the principle of the microwave
power sensor, the capacitance C is needed to couple the mi-
crowave power. It is affected by an increase in reflection losses
and a variation in coupling during the frequency. In order to
obtain low reflection losses and insertion losses, as well as the
wideband response, the gap size of the CPW line directly be-
fore and after the MEMS membrane is increased and a com-
pensating capacitance is added. Figure 2 shows the lumped el-
ement model of the power sensor with the compensating struc-
tures. C is the capacitance between the MEMS membrane and
the center conductor of the CPW line, CMIM is the compensat-
ing capacitor, Z0 is the characteristic impedance of the CPW

line, Z is the characteristic impedance of the CPW line before
and after the capacitance, and l 0 is the length of the CPW line
before and after the MEMS membrane.

The S parameters of the power sensor with the compen-
sating structures can be expressed as
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whereŒ12�
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"0"rb0w0

td
; (5)

where b is the width of the MEMS membrane, w is the width
of the center conductor of the CPW line, b0 is the width of
the ground of the CPW line formed as the bottom plate of the
compensating capacitor, w0 is the width of the top plate of the
compensating capacitor, g0 is the membrane height, td is the
thickness of the insulation layer, and "0 and "r are the permit-
tivity of free space and the permittivity of the insulation layer,
respectively. The matched impedance Z can be calculated as

Z3!C tan2
�
ˇl 0

�
� 2Z2 tan

�
ˇl 0

�
C ZZ2

0!C C 2Z2
0 tan

�
ˇl 0

�
D 0: (6)

The coupled microwave power is converted to heat by a
matched resistance and leads to a temperature increase around
the matched resistance. The thermopiles detect the resultant
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Fig. 3. Schematic view of the inline type microwave power sensor
with the working state transfer switches.

Fig. 4. The lumped element model of the inline type microwave
power sensor with the working state transfer switches during the non-
working state.

temperature increase of the load and convert the temperature
difference to electric signal to realize the microwave power
measurement. The thermopiles output thermovoltage and the
sensitivity of the thermoelectric microwave power sensor are
represented asŒ13�

Vout D ˛

NiX
i

.Th � Tc/; (7)

Sth D Vout=Pdiss; (8)

where ˛ is the Seebeck coefficient, Pdiss is the microwave
power dissipated by the matched resistance, and Th and Tc are
the temperature of the hot and cold junction of each thermo-
couple, respectively. The total sensitivity for the inline type
microwave power sensor is obtained by

Stotal D Vout=Ptotal D ˛

NiX
i

.Th � Tc/=Ptotal; (9)

where Ptotal is the input microwave power transmitted in the
CPW line. Since the output thermovoltage is proportional to
the input microwave power at the same frequency, a linear re-
lationship between the microwave power and output thermo-
voltage is expected.

Fig. 5. Fabrication process of the power sensor.

Fig. 6. SEM photo of the fabricated power sensor.

2.2. The working state transfer switch structures

In order to obtain both working states of the power sensor,
the working state transfer switches, which are located at both
sides of the MEMS membrane, are added. The power sensor
is at the non-working state when the transfer switches are at
the “off” state. Figure 3 shows a schematic view of the power
sensor with the working state transfer switches. Figure 4 shows
the lumped element model of the power sensor with the work-
ing state transfer switches during the non-working state. The
lumped element model and S parameters of the power sensor
during the working state are the same as the basic structure.

The S parameters of the power sensor during the non-
working state can be expressed as
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Fig. 7. Experimental results of the power sensor with the transfer switches. (a) S11 at the working state. (b) S21 at the working state. (c) S11 at
the non-working state. (d) S21 at the non-working state.
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3. Design and fabrication

The ratio of the coupled microwave to the total microwave
power is designed to be 1%. According to the above formulas,
in order to obtain better microwave properties, the dimensions
of the compensating structures can be designed as follows.

Z0 D 50 �; Z D 75:3 �; l 0
D 330 �m;

b D 110 �m; w D 100 �m; b0
D 10 �m;

w0
D 78 �m; g0 D 1:6 �m; td D 0:1 �m:

The width of the transfer switches is designed to be 80�m,
the height of the transfer switches is designed to be 1.6�m. The
capacitance of the transfer switch at the“OFF”state is about
5 pF, which acts as a small impedance at X-band.

The fabrication of the power sensor is compatible with
the GaAs MMIC processŒ14�. The thermopiles were made of
gold and nC GaAs with a doping concentration of 1.0 � 1018

cm�3. The gold was made by sputtering of a 0.3 �m thick
gold layer, and the nC GaAs was made of an ion implantation
layer. The matched resistance was made using a liftoff process

through sputtering of a TaN layer with square resistance of 25
�/�. The CPW line was designed to have a 50 � character-
istic impedance. The CPW line was defined by using a liftoff
process through evaporating 500/300/3500/500 Å Ti/Pt/Au/Ti
layer. The dielectric 1000 Å SiN layer was then deposited and
patterned. Following that, the 1.6 �m thick polyimide sacri-
ficial layer was deposited and patterned, the thickness of the
polyimide layer determines the height of theMEMSmembrane
and the transfer switches. Finally, a 500/1500/300 Å Ti/Au/Ti
seed layer was evaporated and patterned. To remove the top
Ti layer, the membrane and the transfer switches were elec-
troplated with a 2 �m thick gold layer in a 55ı cyanide-based
solution. The thickness of the GaAs substrate was decreased to
100 �m using a wafer grinding process, and the substrate un-
derneath the hot thermocouple junctions and the matched resis-
tance was removed via hole etching technology. The sacrificial
layer of polyimide was removed using developer, and alcohol
was utilized to get rid of the residual water in the MEMSmem-
brane and the transfer switches. Figure 5 shows a summary of
the fabrication scheme. A SEM photo of the fabricated power
sensor is shown in Fig. 6.

4. Experimental results

The S -parameter measurements are needed for the charac-
terization of the power sensor. The S-parameter measurements
involve measurement of the reflection losses (S11/ and the in-
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Fig. 8. Experimental results of the output thermovoltages for the
power sensor as a function of microwave power at difference frequen-
cies.

sertion losses (S21/ of the signal applied to the sensor.
The microwave characterization involves measurement of

theS -parameters with a HP8510C vector network analyzer and
a Cascade Microtech 1200 probe station. The frequency range
is from 8 to 12 GHz. Figures 7 shows the experimental results
of the S11 and S21 parameters of the power sensor at the work-
ing state and the non-working state.

From Figs. 7(a) and 7(c) we can see that the reflection
losses of the power sensor both at the working state and the
non-working state are below –17 dB up to 12 GHz and there
is nearly no variation of the value. This means that the com-
pensating structures can obtain the low reflection losses both
at the working state and the non-working state. From Figs. 7(b)
and 7(d) we can see that the insertion losses of the non-working
state are less than the insertion losses of the working state by up
to 12 GHz. The decrease of the insertion losses is equal to the
microwave power coupled from the CPW line by the MEMS
membrane. It means that no microwave power has been cou-
pled from the CPW line during the non-working state. Com-
pared with the simulation results of the reflection losses and
the insertion losses, the experimental results of the reflection
losses and the insertion losses are increased. It has three main
reasons. Firstly, the measurement system needs careful cali-
bration and the standard test steps. Otherwise, it will lead to
an error in the measurement results. Secondly, the transmis-
sion line losses of the experimental result, including the ohmic
and dielectric losses, have increased compared to the losses
of the simulation results. Thirdly, during the removal of the
sacrificial layer of polyimide, the MEMS membrane will bend
downwards to the substrate due to compression stress in the
membrane. It means that the coupled capacitance between the
MEMS membrane and the center conductor of the CPW line
is increased. It leads to the mismatch of the structure and more
microwave power has been reflected and coupled.

From Fig. 8 we can see that the experimental results of the
output thermovoltages for the power sensor as a function of
microwave power at difference frequencies. The experimental
results demonstrate the excellent linearity of the output thermo-
voltage with respect to the input microwave power. The sensi-
tivity of the power sensor is 32.4 �V/mW at the 10 GHz fre-
quency.

5. Conclusion

A wideband 8–12 GHz inline type microwave power sen-
sor with working and non-working states is presented. The
novel part of the power sensor is the working state trans-
fer switch structure. The transfer switches can reduce the mi-
crowave losses of the power sensor at the“OFF” state. It
means that the power sensor can realize two working state
transfer and no microwave power has been coupled from the
CPW line during the non-working state. The power sensor has
been designed and fabricated compatibly with the GaAsMMIC
process. By adding transfer switches at both sides of theMEMS
membrane, the power sensor can obtain the low insertion losses
during the non-working state as well as good microwave prop-
erties during the working state. The experimental results show
that the reflection losses both at the working state and the non-
working state are lower than –17 dB and the insertion losses of
the non-working state are less than that of the working state by
up to 12 GHz. The sensitivity is 32.4 �V/mW at the 10 GHz
frequency.
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