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Design and fabrication of a terminating type MEMS microwave power sensor∗
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Abstract: A terminating type MEMS microwave power sensor based on the Seebeck effect and compatible with
the GaAs MMIC process is presented. An electrothermal model is introduced to simulate the heat transfer behavior
and temperature distribution. The sensor measured the microwave power from –20 to 20 dBm up to 20 GHz. The
sensitivity of the sensor is 0.27 mV/mW at 20 GHz, and the input return loss is less than –26 dB over the entire
experiment frequency range. In order to improve the sensitivity, four different types of coplanar waveguide (CPW)
were designed and the sensitivity was significantly increased by about a factor of 2.
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1. Introduction

Microwave power plays an important role in wireless ap-
plications and communication systems. A sensor with high
sensitivity, which can measure power accurately and quickly,
is needed. Thermocouple-based power sensors have been one
of the most widely used tools for microwave power detec-
tion. These sensors employ the principle of the conversion
of electric power to heat, which is then indirectly measured.
By now, several structures of microwave power sensors have
been introduced[1−3]. Most of these sensors were fabricated
using a CMOS process. However, the thermal loss and lossy
nature in the silicon substrate at microwave frequencies are
considerable. Thus, these sensors cannot be integrated with
MMICs and other planar connecting circuit structures. With
the development of MEMS technology, high-precision, low-
cost MEMS microwave power sensors are available. In this
paper, the theory, fabrication and measurement of a terminat-
ing type microwave power sensor based on MEMS technol-
ogy are presented. Its fabrication is compatible with the GaAs
MMIC process. High thermal resistivity and low electromag-
netic loss at microwave frequencies can be obtained using the
GaAs MMIC process. Micromachining technology was used
to realize the selective etching of the substrate beneath the de-
vice. By using MEMS technology and the MMIC process, the
losses mentioned above are minimized. In addition, an elec-
trothermal model is introduced to simulate the heat transfer
behavior and temperature distribution, and the simulation re-
sult for the sensitivity is given.

2. Principle and model

The structure of the microwave sensor is shown in Fig.
1. A CPW feeds the microwave signal to the sensor. The CPW
is designed to have a characteristic impedance of 50 Ω. It is

terminated with resistive loads, which are matched to the char-
acteristic impedance. The loads absorb the microwave power
and convert it into heat. The resulting temperature increase of
the loads is detected by the integrated thermocouples, which
generate a DC voltage based on the Seebeck effect. The out-
put voltage is proportional to the microwave power. The output
voltage and sensitivity of the thermoelectric microwave power
sensor are represented, respectively, as

Vout = α

N∑
i

(Th − Tc), (1)

S th = Vout/Pdiss, (2)

where α is the Seebeck coefficient, Pdiss is the microwave
power dissipated by the matched loads, N is the index of the
thermocouples, Th and Tc are the temperatures of the hot and
cold junction of each thermocouple, respectively.

Fig. 1. (a) Schematic view and (b) top view of the microwave power
sensor.
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Fig. 2. (a) Schematic view of the microwave power sensor; (b) Equiv-
alent electrical circuit including convection, conduction, and heat
generation.

Fig. 3. Cross section view of the microwave sensor: 1. Resistive load;
2. Thermocouple; 3. GaAs substrate; 4. Hot junction; 5. Cold junc-
tion.

Figure 1(a) shows that selective etching of the GaAs sub-
strate was used to release the high-thermally resistive mem-
brane region underneath the resistors and the thermopile. This
helped to increase the temperature gradient between the loads
and the cold junctions located on the substrate, which was not
etched. As a result, the sensitivity of the thermocouples was
improved.

In Refs. [4, 5], the thermal conduction and convection
equations were translated into circuit elements and subse-
quently solved using SPICE. The thermal flow was repre-
sented by a current, and the temperature by a voltage. In this
work, the SPICE equivalent circuit is used to model the heat
transfer behavior and the sensor temperature distribution. In
addition, the thickness of the membrane is much smaller than
the dimensions of the sensor. Therefore, the steady-state heat
transfer is considered in the x–y coordinate system. Due to the
symmetrical structure, only half of the power sensor should be
considered. The 2D layout is further subdivided into smaller
elements, as shown in Fig. 2(a). Each element is then repre-
sented as the equivalent circuit in Fig. 2(b). The current source
is only applicable for the resistive load which dissipates power
and generates heat. The conductive transfer is represented by
a thermal resistor,

R1,2 = l/λA, (3)

where l is the length, λ is the thermal conductivity, and A is
the cross section area. The convective resistor is

Rh = 1/hAs, (4)

where h is the heat-transfer coefficient, and As this time is the
surface area. The symbol for ground in Fig. 2(b) represents the
ambient temperature, i.e., 300 K in this paper.

Fig. 4. Temperature distribution along the cut b–b’ and cut c–c’, as
shown in Fig. 2(a).

The cross-sectional view of the microwave sensor is
shown in Fig. 3. The symbols d1, d2, and d3 are the thicknesses
of the resistive load, the thermocouple, and the GaAs substrate,
respectively. l1 is the width of the resistive load. l2 is the dis-
tance between the hot junction and the load. l3 is the length of
the thermocouple. Because the 3D structure is treated as 2D
in the layout plane, the thermopile and the substrate should be
regarded as one material. The same holds true for the resistive
load and the substrate. In this work, some equivalent quantities
used in Refs. [6, 7] are introduced. λe1 is the equivalent thermal
conductivity of the resistive load and the substrate, while λe2

denotes the equivalent thermal conductivity of the thermopile
and the substrate. They can be defined as

λe1 =
λ1d1 + λ3d3

d1 + d3
, (5)

λe2 =

λ3d3 + λ2
d2

2
de

=

λ3d3 + λ2
d2

2

d3 +
d2

2

, (6)

where de is the equivalent thickness of the thermopile and the
substrate, and λ2 = (λp + λn)/2 is the average thermal conduc-
tivity of the thermocouple with λp and λn denoting the ther-
mal conductivity of the positive and negative conductors of
the thermocouple, respectively.

For the simulation, the constant current source was set to
100 mA, equal to an input microwave power of 20 dBm for
the sensor.

After running the SPICE simulation, the equivalent cir-
cuit models the temperature distribution of the sensor. Figure 4
shows the symmetrical temperature distribution along the cen-
ter cut b–b’ and the hot junctions c–c’. The highest values of
the temperature are in the middle and the peak value is nearly
357 K. The temperature distribution along the hot junctions is
similar to that of the cut b–b’, but the peak value is less than
339 K. In Fig. 5, the temperature distribution along the cen-
ter cut a–a’ is an approximately linear decline. From the sim-
ulation results of the temperature distribution, the sensitivity
can be computed by using Eqs. (1) and (2). The sensitivity is
approximately 0.32 mV/mW. By using the model, the appro-
priate dimensions of the layout of the sensor can be obtained
depending on the required sensitivity.

044010-2



Xu Yinglin et al. April 2009

Fig. 5. Temperature distribution along the cut a–a’ in Fig. 2(a).

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

3. Fabrication

The CPW was made of a 2 µm thick gold layer. The ther-
mopiles consisted of gold and n+ GaAs. The gold strips of the
thermopiles were made by the sputtering of a 0.3 µm thick
gold layer, and the n+ GaAs was made from a 0.25 µm thick
epitaxial layer. By using a lift-off process through depositing
of a TaN layer, the matched loads were made with a square
resistance of 25 Ω/@. The Seebeck coefficient of each ther-
mocouple is 100 µV/K. A microphotograph of the microwave
power sensor is shown in Fig. 6.

4. Experimental results

Measurements were performed at frequencies up to 20
GHz using an Agilent E8257D PSG Analog Signal Generator,
an Agilent 8719ES Network Analyzer, a Cascade Microtech
1200 probe station for contacting the sensor, and an accurate
DC voltage meter. Figure 7 shows the microwave performance
of the sensor. Figure 7(a) shows an acceptable mismatch error
below −26 dB in the experiment frequency range. The fre-
quency response is shown in Fig. 7(b) at a constant power of
20 dBm. In the low frequency range, the output voltage oscil-
lates considerably. Above 5 GHz, the response is more stable
and the output voltage is lower than that in the low frequency
range. The considerable losses in the high frequency range
perhaps resulted from the fabrication process, since the GaAs
substrate was not selectively etched very well. However, con-
sidering that the frequency at which the sensor would be used
is larger than 5 GHz, the frequency response is acceptable.

The relationship between the output voltage and the

Fig. 7. Microwave performance: (a) Reflection loss of the microwave
sensor; (b) Frequency response of the microwave sensor.

Fig. 8. Output voltage versus input power.

microwave power can be found in Fig. 8. Microwave intensi-
ties up to 20 dBm at 10 and 20 GHz were applied at the input,
respectively, and the output DC voltages were recorded. The
sensitivity is 0.37 mV/mW at 10 GHz and 0.27 mV/mW at 20
GHz. Because the thickness of the substrate used in the sim-
ulation is not exactly equal to the actual thickness, the differ-
ences between the results of the simulation and the experiment
are understandable. However, the model is also useful for es-
timating the dimensions of the layout and the sensitivity.

In the heat transfer process, the CPW acts as a large heat
sink, and some heat flow generated by the loads transfers to the
CPW, resulting in a decrease of the temperature of the termi-
nation loads. Therefore, four types of CPW were designed in
order to improve the heat transfer efficiency and the sensitivity.
The photos of the different types of CPW are given in Fig. 9.
The measurement results are shown in Fig. 10. The sensitivity

044010-3



J. Semicond. 30(4) Xu Yinglin et al.

Fig. 9. Different types of CPW: (a) Type A; (b) Type B; (c) Type C;
(d) Type D.

of type B at 20 dBm is nearly twice as large as the sensitivity of
type D. The difference among types A, B, C and D is that there
are some different thermally-isolated structures in A, B, and D.
The difference in the structures is mainly due to the removal
of some metal on the CPW. These structures will not destroy
the electrical connection. With these thermally-isolated struc-
tures, less heat is transferred to the CPW, while the temper-
ature difference between the hot junctions and cold junctions
will be increased. As a result, the sensitivity will be improved.
In other words, the microwave match performance of the CPW
in types A, B and D is changed. Figure 10 is the result of the
comprehensive action of heat transfer and microwave perfor-
mance. Trade-off needs to be considered in the design process.
The results were measured at a constant frequency of 10 GHz.
There are eight thermocouples present in the sensor shown in
Fig. 9, and twelve thermocouples in the sensor of Fig. 6. So
the result in Fig. 8 is better than that in Fig. 10.

5. Conclusion

A terminating type MEMS microwave power sensor
based on MMIC was proposed. An electrothermal model was

Fig. 10. Sensitivity of the microwave sensors with different CPW
types.

introduced to simulate the heat transfer and temperature dis-
tribution, and the simulation results for the sensitivity were
given. The measurement results showed that the reflection loss
is less than –26 dB over the entire frequency range, and the
sensitivity is 0.27 mV/mW at 20 GHz. In order to improve the
sensitivity, four different types of CPW were designed. As a
result, the sensitivity is nearly increased by a factor of 2.
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