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Abstract

A terminating-type MEMS microwave power sensor and its amplification system are presented
in this paper. A SPICE model is introduced to simulate temperature distribution of this power
sensor, and the model has a reference value to estimate the sensitivity of the power sensor.
This power sensor is designed and fabricated using MEMS technology and the GaAs MMIC
process. It is measured in the frequency range up to 20 GHz with an input power in the 0 to
50 mW range. Over the 50 mW dynamic range, the sensitivity is about 0.29, 0.24 and
0.22mV mW~! at 5, 10 and 15 GHz, respectively. The output voltage of the power sensor
ranges from 0.64 to 15.2 mV at 5 GHz. After amplification, the output voltage ranges from
0.19 to 6.56 V. The amplification gain is about 437.5, and the sensitivity is increased to

1274 mV mW~!. At 15 GHz, the output voltage of the power sensor ranges from 0.57 to
11.69 mV. After amplification, the output voltage ranges from 0.146 to 5.02 V. The
amplification gain is about 438, and the sensitivity is increased to 974.8 mV mW~!. The
measurement results show that the amplification system can amplify the output weak signal of

the power sensor well and have good linearity.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Microwave power measurement is an important part of
microwave wireless applications such as modern personal
communication systems and radar systems. Thermocouple-
based power sensors have been one of the most widely used
devices for microwave power measurement [1, 2]. The
fabrication of these thermoelectric power sensors generally has
two technologies: CMOS integrated circuit (IC) technology
combined with an oriented etching technique and GaAs bulk
micromachining technology. The standard CMOS technology
cannot be used for microwave applications because of the
lossy nature of a silicon substrate at microwave frequencies.
Currents induced in the substrate result in unwanted frequency-
dependent losses and dispersive characteristics due to
electromagnetic coupling. At the same time, the standard
CMOS IC technology is not suitable for the design of
thermoelectric devices such as thermocouples. In order to
reduce these inefficiencies, in the work of Milanovic et al

! Author to whom any correspondence should be addressed.
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[3], the silicon substrate has been removed from directly
beneath the thermal and microwave structures. In the work of
Jaeggi et al [4], the thermoelectric ac power sensor has been
realized by industrial CMOS IC technology combined with
one subsequent maskless etching step. The burn-out power of
the sensor is 50 mW.

GaAs is chosen as the basic electronic and
micromechanical semiconductor material because of its lower
thermal conductivity, higher saturation velocity of electrons
and higher temperature working conditions compared with
silicon.  Another significant advantage is that it can be
integrated with MMICs and other planar connecting circuit
structures. In the work of Dehe er al [5], GaAs bulk
micromachining combined with MESFET technology has
been applied to fabricate a thermoelectric microwave power
sensor in a terminating load configuration. In the work of
Lalinsky et al [6], a 2 um thick GaAs cantilever beam of
the power sensor microsystem has been investigated. Due
to a very thin cantilever, high power—temperature conversion
efficiency is achieved.

© 2010 IOP Publishing Ltd  Printed in the UK & the USA
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Figure 1. The structure of the power sensor.

In the above-mentioned thermoelectric power sensors, the
main design emphasis is to obtain as high sensitivity as possible
through a complex process. But the improvement is limited
and increases the difficulty of the process. Another approach
to improve the sensitivity is to design the amplification system
of the power sensor. There is scarcely any published literature
to propose the amplification system of the power sensor. In
this work, an amplification system is proposed to amplify
the output weak signal of the microwave power sensor based
on hybrid integrated circuits. The novelties of this work are
as follows: firstly, the power sensor is fully compatible and
fabricated with a GaAs MMIC foundry process and the cost of
the entire system is low. Secondly, only for the power sensors,
the power—temperature—voltage conversion efficiency and the
sensitivity can be improved through the complex process
[5, 6]. Some researches about power—temperature—voltage
conversion efficiency have been reported in our previous work
[7]. But the complexity and the cost of process are increased,
and the output voltage of the power sensors is still at an mV
level. It cannot drive the load, overcome noise and provide
a logic level for digital circuits. The output voltage after
amplification can achieve a V level, and it can drive the load,
overcome noise and provide a logic level for digital circuits.
In section 2, the temperature distribution of this power sensor
is given. In section 3, this power sensor is designed and
fabricated. The measurement results of this power sensor are
shown in section 4.

2. Principle and model

A major advantage of the thermoelectric conversion is its exact
physical definition and inherent broad frequency range. The
power sensor consists of a coplanar waveguide (CPW), load
resistor, thermopile and dc pad as shown in figure 1. A CPW
feeds the microwave signal to the power sensor. The load
resistor absorbs the microwave power and converts it into
heat. The resulting temperature is detected by the thermopile,
which generates a dc voltage based on the Seebeck effect. The
dc voltage is output by the dc pads. The output voltage is
proportional to the microwave power. The output voltage and
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Figure 2. (a) Schematic view and (b) circuit element of the power
Sensor.

the sensitivity of the microwave power sensor are represented,
respectively, as

N
Vou=a Y (Ty—T.) (M

Sth = Vout/PdiSSa (2)
where « is the Seebeck coefficient, P4 is the microwave
power dissipated by the load resistor, N is the number of the
thermopile, 7, and 7, are the temperatures of the hot and cold
junctions of the thermopile, respectively.

In the work of Swart and Milanovic [8, 9], the SPICE
equivalent circuit has been used to simulate the heat-transfer
behavior and the temperature distribution of the power
sensor. The thermal flow is represented as a current and the
temperature as a voltage. In our work, the thickness of the
membrane is much smaller than the dimensions of this power
sensor. Therefore, the steady-state heat transfer is considered
in the x—y coordinate system. Due to the symmetrical structure,
only half of this power sensor is considered. The 2D layout
is further subdivided into smaller elements, as shown in
figure 2(a). Each circuit element is shown in figure 2(b),
in accordance with the work of Swart and Milanovic, which
includes convection, conduction and heat generation. The
current source is only applicable for the load resistor which
dissipates power and generates heat. The conductive transfer
by a thermal resistor is represented as

Rix=1/)A, 3)

where [ is the length, A is the thermal conductivity and A is
the cross section.
The convective resistor is represented as

Ry = 1/hA,, “

where £ is the surface coefficient of heat transfer and A; is the
surface area. The symbol for ground in figure 2(b) represents
the ambient temperature, 300 K in this paper.

The cross-section view of the power sensor is shown in
figure 3. The symbols d;, d, and d3 are the thicknesses
of the load resistor, the thermopile and the GaAs substrate,
respectively. [; is the length of the load resistor. I, is the
distance between the hot junction and the load resistor. /3
is the length of the thermocouple. Because the 3D structure
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Figure 3. Cross-sectional view of the power sensor: (1) load
resistor; (2) thermopile; (3) GaAs substrate; (4) hot junction and
(5) cold junction.

Table 1. The values of the equivalent electrical elements.

CPW, Resistor, Thermopile,
Substrate substrate substrate substrate
Ri(2) 988.14 645.2 1010.77 1058.95
R»(2) 60.07 588.3 252.69 965.6
Ry(R) 6.08 x 108 4.05x 107 4.19 x 108 4.05 x 107

is treated as 2D in the layout plan, the thermopile and the
substrate should be regarded as one material. The same holds
true for the load resistor and the substrate. In this work, some
equivalent quantities are introduced [10]. A, is the equivalent
thermal conductivity of the load resistor and the substrate,
while A., denotes the equivalent thermal conductivity of the
thermopile and the substrate. They can be defined as

Ady + Aad
Aol = A11 T A343 )
d1 +d3
)\.3d3+)»2-d2—2 )»3d3+)\2-d72
Aer = = A (6)
de d3 + 5

where d, is the equivalent thickness of the thermopile
and the substrate and A, = 2% is the average thermal
conductivity of the thermocouple with A, and A, denoting
the thermal conductivity of the positive and negative
conductors of the thermocouple, respectively. According
to the structure parameters of this power sensor, the
equivalent electrical elements can be calculated as shown in
table 1.

The equivalent circuit model is simulated using the SPICE
with the constant current set to 100 mA, equal to an input
power 20 dBm at 10 GHz. In the x direction as shown in
figure 2(a), the larger the distance from the load resistor, the
lower the temperature. The temperature distribution along
a—a’ is an approximate linear decline as shown in figure 4,
which is close to the expectation. The temperature
distributions of the power sensor in the y direction along
the load resistor b-b’, the hot junction c—c’ and the cold
junction d—d’ are shown in figure 5. The highest values of
the temperature are in the middle of the load resistor, and
the peak value is nearly 325 K. The temperature distributions
along the hot junction c—c’ and the cold junction d-d’ are
similar to that of b-b’, but the peak values are 318 K and
302 K, respectively. From the simulation results of the
temperature distribution, the sensitivity can be calculated by
using equations (1) and (2). The sensitivity is approximately

325 ¢
-\ '—I—Temperature distribution along a-a/
320
—
B
315
3
Fo30f \.
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300 . 1 . 1 . I " L . Il " 1 \
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Figure 4. Temperature distribution in the x direction.
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Figure 5. Temperature distribution in the y direction.

0.25 mV mW~!. Therefore, the SPICE model has a reference
value to estimate the sensitivity of the power sensor.

In order to study the temperature distribution further, it is
also simulated with ANSYS as shown in figure 6. The input
power is the same as that of SPICE, and the peak value of
the temperature is 338 K. The temperature is a little higher
than that simulated with SPICE, but the relative difference
between them is below 4%, and the temperature distribution
is the same.

3. Design and fabrication

The fabrication of this power sensor is compatible with the
GaAs MMIC process [11]. In this power sensor, the CPW is
designed to have 50 Q2 characteristic impedance. The width
of the center conductor is designed to be100 pm, and the slot
is designed to be 58 um between the center conductor and
the ground line. The thermocouples are formed utilizing the
n+ GaAs layer for one leg and an Au interconnect for the
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Figure 6. Temperature distribution with ANSYS.

second leg at the hot junction, and a temperature difference is
maintained between the hot junction and the cold junction, and
then a dc voltage is developed between the dc pads at the cold
junction. The thermocouples connected in series constitute
a thermopile. The longer the length of the thermopile, the
higher the sensitivity, but the response time and the thermal
resistance increase. The greater the number of thermocouples
in the thermopile, the higher the sensitivity, but the thermal
radiation loss and the thermal noise increase. According to
equation (2), the sensitivity of the microwave power sensor is
represented as
Vout nNS
= (a1 —2)
Puiss e2P

where «; and o are the Seebeck coefficients of GaAs and Au,
respectively, 71 is the efficiency of energy absorption for the
CPW, S is the area of the thermopile and P = ﬁ, and it
determines the decline rate from the peak speed of thermopile
temperature.  According to equation (7), the length and
number of the thermopile are optimized as shown in figure 7.
The optimal values of the thermopile length and number are
150 um and 12 pairs, respectively. A trade-off has to be
made between the microwave performance and the thermal
performance of the sensor for the distance of the thermopile
away from the load resistor. The distance is designed to be
10 pm.

The process steps of the power sensor are briefly described
as follows.

S =

tanh(pL), 7)

(1) The thickness of the GaAs supporting layer is 500 pum.
AlGaAs thin film and n+ GaAs are epitaxially grown.
The AlGaAs thin film is used as the etch-stop layer. The
n+ GaAs is made of a 2500 A thick epitaxial layer for
one leg of the thermopiles with a Seebeck coefficient of
200 uV KL,
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Figure 7. Optimal parameters for the thermopile.

(2) The AuGeNi/Au layer is sputtered for the second leg
of the thermopiles by using a lift-off process through
evaporating the 500/2200 A thickness. The role of the
AuGeNi/Au layer is to form an Ohmic contact [12] with
the n+ GaAs. An important issue in the design is to
keep the Ohmic resistance of the thermopiles as low as
possible since it determines the signal to noise ratio and
the dynamic range of the sensor.

(3) The load resistor is made by using a lift-off process
through depositing a TaN layer with a square resistance of
25 /0. The width of the load resistor is 14.5 um since
the slot of the CPW is fixed at 58 pum.

(4) A 500/1500/300 A Ti/Au/Ti seed layer is sputtered and
patterned. The role of the Ti/Au/Ti seed layer is to
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enhance the adhesion between the Au and the substrate
and prevent the Au from giving off when bonding.

(5) After removing the top Ti layer, the transmission lines of
the CPW are formed through electroplating a 2 pm thick
Au layer.

(6) The substrate thickness is reduced to 100 pm.

(7) The substrate is etched back to the AlGaAs layer.

The process steps of the power sensor are shown in
figure 8. The SEM image of the power sensor is shown in
figure 9.

4. Measurements

The power sensor is measured at different input powers and
different microwave frequencies. First, in order to obtain an
estimate of the input mismatch error of the power sensor,
the return loss is measured. Second, in order to obtain the
frequency dependence characteristic of the power sensor, a
frequency dependence measurement is taken. Third, in order
to obtain the sensitivity of the power sensor, the sensitivity
before amplification is measured. Fourth, in order to obtain
the sensitivity of the power sensor after amplification, the
sensitivity measurement after amplification is finished.

4.1. Return loss measurement

Return loss of this power sensor is measured using a network
analyzer and a Cascade Microtech 1200 probe station. These
are used to determine the input mismatch error over the
entire frequency (0-20 GHz) range. The measurement results
include parasitic effect of the pad and underlying substrate,
and it is below —26 dB over the entire frequency range as
shown in figure 10. This reflects that the power sensor has a
good match characteristic.

4.2. Frequency dependence measurement

For a frequency dependence measurement, the microwave
signals are applied to the power sensor with a frequency in
the range of 1 to 20 GHz at 10 dBm, and the output voltage
is recorded as shown in figure 11. Due to the electromagnetic
coupling loss of the CPW at microwave frequencies [13], the
power absorbed by the load resistor is not the ideal input power.
As the frequency increases, the CPW suffers from dispersion
loss caused by air—dielectric material discontinuity which is
inherent to substrate-supported transmission lines. In addition,
in the microwave frequency range [ 14], the load resistor is not a
pure resistor due to the parasitic effect, which includes parasitic
capacitance and parasitic inductance. The capacitance and the
inductance will store some microwave power. The microwave
power stored is not used by the load resistor, which is the
reason why the parasitic loss of the load resistor exists.
Furthermore, the parasitic loss of the load resistor increases
with the microwave frequency. So the output voltages result
in unwanted frequency-dependent losses. As the power
loss increases with the microwave frequency, the microwave
power absorbed by the load resistor decreases. So the output

(@)
AuGeNi/Au

)

(d)

0D

(8)

Figure 8. Process steps during fabrication: (a) epitaxial growth of
AlGaAs thin film and n+ GaAs, (b) sputtering of AuGeNi/Au,

(¢) deposition of TaN, (d) sputtering of Ti/Au/Ti, (e) electroplating
of Au, (f) subtraction of substrate, (g) etching back.

voltage decreases with the microwave frequency as shown in
figure 11.
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Figure 9. SEM image of the power sensor.
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Figure 10. Measured return loss versus frequency characteristics.

4.3. Sensitivity measurement before amplification

For a sensitivity measurement of this power sensor before
amplification, the microwave signals are applied to the power
sensor with a power in the range of 0 to 17 dBm (50 mW)
at 5, 10 and 15 GHz, and the output voltage is recorded.
The measurement results are shown in figure 12. The output
voltage increases with the input microwave power. The output
voltage results in unwanted frequency-dependent losses due to
the electromagnetic coupling loss of the CPW and the parasitic
loss of the load resistor. Especially, when the input microwave
power increases, the differences become larger. The sensitivity
is about 0.29, 0.24 and 0.22 mV mW~"! at 5, 10 and 15 GHz,
respectively. The results of the sensitivity are of the same order
of magnitude between the measurement and the simulation, so
the model in section 2 has a reference value to estimate the

4.0
L ]
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Power=10dBm
35 - LY
‘I

s .
E n
; 3.0 | “m
o L]
£
S .

25 | p "a

.
m
..
.
2.0 " 1 " 1 " 1 " 1 " L " 1 " 1 " 1 " 1 M L

0 2 4 [ 8 10 12 14 16 18 20
Frequency (GHz)

Figure 11. Measured frequency dependence of the output voltage.

sensitivity. The measurement results show that the power
sensor has good linearity.

4.4. Sensitivity measurement after amplification

As the output signal of the microwave power sensor is
relatively weak, in order to facilitate the signal processing
of the following circuit, the weak signal of the power sensor
needs to be amplified. The amplification system consists of an
amplifier circuit, a low-pass filter circuit and a printed circuit
board as shown in figure 13. The gain of the amplifier circuit
is designed to be 500, and the cut-off frequency of the low-
pass filter circuit is 50 Hz. The measurement result of the
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Figure 12. Measured output voltage versus input power
characteristics before amplification.

amplification system is shown in figure 14. The input voltage
is 19.2 mV and the output voltage is 10.4 V. The gain of the
amplification system is about 540.

The insets in figures 15(a)—(c) show the output voltage of
the power sensor before amplification at the same frequency
with the output voltage of the power sensor after amplification
in figures 15(a)-(c). The measurement results at 10 GHz
are shown in figure 15(a). The output voltage increases
with the input power. When the input power is within 50 mW,
the output voltage has good linearity. However, when the
input power is more than 50 mW, the linearity of the output
voltage becomes bad. The main reason is that the operational

File  Edit  Vertical HorizfAcq  Trig

Display

Cursors

i/

fe
Power sensor

Cmmeye: By oLB
X08n.)

Amplification system

Figure 13. The printed circuit board of the system.

amplifier in the amplification system would reach saturation
when the input power is more than 50 mW. Within 50 mW,
the measurement results at 5 and 15 GHz are shown in
figures 15(b), (c). The output voltage of the power sensor
ranges from 0.64 to 15.2 mV at 5 GHz. After amplification, the
output voltage of the amplification system ranges from 0.19 to
6.56 V. The gain is about 437.5, and the sensitivity is increased
to 1274mV mW~'. At 15 GHz, the output voltage of the power
sensor ranges from 0.57 to 11.69 mV. After amplification,
the output voltage of the amplification system ranges from
0.146 to 5.02 V. The gain is about 438, and the sensitivity is
increased to 974.8 mV mW ~!. The measurement results show
that the amplification system can amplify the output weak

Measure  Math Help

Utilities
09 2

[Buttons |

Figure 14. The measurement result of the amplification system.
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Figure 15. Measured output voltage versus input power
characteristics after amplification. (a) The measurement result at

10 GHz. (b) The measurement result at 5 GHz. (c¢) The
measurement result at 15 GHz.

signal of the power sensor well and have good linearity within
50 mW.

5. Conclusion

A terminating-type MEMS microwave power sensor and
its amplification system are presented in this paper. The
SPICE model is introduced to simulate the temperature
distribution of this power sensor. This power sensor is
designed and fabricated using MEMS technology and the
GaAs MMIC process. The return loss measurement reflects
that the power sensor has a good match characteristic. The
amplification system consists of an amplifier circuit and a
low-pass filter circuit, and the measurement results show that
the amplification system can amplify the output weak signal
of the power sensor well and have good linearity.
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