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Abstract: In this paper, we have designed, analyzed, and characterized a hybrid-type MEMS device
for X-band phase shift measurement. The signal related to a phase shift of the inputs is fraction-
ally in-line coupled by a MEMS beam and delivered to a thermoelectric power sensor, where the
phase is ultimately converted into DC voltage output. With the hybrid of the MEMS beam and
the thermoelectric power sensor, both in-line detection process and phase-DC voltage conversion
is reserved, which is a benefit for large power capacity, good linearity property, and high-level
integration density. In order to get a deep insight into the physical mechanisms involved in the
phase detection process, a comprehensive analysis model is presented. The beam is modeled as a
precise RLC circuit component, where the capacitance is related to the input power. The fabrication is
compatible with GaAs monolithic microwave integrated circuit (MMIC) technology. Experimental
results show that return loss is smaller than−11.3 dB and isolation is better than−9.3 dB over X-band.
Phase shift detection from 0 to 180 degrees is verified for a large power range of 200–1600 mW
(23–32 dBm). The perfect linearity property of the phase-detection sensitivity is demonstrated in
the same power range. Low intermodulation distortion is also confirmed through measurement.
It is revealed from the comparison between this work and other published results in the literature
that this presented hybrid-type structure shows superiorities in both power handling ability and
phase-detection linearity. It can be adopted in medium power signal applications with a high level
of integration.

Keywords: microwave wave detection; micro-electromechanical systems (MEMS); phase shift
measurement; thermoelectric sensor

1. Introduction

The characterization of phase angles of the microwave signal is at the base of many
communication applications, such as frequency synthesizers, modulators, demodulators,
and phased-array transceivers [1–3]. The basic implementation method for phase angle
measurement is based on evaluating the relative phase shift between the test signal and the
reference signal in two different channels and converts the phase information into other
kinds of signals that are easy to detect and read out. To date, many designs for phase
measurements have been proposed through solid-state circuits with diodes, multipliers,
and mixers [4–7], and magnetic tunnel junctions [8,9], et al.

For the last few decades, radio frequency devices based on micro-electromechanical
system (MEMS) technology, known as RF MEMS devices, have demonstrated significant
preponderance compared to traditional solid-state devices [10]. Especially, compared to the
above-mentioned counterparts, phase detectors based on MEMS technology feature many
advantages in terms of low power consumption, small occupied size, and a high-quality
factor. Distinguished by the signal conversion method and the output form, previous RF
MEMS devices for phase measurement in literature can be classified into two categories.
The first one is named the terminated-type phase detector established by a power combiner
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cascaded with a thermoelectric sensor [11,12]. The signal at the combined port which
contains phase information would be directly absorbed by the thermopiles, partly converted
into DC voltage while the rest dissipated in the substrate. This DC voltage can be fed
directly to a voltage-controlled oscillator at a phase-locked loop platform, which helps
to eliminate the use of a low pass filter, decrease the circuit complexity and improve the
integration density of the system. However, these terminated-type phase detectors present
drawbacks on linearity degradation, risk of over-burning, and limited power handling
ability due to impressive temperature rise in the substrate under high input power [13].
For the second type, which operates in an in-line manner, a capacitive sensor based on
a MEMS beam serves as a substitution for the thermoelectric sensor [14]. Different from
the terminated-type phase detectors, where the input signal is totally consumed by the
thermoelectric power sensor, the in-line manner means the device can couple a certain
percentage of the transmitted microwave signal from the signal line for detection, while the
rest of the microwave signal can be reused after detection or transmit to the back-end circuit.
In the in-line type phase detector, the signal is fractionally coupled in an in-line manner by
the capacitive beam, and the phase is eventually obtained by measuring the capacitance
change caused by the displacement of the beam. This in-line method can expand the
dynamic range and overcome the over-burning issue. Nevertheless, the linearity is still
limited due to the nonlinear response of the beam under large input. Moreover, as the
capacitance is internally inserted under the beam, it is more difficult to be integrated with
other circuits. Thus, neither of the two kinds of RF MEMS phase detectors can satisfy
special and synthetical application occasions, where in-line detection process, DC output,
large power capacity and linear range, and high-level integration capability are required.

In order to seek a way to address the above issue, a new design of a hybrid-type RF
MEMS phase detector is presented in this paper. The hybrid of a cantilever MEMS beam
and a thermoelectric sensor is utilized and cascaded after a power combiner. The reference
signal and the test signal with phase shift are injected into the detector through the power
combiner. The cantilever MEMS beam functions to couple certain combined energy to the
thermoelectric sensor, where the phase difference would be ultimately converted into DC
voltage. Therefore, both the in-line detection procedure and DC voltage output are reserved.
Moreover, as only fractional power is fed to the thermoelectric sensor, improved power
handling ability and linearity property can be obtained. A comprehensive and precise
analytical model is proposed to fully demonstrate the working principle of the presented
structure. The cantilever beam is modeled as a RLC component, where the capacitance is
related to the input power. Experiment results indicate that the phase detector can cover a
bandwidth of 8–12 GHz (X-band) with return loss better than −11.3 dB and isolation better
than −9.3 dB. The detection is capable of handling a phase range of 0–180◦ and a power
range of 200–1600 mW (23–32 dBm). Detection sensitivity (DC output vs. phase shift)
shows good linear and positive correlation with the input power. Both improved power
capacity and enhanced linearity property are demonstrated compared with previously
reported phase detectors. The application of this proposed structure lies in phase evaluation
and calibration for medium power signal applications.

2. Design, Analysis, and Fabrication
2.1. Design and Analysis

As depicted by the schematic diagram in Figure 1, the presented hybrid-type RF
MEMS phase detector is architected in cascaded form by three parts: a power combiner,
a cantilever MEMS beam suspended over the combined port of the power combiner,
and a thermoelectric sensor cascaded at the fixed edge of the cantilever beam. In the
power combiner, two channels (port 2 and port 3) with coplanar waveguides (CPWs) and
asymmetrical coplanar strip lines (ACPSs) are provided for the test signal and the reference
signal, resulting in a combined power related to the phase shift between them. Capacitors
C1, C2, and C3 and resistor R inserted at the ACPSs function as efficient tools for size
minimization and port isolation [15]. On the one hand, as the cantilever beam and the
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transmission line underneath can be regarded as a plate capacitor, part of the combined
signal would be coupled by this capacitor and delivered to the thermoelectric sensor. The
coupling capability is determined by the magnitude of the capacitance. On the other hand,
the rest part of the combined signal would still transmit in an in-line way to the output port
(port 1). Owing to this implementation, an in-line detection procedure is realized and the
phase shift between the test and reference signal is eventually converted into a DC voltage
output. Moreover, as only a fractional signal is utilized for phase characterization, the
power at the thermoelectric sensor is much smaller than traditional terminated-type phase
detectors. This means the presented phase detector can sustain a much higher power of
the input. Thus, improved power handling ability and linearity property can be expected.
Structure parameters of the presented hybrid-type phase detector are given in Table 1.

Figure 1. Schematic diagram of the proposed hybrid-type phase detector.

Table 1. Structure parameters of the proposed phase detector.

Element Name and Character Value and Unit

Dimensions of the CPW (G/W/G) 58 µm/100 µm/58 µm

Dimensions of the ACPS (G1/W1/S) 70 µm/40 µm/90 µm

Width of the beam (wb) 100 µm

Initial height of the beam (g0) 1.6 µm

Capacitance of C1, C2 and C3 0.16 pF, 0.16 pF and 0.32 pF

Resistance of R, R1 and R2 100 Ω, 100 Ω and 100 Ω

Length of thermopiles 150 µm

Number of the thermocouples 10 pairs

Total area of the structure 2556 µm × 960 µm

As mentioned above, the presented hybrid-type phase detector involves a series
of physical mechanisms and signal conversion processes including signal transmission,
capacitance coupling, and thermoelectric conversion. In order to fully explain the behavior
of the presented phase detector, each part of the structure is investigated and analyzed in
detail. The variables V2, V3 and Vc are the rms voltages of the test signal, the reference
signal, and the combined signal, respectively. The relationship between them can be
deduced by the vector combination principle as given in Equation (1).

Vc =

√(
1√
2

V2

)2
+

(
1√
2

V3

)2
+ V2V3 cos ∆ϕ (1)
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The corresponding power of the test and the reference signals injected into port 2 and
port 3 are characterized by magnitude P2 and P3, respectively. The combined power Pc
obtained by the power combiner can be expressed by Equation (2).

Pc =
1
2
(P2 + P3) +

√
P2P3 cos(∆ϕ) (2)

where ∆ϕ is the phase shift between the two inputs. The cosine relationship between
phase shift ∆ϕ and combined power Pc is revealed, and the combined power reaches its
maximum value when the two inputs are in-phase, while a minimum value can be observed
for signals that are anti-phase. When the two input signals are characterized by the same
magnitude Pin, the expression in Equation (2) can be simplified as Pc = Pin(1 + cos(∆ϕ)).

According to the above analysis, when the combined power transfers through the
transmission line beneath the cantilever beam, the power would be partly coupled out
by the beam. The coupling capability relies on the capacitance between the beam and
the signal line underneath. In Ref. [16], the coupling capacitance and coupling parameter
are both regarded as a stable value, which couples a fixed percentage of the transmitted
microwave power. As the beam would be actuated by the transmitted power and deviate
from the initial position [10], the capacitance between the beam and the transmission line
changes with the input power. Therefore, an increase in the input power will lead to an
enhanced coupling capability.

In order to investigate the relationship between input power, deviation of the beam,
and coupling capability of the beam, an equivalent circuit model of the beam and the
transmission line underneath is established, depicted in Figure 2. It can be regarded as
a three-port system, where port 1′ and port 2′ are the two ends of the transmission line,
respectively, and port 3′ represents the cantilever beam for coupling. The superscript is
utilized to distinguish from the port of the presented phase detector illustrated in Figure 1.
The input signal at port 1′ is the combined power Pc from the power combiner, fractional
power is coupled by the beam and delivered to the thermoelectric sensor connected at
port 3′, while the other part is transmitted in an in-line manner through port 2′. The beam
can be equivalent to a RLC component, where C is the parallel plate capacitance, L is the
inductance and Rs is the series resistance of the beam. Expression for beam impendence Zb
is given in Equation (3).

Zb =
1

jωC
+ jωL + Rs (3)

Figure 2. Equivalent circuit of the cantilever beam and the transmission line underneath.

For MEMS beams working in the microwave region, typical values for Rs are 0.1–0.2 Ω,
and the inductance L is in the order of pH. The theoretical value for the inductance L is [17]

L = 2s[ln(
2πs
w

)− 1 +
w
πs

] (4)
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where s is the distance between the edge of the signal line and the anchor of the beam.
The displacement of the beam is determined by the equilibrium state when the elec-

trostatic force between the beam and the signal line equals the restoring force of the beam.
The relationship governing the input power Pc and the beam deviation can be deduced by
transmission line theory [18], as expressed by Equation (5).

Pc =
kx

2ε0 AZ0Z2 (g0 − x)2(2Zb + Z0)
2 (5)

where k is the elastic coefficient of the beam, g0 is the initial beam height, x is the beam
deviation from the initial place, A is the overlap area of the beam and the transmission line
underneath, Z0 is the characteristic impedance of the CPW which is 50 Ω in this design.

Based on the mathematic analysis of Equation (5), the deviation and position of the
beam can be obtained. Figure 3 gives the calculated plot of the beam height versus input
power at 10 GHz. It is illustrated by the plot that “pull-in” happens at approximately 2/3
of the initial beam height, which is in accordance with the theory [10]. Moreover, linear and
positive correlation between the beam deviation and the input power is revealed before the
pull-in state. The variation of the parallel plate capacitance C under different power levels
can also be obtained, presented in the insert of Figure 3. It is verified that the input power
does have a non-negligible effect on the capacitance caused by the beam, especially under
higher input.

Figure 3. The calculated plot of the beam height under different power levels and the capacitance
chance versus the input power.

Assuming that the displacement of the membrane flows in a one-dimensional model,
the coupling capacitance can be expressed by

Cc = C + Cf =
ε0 A

g0 − x
+ Cf (6)

where Cf represents the fringing capacitance which is about 20–60% of the parallel plate
capacitance. Combining Equations (5) and (6), we can obtain the coupling capacitance
under different input power levels.

According to the above analysis, the coupling capacitance increases with the input
power, which would result in a variable coupling capability under different input power.
To evaluate the coupled power by the coupling capacitance, an S-parameter model is
needed for the three-port system in Figure 2. The return loss S11 at port 1′, insertion loss
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S21 between port 1′ and port 2′, and S31 representing the coupling capability of the beam
can be deduced through transmission line theory, presented by Equations (7)–(9).

S11 = − Z0

2Zb + 3Z0
= − Z0

2
(

Rs + j
(

ωL− 1
ωCc

))
+ 3Z0

(7)

S21 = 2
Zb + Z0

2Zb + 3Z0
= 2

Rs + j
(

ωL− 1
ωCc

)
+ Z0

2
(

Rs + j
(

ωL− 1
ωCc

))
+ 3Z0

(8)

S31 =
2Z0

2Zb + 3Z0
=

2Z0

2
(

Rs + j
(

ωL− 1
ωCc

))
+ 3Z0

(9)

The frequency spectrum of S-parameters (S-parameter vs. freq.) is given in Figure 4a
for the initial beam state. Broadband property is demonstrated within X-band. Besides, the
relationship between S-parameters and coupling capacitance (S-parameter vs. cc) is also
given. It is shown from Figure 4a that the microwave performance deteriorates gradually
both with the increase of the frequency and the coupling capacitance. This is primarily
because of the dielectric loss in the substrate and the impedance mismatching caused by the
deviation of the beam. By defining the coupling parameter Cp as the power ratio between
the coupled power Pcp at port 3′ and the input power Pc in port 1′, it can be evaluated by
S31 as

Cp =
Pcp

Pc
= |S31|2 (10)

Figure 4. (a) Frequency spectrum of S-parameters and the relationship between S-parameters and
coupling capacitance; (b) calculated plot of the coupling parameter versus input power.

Combining Equations (5), (9) and (10), we can obtain the plot of the coupling parameter
versus the input power, presented in Figure 4b.

The thermoelectric sensor which functions to convert the coupled power into a DC
voltage output, is connected at the end of the beam through two load resistors and a
section of transmission line. When the power coupled by the beam is introduced to the
transmission line, it will be absorbed by the load resistors and converted into heat. As
the heat conducts inside the thermoelectric sensor, a temperature gradient results along
thermopiles. The two terminals of one thermocouple, distinguished by high and low
temperatures, are generally called hot and cold junctions, respectively. According to the
Seebeck effect, a DC voltage proportional to the temperature difference summation of
all hot and cold junctions will be generated at the output pads. According to the above
analysis, only a small portion of the input power is coupled by the beam and delivered to
the load resistors, the thermoelectric power sensor can sustain a much higher input power
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level while still maintaining its linear detection behavior. Therefore, the power handling
ability and linear property can be improved. The output DC voltage Vo can be expressed
by the following equation.

Vo = (α1 − α2) · Pcp ·
N

∑
i=1

∫ ri
h

ri
c

1
λA(r)

dr = S · Pcp (11)

where α1 and α2 are Seebeck coefficients of the two arms in the thermopiles, respectively,
Pcp is the coupled power delivered to the load resistors which is converted to heat flow,
N is the total number of the thermocouples, the integral term of 1/λA(r) represents the
thermal resistance, and S is the sensitivity of the thermoelectric power sensor defined by
output voltage versus input power.

As illustrated in Figure 5a, an equivalent circuit model is also established for the ther-
moelectric sensor. According to analogies between thermal and electrical domains [19,20],
heat flow and thermal resistance can be represented by electrical current and lumped resis-
tor, respectively. As load resistors under microwave application are no longer pure resistors,
parasitic elements should be taken into account and a certain amount of the input power
will be stored inside them. Besides, the Seeback effect is modeled as a voltage-controlled
voltage source. The temperature of hot, and cold junctions and the total temperature
difference, symbolized by voltage in the circuit, can be predicted by computer-aided circuit
simulators, such as Advanced Design System (ADS). For a thermoelectric sensor with 10
pairs of thermocouples, the simulated temperatures of the hot and cold junctions at 10 GHz,
200 mW are plotted in Figure 5b,c.

Figure 5. (a) Equivalent circuit model of the thermoelectric sensor, simulated temperature of (b) hot
junctions and (c) cold junctions.

Based on the above analysis, the relationship between phase difference ∆φ and the
output DC voltage Vo can be eventually demonstrated by the following formula.

Vo = S|S31|2
[

1
2
(P1 + P2) +

√
P1P2 cos(∆ϕ)

]
(12)

For both in-line type and terminated-type RF MEMS detectors, the phase detection
sensitivity degrades with the increase of the input power. This is primarily because of the
nonlinear response of the beam under high power level [21] and the thermal conductivity
of the GaAs substrate decreases at high temperature. However, for the hybrid-type phase
detector presented in this work, the cantilever beam, and the thermoelectric sensor function
separately. The coupling capability increases with the input power, while the power fed to
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the thermoelectric sensor is much smaller than the terminated-type phase detector under
the same input power. Therefore, a larger power capacity and enhanced linearity property
can be expected.

2.2. Fabrication

The proposed hybrid-type phase detector is fabricated using GaAs monolithic mi-
crowave integrated circuit (MMIC) process. SEM photograph of the fabricated hybrid-type
MEMS phase detector is presented in Figure 6. The total occupied size is about 2.45 mm2.
Manufacturing processes developed for this structure are described as follows.

Figure 6. Scanning electron microscope (SEM) photograph of the proposed hybrid-type phase
detector.

(a) The transmission lines and the electrode pads are fabricated by evaporating an Au
layer and an adhesive AuGeNi/Au layer. Then Ti/Au/Ti seed layer is evaporated
and patterned. After that, the top Ti layer is removed.

(b) The two arms of the thermopiles are made of N+ GaAs and Au, respectively. Specifi-
cally, N+ GaAs is fabricated using the ion implantation method, and Au is sputtered
with a lift-off process.

(c) Resistors are made by the TaN layer through depositing. The square resistance of the
material is 25 Ω/square.

(d) In order to manufacture the cantilever MEMS beam, a sacrificial layer of polyimide is
firstly patterned. Then Au is etched to form the beam. The sacrificial layer is removed
after that.

(e) Finally, in order to reduce the power dissipated inside the substrate, the substrate un-
derneath the load resistors and the thermopiles is back-etched through dry
etching technology.

3. Experiments and Discussions

To evaluate the overall property of the proposed hybrid-type phase detector, measure-
ments of microwave performance and phase shift detection capability are conducted.

3.1. Microwave Performance

S-parameters of the presented phase detector are measured by a vector network
analyzer. Measured results between the in-line output port (port 1) and the two input ports
(port 2 and port 3) are plotted in Figure 7. As shown, return loss S11 is less than −11.3 dB
over X-band and reveals a minimum value −19.6 dB at about 9.6 GHz. Insertion loss S31 is
around −4.3 dB, which includes the intrinsic loss of the power combiner and the cantilever
beam. In addition, the isolation S23 between the two input ports for the test signal and the
reference signal is revealed to vary from −9.3 to −15.1 dB within the band of interest.
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Figure 7. Measured results of S11, S31, and S23.

3.2. Phase Detection

The phase-detection capability of the proposed structure is tested with a probe station,
signal generator, power splitter, phase shifter, low noise amplifier, and voltmeter. The
signal provided by the signal generator is divided into two paths by the power splitter. The
amplifier is utilized to amplify the signal for enough magnitude. Phase shift is introduced
between the two paths by the phase shifter. According to the above analysis, once the
two signals are injected into the phase detector, a DC voltage would be generated by the
thermoelectric sensor. Consequently, the phase shift can be deduced from the voltage
detected by the voltmeter.

It should be noticed that the power injected into each input port should be smaller
than half of the maximum power that the beam can handle. Figure 8a shows the measured
output voltage versus phase difference at 10 GHz. The magnitude of the injected power
at each input port varies from 200 mW (23 dBm) to 1600 mW (32 dBm), while the phase
shift, which is controlled by the phase shifter, ranges from 0 to 180◦. As depicted, each plot
reveals a cosinoidal relationship between the output DC voltage and the phase shift of the
two input signals, which is in accordance with the theoretical analysis. Figure 8b gives the
normalization of the measured result at 1200 mW, 10 GHz together with the theoretical
cosine function. As can be seen, the two plots match well and show little discrepancy with
each other.

Figure 8. (a) Measured output voltages versus phase shift for different input power; (b) comparison
between normalized measured results and theoretical cosine function.

A linear relationship can be found for phase shift from 45 to 135◦, which is generally
used to characterize the detection sensitivity. The phase-detection sensitivity of 8, 10, and
12 GHz are displayed in Figure 9a. The sensitivities are all better than 8.04, 15.30, 28.18,
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41.39, and 54.49 µV/deg at 200, 400, 800, 1200, and 1600 mW input power at 10 GHz,
respectively. More importantly, the slope of the plot keeps stable which guarantees the
linearity between the phase detection sensitivity and the input power. A slight decrease
in sensitivity can be observed for a fixed input power when the frequency deviates from
10 GHz, and this can be attributed to the microwave performance becoming worse at the
corresponding frequencies. Furthermore, the response time of the thermoelectric output
during phase detection is measured. The response time is typically calculated by the
average of the rise time and the fall time, which is defined by the time interval it takes
between 10% and 90% of the maximum output. For the input of 500 mW, the response time
is about 433 µs as presented in Figure 9b. As the response time relies on the time when
thermal equilibrium is reached, it takes longer than electric signal transmission in other
circuit technologies.

Figure 9. (a) Phase-detection sensitivities at 8, 10, and 12 GHz for different input power; (b) measured
response time of the phase detector.

Based on the above measurements, the proposed phase detector has been proven to
have larger power capacity and perfect linearity property for power levels up to 1600 mW
when the frequencies of the two inputs are equal. However, in certain application scenar-
ios, input signals are characterized by different frequencies, f 1 and f 2. In this case, the
two signals modulate with each other and the in-line output signal would include several
other sidebands except the fundamental frequency. Third-order intermodulation distortion
(IM3) products, characterized by frequencies (2f 1 − f 2) and (2f 2 − f 1), are the ones close to
fundamental frequency and influence the output frequency spectrum most [22–24]. There-
fore, the IM3 property of the presented structure is also verified through measurement
in this paper. Two signal generators are used in the experiment to produce signals with
frequency interval ∆f and injected into the phase detector. After that, the output signal
in the in-line output port is delivered to a spectrum analyzer. The magnitude of the IM3
components and the fundamental frequency input are recorded in Figure 10. The IM3
components show an increase with the input power, but its magnitude is negligible for
small input signals. The third-order intercept point (IIP3), where the magnitude of the IM3
product equals the fundamental signal, can be obtained graphically by plotting the output
power versus the input power, as depicted in Figure 10. A ∆f of 10 kHz derives an IIP3 of
33.34 dBm and a ∆f of 20 kHz derives an IIP3 of 38.40 dBm. It can be revealed from the
measurement that the interferers generated by the presented phase detector are quite small.
Therefore, it is able to handle an interference-rich environment with enough linearity.
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Figure 10. IM3 product versus frequency interval at different input power.

Table 2 presents the comparison between this work and other published results in the
literature. Ref. [5] is about a phase detector based on a graphene transistor, and Ref. [7]
is about a phase detector based on a multiplier and fabricated with printed circuit board.
Refs. [11,12] are RF MEMS phase detectors. Compared with other technologies, one of the
advantages of MEMS-based phase detectors is that no power supply is needed. This will be
a benefit for low power consumption applications. The power capacity and linearity region
are less discussed in multipliers and other CMOS-based phase detectors, for they are usually
applicable in low power situations. Thus, we didn’t find relevant data in the mentioned
reference. In the aspect of phase-detection range, a common approach to realize −180~180◦

non-ambiguous phase detection is by using two or more channels to provide extra phase
difference between different channels, as provided in Refs. [7,11], which would lead to
a large occupied area. It should also be mentioned that, for the aim of improved power
capacity and linearity range, the presented phase detector only couples a small portion of
input power for phase detection, thus it is reasonable that the sensitivity is smaller than
other detectors. The typical response time of a MEMS device with thermoelectric power
sensors is several hundreds of a microsecond. In general, compared with other published
results, the proposed phase detector in this work declares improved power handling ability
and linearity range, small occupied size, and acceptable sensitivity.

Table 2. Comparison between this work and other published results.

Ref. Freq.
(GHz)

Phase Range
(deg)

Max.
Power

Linearity
Range Sensitivity DC

Supply (V)
Size

(mm2)
Response
Time (µs)

[5] 10−4 −90–90 N/A N/A 0.12 mV/deg 1.8 N/A N/A

[7] 2.6–6 −180–180 −3 dBm N/A 0.14 mV/deg
(−5 dBm) 4 N/A N/A

[11] 8–12 −180–180 36 dBm 21–26 dBm 36 µV/deg
(27 dBm) 0 26.2 404

[12] 6–12 0–180 30 dBm N/A 83.7 µV/deg
(27 dBm) 0 >3.7 460

This work 8–12 0–180 32 dBm 23–32 dBm 21.7 µV/deg
(27 dBm) 0 2.45 433

4. Conclusions

In summary, a hybrid-type RF MEMS phase detector is presented in this paper. Both
the in-line detection process and DC voltage output are reserved by the hybrid of a MEMS
beam and a thermoelectric sensor cascaded after a power combiner. During the phase eval-
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uation process, only fractional power is coupled by the beam and fed to the thermoelectric
sensor, while the rest can transmit to subsequent circuits for reuse. Therefore, the structure
can sustain much higher input power, avoid burning out, and maintain its linear behavior.
Measured results show that return loss is smaller than −11.3 dB over X-band. Besides, the
proposed structure is capable of handling a phase shift of 0–180◦ for 200–1600 mW input
power level with perfect phase-detection linearity. Moreover, low intermodulation is also
verified. Improved power handling ability, enhanced linearity property, and high-level in-
tegration capability are demonstrated by the presented structure. The potential application
of this design lies in medium power signal microwave systems.

Author Contributions: J.H. proposed the study and performed the experiments. The final manuscript
was approved by J.H. and D.D. All authors have read and agreed to the published version of
the manuscript.

Funding: This work was supported by the National Natural Science Foundation of China, No.
61801224, and the Fundamental Research Funds for the Central Universities, No. 30919011276.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Golestan, S.; Guerrero, J.M.; Vasquez, J.C. Three-phase PLLs: A review of recent advances. IEEE Trans. Power Electron. 2016,

32, 1894–1907. [CrossRef]
2. Lehto, A.; Tuovinen, J.; Boric, O.; Raisanen, A. Accurate millimeter wave antenna phase pattern measurements using the

differential phase method with three power meters. IEEE Trans. Antennas Propag. 1992, 40, 851–853. [CrossRef]
3. Gheidi, H.; Banai, A. Phase-noise measurement of microwave oscillators using phase-shifterless delay-line discriminator. IEEE

Trans. Microw. Theory Tech. 2010, 58, 468–477. [CrossRef]
4. Stec, B.; Recko, C. Broadband microwave phase detector with diode ring. In Proceedings of the 13th International Conference on

Microwaves, Radar and Wireless Communications. MIKON–2000. Conference Proceedings (IEEE Cat. No. 00 EX428), Wroclaw,
Poland, 22–24 May 2000; Volume 1, pp. 65–68.

5. Yang, X.; Liu, G.; Rostami, M.; Balandin, A.; Mohanram, K. Graphene ambipolar multiplier phase detector. IEEE Electron Device
Lett. 2011, 32, 1328–1330. [CrossRef]

6. Pérez, B.; Pulido, V.A.; Perez-Mato, J.; Cabrera-Almeida, F. 360◦ phase detector cell for measurement systems based on switched
dual multipliers. IEEE Microw. Wirel. Compon. Lett. 2017, 27, 503–550. [CrossRef]

7. Pérez-Díaz, B.; Araña-Pulido, V.; Cabrera-Almeida, F.; Dorta-Naranjo, B.P. Phase Shift and Amplitude Array Measurement System
Based on 360◦ Switched Dual Multiplier Phase Detector. IEEE Trans. Instrum. Meas. 2021, 70, 1–11. [CrossRef]

8. Fan, X.; Kim, S.; Kou, X.; Kolodzey, J.; Zhang, H.; Xiao, J.Q. Microwave phase detection with a magnetic tunnel junction. Appl.
Phys. Lett. 2010, 97, 212501. [CrossRef]

9. Zhang, L.; Cai, J.; Fang, B.; Zhang, B.; Bian, L.; Carpentieri, M.; Finocchio, G.; Zeng, Z. Dual-band microwave detector based on
magnetic tunnel junctions. Appl. Phys. Lett. 2020, 117, 072409. [CrossRef]

10. Rebeiz, G.M. RF MEMS: Theory, Design and Technology; John Wiley & Sons: Hoboken, NJ, USA, 2004.
11. Yan, H.; Liao, X.P.; Hua, D. A four-port microwave phase detector at X-band based on MEMS power sensors. IEEE Sens. J. 2017,

17, 2029–2035. [CrossRef]
12. Chu, C.; Liao, X.; Li, C.; Chen, C. A Micro-machined phase discriminator with improved power capacity on C-band and X-band.

IEEE Sens. J. 2019, 19, 2133–2139. [CrossRef]
13. Wang, D.-B.; Liao, X.-P. A novel MEMS double-channel microwave power sensor based on GaAs MMIC technology. Sens. Actuat.

A Phys. 2012, 188, 95–102. [CrossRef]
14. Han, J.; Chen, R. RF MEMS in-line type phase detector with large dynamic range. IEEE Electron Device Lett. 2019, 40, 792–795.

[CrossRef]
15. Scardelletti, M.C.; Ponchak, G.E.; Weller, T.M. Miniaturized Wilkinson power dividers utilizing capacitive loading. IEEE Microw.

Wirel. Compon. Lett. 2002, 12, 6–8. [CrossRef]
16. Wang, D.; Gu, X.; Zhao, J.; Jin, L.; Ji, X. An in-line microwave power detection system based on double MEMS cantilever beams.

IEEE Sens. J. 2020, 20, 10476–10484. [CrossRef]
17. Ulm, M.; Walter, T.; Mueller-Fiedler, R.; Voigtlaender, K.; Kasper, E. K-Band capacitive MEMS-switches. In Proceedings of the

Topical Meeting on Silicon Monolithic Integrated Circuits in RF-Systems, Garmisch, Germany, 28 April 2000; pp. 119–122.
18. Rottenberg, X.; Brebels, S.; De Raedt, W.; Nauwelaers, B.; Tilmans, H.A.C. RF-power: Driver for electrostatic RF-MEMS devices. J.

Micromechanics Microengineering 2004, 14, S43–S48. [CrossRef]
19. Lineykin, S.; Ben-Yaakov, S. Modeling and analysis of thermoelectric modules. IEEE Trans. Ind. Appl. 2007, 43, 505–512. [CrossRef]

http://doi.org/10.1109/TPEL.2016.2565642
http://doi.org/10.1109/8.155754
http://doi.org/10.1109/TMTT.2009.2038452
http://doi.org/10.1109/LED.2011.2162576
http://doi.org/10.1109/LMWC.2017.2690841
http://doi.org/10.1109/TIM.2021.3120132
http://doi.org/10.1063/1.3511328
http://doi.org/10.1063/5.0014881
http://doi.org/10.1109/JSEN.2017.2659802
http://doi.org/10.1109/JSEN.2018.2886173
http://doi.org/10.1016/j.sna.2012.04.030
http://doi.org/10.1109/LED.2019.2904340
http://doi.org/10.1109/7260.975717
http://doi.org/10.1109/JSEN.2020.2994149
http://doi.org/10.1088/0960-1317/14/9/007
http://doi.org/10.1109/TIA.2006.889813


Micromachines 2022, 13, 786 13 of 13

20. Carneiro, J.F.; de Almeida, F.G. Model and simulation of the energy retrieved by thermoelectric generators in an underwater
glider. Energy Convers. Manag. 2018, 163, 38–49. [CrossRef]

21. Li, J.-H.; Liao, X. High-power electro-mechanical behavior of a capacitive microwave power sensor with warped cantilever beam.
Solid-State Electron. 2020, 172, 107877. [CrossRef]

22. Dec, A.; Suyama, K. Microwave MEMS-based voltage-controlled oscillators. IEEE Trans. Microw. Theory Tech. 2000, 48, 1943–1949.
23. Molinero, D.; Aghaei, S.; Morris, A.S.; Cunningham, S. Linearity and RF power handling on capacitive RF MEMS switches. IEEE

Trans. Microw. Theory Tech. 2019, 67, 4905–4913. [CrossRef]
24. Segovia-Fernandez, J.; Piazza, G. Thermal Nonlinearities in Contour Mode AlN Resonators. J. Microelectromechanical Syst. 2013,

22, 976–985. [CrossRef]

http://doi.org/10.1016/j.enconman.2018.02.031
http://doi.org/10.1016/j.sse.2020.107877
http://doi.org/10.1109/TMTT.2019.2945273
http://doi.org/10.1109/JMEMS.2013.2252422

	Introduction 
	Design, Analysis, and Fabrication 
	Design and Analysis 
	Fabrication 

	Experiments and Discussions 
	Microwave Performance 
	Phase Detection 

	Conclusions 
	References

