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Abstract: An amplitude demodulator with a large dynamic range, based on microelectromechanical
systems (MEMS), is proposed in this paper. It is implemented as a cascade of a capacitive and a
thermoelectric sensor. Two types of the transducer can improve the measurement range and enhance
the overload capacity. This MEMS-based demodulation is realized by utilizing the square law rela-
tionship and the low-pass characteristic during the electromechanical and thermoelectric conversion.
The fabrication of this device is compatible with the GaAs monolithic microwave integrated circuit
(MMIC) process. Experiments show that this MEMS demodulator can realize the direct demodulation
of an amplitude modulation (AM) signal with a carrier frequency of 0.35-10 GHz, and cover the
power range from 0 to 23 dBm. This MEMS demodulator has the advantages of high power handling
capability and zero DC power consumption.
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1. Introduction

Modern communication systems generate a huge demand for a large-scale man-
ufacturing process, low power consumption, miniaturization, and new functionalities
with various electronic components. The classical amplitude demodulator for the radio-
frequency (RF) heterodyne receiver is composed of a local oscillator (LO), a mixer, and a
low-pass filter (LPF) [1,2]. Recent advances in micro-electromechanical system (MEMS)
techniques provide new solutions for signal demodulation [3]. Researchers have focused
on the improvement of MEMS electrostatic [4-8] or thermal [9-12] mixer-filters to replace
the traditional mixer and low-pass filter (LPF) in RF receivers. To acquire a higher quality
of factor and sensitivity, they attempt different approaches, including mechanism analy-
sis, structure optimization, and process/material improvement [13-18]. The use of those
MEMS mixer-filters can not only replace separate components to reduce the size of commu-
nication devices, but also serve as a passive device with low power consumption. Despite
these successes, the engineering work still needs to be addressed [18,19]. Firstly, the carrier
frequencies of these devices are generally less than the GHz range, as their characteristic
impedances are larger than 50 ohms. Secondly, to ensure higher sensitivity, those resonators
have a high DC bias voltage. They require voltage booster circuits, which leads to the
incurrence of extra cost and the consumption of additional power.

Further, Yan et al. propose a novel on-line MEMS-based amplitude demodulator.
Instead of the mechanical resonator and the piezoelectric transducer, they apply thin-film
thermopiles to realize the thermoelectric conversion with a low-pass characteristic [20].
This design facilitates the achievement of impedance matching, and the carrier frequency
can be increased to 10 GHz. In addition, the thermoelectric transducer requires no DC
bias voltage. However, this type of device suffers from thermal reliability-related issues.
Its sensitivity is reduced due to deterioration of the thermal conductivity and the Seebeck
coefficient at around 30 K. Additionally, a thinner heat transfer structure is commonly
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adopted to improve the sensitivity [21,22]. Moreover, a high-power handling capability is
one of the key parameters for radar front-end transceiver systems or 5G applications [23,24].

These factors exacerbate the heat emission issue of the micro structure.

To overcome this problem, a cascaded MEMS amplitude with a thermopile-type and

capacitive-type sensing structure, to expand the dynamic range, is proposed in this paper.
The cascaded design of the power sensor can realize an improved dynamic range and

high sensitivity [25]. The principle of the signal demodulation is analyzed based on an
equivalent circuit model. The structure of this device is optimized by the simulation.
Experiments show that it can realize the direct demodulation for (0.35-10 GHz) RF signals
and cover the power range of 0-23 dBm. This novel cascaded design has the potential
to expand the dynamic range applied in RF receivers. As Figure 1 shows, the system is
composed of an antenna, a band-pass filter (BPF), a low noise amplifier (LNA), a MEMS
demodulator detector, a DC amplifier (AMP), a band-stop filter (BSF), an analog-to-digital
converter (ADC), and a capacitor-to-digital converter (CDC). This proposed architecture
for the RF receiver not only realizes a direct conversion from a modulated RF signal to a
baseband signal without the local oscillator (LO) but can also serve as a passive sensing

device with zero DC power consumption.
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Figure 1. MEMS-based demodulator is a part of a radio receiver.

2. Principle and Design
A schematic overview of the cascaded MEMS demodulator is shown in Figure 2a.

It comprises an on-line capacitive transducer and a thermoelectric transducer. A MEMS
beam, a section of coplanar waveguide (CPW), two measuring electrodes, and a dielectric
layer compose a plane-parallel capacitor. As the microwave power is applied to the sensor,
part of the RF signal is coupled to the MEMS beam. The MEMS beam can respond to the
DC component of the RF signal and displacement occurs due to the electrostatic force.
Two measuring electrodes below the beam sense this micro displacement by detecting the
change in capacitance. Two air bridges are designed to interconnect the CPW ground lines.
Load resistors absorb the microwave power and convert it into heat. The thermopiles sense
the temperature difference and output a DC thermoelectric voltage through two electrodes,
based on the Seebeck effect [21,22]. Two blind holes are designed under the thermopiles to

improve the thermoelectric conversion performance.
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Figure 2. Cascaded MEMS demodulator: (a) schematic overview and (b) equivalent circuit
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Figure 2b explicitly equates the actual MEMS demodulator to an equivalent circuit
in the sub-circuit, to enable the electro-mechanical conversion to occur. The mechanical
and thermal parameters can be equivalent to the electrical quantities; the mechanical force
Fk and displacement z are equivalent to the voltage (Ur) and current (I;), respectively.
The stiffness, mass, and damping correspond to an electrical capacitor (1/k), electrical
inductor (m), and resistors (c), respectively, and depend on the material characteristics
and the device structure [4,5]. Specifically, the electromechanical transduction can be
simulated by a transformer, and the thermoelectric transduction can be treated as a voltage-
controlled voltage source (VCVS). Correspondingly, for the electro-thermal conversion,
the temperature difference and heat flux are equivalent to the voltage (Ur) and current
(In). The heat capacity, thermal conduction, and thermal convection losses correspond
to the electrical capacitor (Cy;) and resistors (Ry;). As the load resistor (Rjp,q = 50 ohms)
is determined, the temperature difference (Ur) and the mechanical force (Uf) are both
proportional to the input voltage squared. Due to this square law, the output response
of the system is the product of the input signal. When the input signal is an amplitude
modulation signal, U;, = Uy [1 + m, X cos(Q)t)] cos(wct), the input voltage squared can be
expressed as follows:

3
YN

U2 = 1(1 4 ™ )U2 + m,U2(cos Of + 2 cos 201)
+ 2 12[cos 2(we + Q)t + cos 2(we — Q1]

+ U2 [cos(2we + Q)t + cos(2we — Q)]

+5(1+ ’%g)ug cos 2wt

N‘§Oc‘

Nl—=

where U, is the amplitude, m, (0 < m,; < 1) is the modulation depth, w. = 27f, is the
frequency of the carrier wave, and () = 27fy, is the frequency of the modulation waveform.
Moreover, the frequency response of two sensors is much lower than the RF bands. High-
frequency components 2w, 2w £ O, 2w, £ 2Q}), after multiplication, can be filtered out
as a result [20]. Generally, the m1,cos(22t)/4 is much less than one and can be ignored.
Therefore, two types of power sensors can both demodulate AM signals.

The cascaded MEMS demodulator is designed to operate up to 10 GHz. The struc-
ture of this device is simulated by ANSYS HFSS (high-frequency structure simulator) to
determine the size parameters. Figure 3 shows the surface electric and magnetic field distri-
bution of the MEMS transducer at 10 GHz. The electromagnetic field intensity distribution
shows that the RF signal is concentrated in the following two areas, as marked in the red
rectangle of Figure 3: (i) the overlapping area between the MEMS beam and the signal
line; (ii) around the thermal resistor. This indicates that the two areas are the effective
sensing regions, which can absorb the principal microwave signal and transform it into a
low-frequency signal, as the temperature difference (Ur) and the mechanical force (UF).
Figure 4 shows that the return loss of port 1 (S11) > 22 dB at 0.35-10 GHz, and the insertion
loss of the capacitive transducer is less than 0.1 dB at different frequencies. The inset Smith
chart in Figure 4a indicates that the impedance achieved matches 50 ohms at the operation
frequency.
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Figure 3. Electric and magnetic field distribution of cascaded MEMS demodulator simulated by

Ansys HFSS.
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Figure 4. Microwave performance: (a) MEMS demodulator return losses S;1; (b) capacitive transducer insertion loss Sy;.

3. Fabrication

The cascaded MEMS demodulator is fabricated by the GaAs MMIC process. The
fabrication steps are shown in Figure 5a—j and listed as follows.
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Figure 5. (a—j) Process steps of the cascaded MEMS amplitude demodulator.
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Doping N + GaAs of 1 x 10'8 cm ™ to form the thermopile;

Sputtering a TaN layer, and forming the isolation resistors and terminal resistors;
Evaporating a 0.3-micrometer-thick Au layer, and lifting off to form the CPW trans-
mission lines and electrodes;

Depositing a 0.23 pm Si3Ny layer by PECVD as a dielectric layer between the MEMS
bridge and the CPW lines;

Depositing a 1.6 pm polyimide layer by PECVD as a sacrificial layer;

Evaporating a 50/150/30-nanometer-thick Ti/Au/Ti layer as the seed layer, and
electroplating a 2 um Au layer as the top metal layer;

Lifting off the Au layer to form the hole array pattern;

Thinning the substrate to 100 pm;

Etching the substrate underneath the load resistors and thermopiles to 20 um;
Removing the sacrificial layer and releasing the MEMS beam to form the movable
microstructure.

Figure 6a shows the SEM image of the cascaded MEMS demodulator. The separate

insets show the MEMS clamped—clamped beam and the rectangular blind hole. The
corresponding structural parameters are also listed in Table 1.

Table 1. Structural parameters for cascaded MEMS amplitude demodulator.

Quantity Value
Width of main CPW signal line 100 pm
Gap between ground and CPW signal line 58 um
Width of ground line 300 um
Width of the clamped beam 100 pm
Length of the clamped beam 400 pm
Height of the air-gap 1.6 um
Size of the thin-film resistor 14.5 pm x 58 um
Size of the air bridge 120 um x 40 pm
Thickness of dielectric layer 0.23 pm

Thickness of ground & CPW signal line 2.4 um
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Figure 6. SEM image: (a) cascaded MEMS demodulator; (b) MEMS clamped-clamped beam and (c)
backside-etch structure and blind hole.

4. Measurement

The measurement system includes a microwave probe station, an RF signal generator,
an oscilloscope, and signal processing circuits, as shown in Figure 7. The inset shows the
connection mode of the probes. A capacitance-to-digital converter (CDC) is applied to
measure the capacitance change (AC) of the detector. A band-stop filter (BSF) is adopted
to reduce the industrial-frequency noise. The demodulation results of an AM signal are
shown in Figure 8. The carrier wave’s frequency (f;) of the AM signal is 0.35 GHz, and the
modulation wave’s frequency is 5 Hz. The signal power is 20 dBm and the modulation
depth (m;) is 0.2. The results show that the output curves accord well with the envelope
signal, which proves the validity of the MEMS-based demodulation principle.

Figure 9 shows the output waveform of the MEMS demodulator under a low-,
medium- and high-power (0, 20 and 23 dBm) AM signal (f,; = 1 Hz, f, = 10 GHz, m, = 0.2).
Figure 10 shows the frequency’s test errors versus the different power levels, and the
maximum relative error is less than 8%. The experiments show that the two types of power
sensors that are cascaded in this demodulation system can realize the RF signals” amplitude
demodulation with a carrier frequency of 0.35-10 GHz, and cover the power range of
0-23 dBm (1-200 mW).

Figure 7. Test setup and inset: MEMS demodulator and its processing circuit.
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Figure 9. Output response of the MEMS demodulator under low—(0 dBm), medium—(20 dBm) and

high-power—(23 dBm) AM signal (fm = 1 Hz, fc = 10 GHz).
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Figure 10. Different frequency’s test errors versus different input power.

5. Conclusions

This paper has outlined a novel passive device based on two types of MEMS power
sensors for RF signal direct-conversion amplitude demodulation. The experiments show
that the two types of sensors that are cascaded in this system can realize the direct demod-
ulation for (0.35-10 GHz) RF signals and cover the power range of 0-23 dBm. Therefore,
this MEMS-based demodulator has the advantage of high power handling capability.
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Moreover, the fabrication of this device is compatible with the GaAs MMIC process. The
MEMS-based demodulator with zero DC power consumption has potential for microwave
communication applications, particularly IoT and sensor node applications, which have
strict requirements for volume and consumption.
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