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An RF Power Amplifier Integrated With the
Self-Health Monitor Sensor and Multisource

Energy Harvesting Circuit
Min Sun and Xiaoping Liao , Member, IEEE

Abstract—This work proposes an innovative 1.76 mm× 1.76 mm
circuit system, which fully integrates an radio frequency (RF)
power amplifier (PA) containing a thermopile, multisource energy
harvesters, and an energy combination circuit. And it is fabri-
cated in a 0.18-µm RF complementary metal oxide semiconductor
(CMOS) technology. The circuit enables self-health monitoring
of the power transistor as well as multisource energy harvesting
(EH) for future self-powering of the system. The input coplanar
waveguide port is replaced by a three-port filter that helps reduce
standing waves in the transmission line. And the PA transistor inte-
grates a thermopile to absorb circuit-dissipated heat and monitor
health status by detecting the dc output voltage of the integrated
thermopile. Then, a diode chain connected parallel in the circuit is
used as the electrostatic discharge protection circuit, which can also
be considered as a solar cell when there is sunlight incident on the
chip. In addition, standing wave energy, dissipated thermal energy,
light energy, and electrostatic charge energy (when it is present)
are combined and harvested by a multisource EH circuit at the
same time. The tested center frequency of the RF PA is 4.3 GHz
and the corresponding S11 is −19.09 dB. When the input power
is 0 dBm, the amplifier gain, the output voltage of the EH circuit,
and the output voltage of the terminal power sensor are 10.6 dB,
458.88 mV, and 30 µV, respectively.

Index Terms—Multisource energy harvesting (EH), radio
frequency (RF) complementary metal oxide semiconductor
(CMOS) integrated circuit (IC), self-health monitor.

I. INTRODUCTION

THE integrated circuits (ICs) for wireless sensor nodes
in smart structures, medical devices, wireless communi-

cation, etc. have encountered serious challenges in terms of
reliability of the power electronics systems [1], [2]. First, it is
known that most of the electrical energy applied to the circuit
is converted to thermal energy, which leads to the self-heating
phenomenon of power transistors [3]. And the operating temper-
ature of the transistor will affect the performance of the power
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devices [4]. So, it is essential to find solutions to measure the
operating temperature of power devices and dissipate thermal
energy. In recent studies, there are many solutions to measure
the operating temperature, and the measured temperature can
indicate the operating health status of the power devices.

Common solutions are optical methods, the utilization of ther-
mal probes, and electrical methods [5]. The optical methods in-
clude optical fibers, infrared (IR) cameras, and IR microscopes,
etc., which can directly display the temperature distribution [6],
[7], [8]. The thermal probes are thermistors or thermocouples
in contact with the chip, and the temperature of the chip can be
measured from their dc outputs [9]. And many other researchers
have proposed electrical methods that can be used to calculate
the operating temperature by evaluating voltage and current
data [10]. In addition, proper packaging to generate a heat sink
under the substrate of the chip is a common way to dissipate
circuit system heat [11]. The packaging solution can effectively
dissipate heat, however, it always requires a relatively high
cost. So, in this article, we propose a new solution to achieve
temperature monitoring and simultaneously dissipate thermal
energy generated in the circuit, which is based on a thermopile.
Different from the thermal probes used in other works, the
thermal sensor is not an external device in contact with the
chip, but a thermopile monolithically integrated with the power
transistor. The thermopile is designed to be very close to the
transistor, which ensures that the thermopile is able to absorb as
much of the thermal energy converted from the dc power supply
as possible. According to the Seebeck effect, the thermopile
can convert thermal energy into electrical voltage. And we can
infer the operating temperature of the transistor by analyzing the
output voltage of the thermopile.

The other part of this work is the multisource energy harvest-
ing (EH) circuit to collect and reuse the energy generated in the
circuit. EH technology has been widely used in wireless sensor
nodes (WSNs) to provide power supply to them in place of con-
ventional batteries [12], [13]. In general, the energy harvesters
collect energy from the ambient environment [14]. Mostly, these
energy sources are dependent on environmental conditions,
and in order to improve the robustness of the power supply,
multisource energy harvesters were proposed [15], [16], [17].
These multisource energy harvesters can collect different types
of the energies in specific orders or simultaneously. Therefore,
the multisource energy combining circuit proposed in this work
has three input paths where the different types of energy can be
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harvested at the same time. The energy sources of the EH circuit
are from the energy generated during the operation of the circuit
itself. Among them, the first energy source is the standing wave
energy that is harvested by a three-port filter. And the presence
of the filter also improves the electromagnetic compatibility
(EMC) rather than employing conventional EMC filtering. The
second energy source is the thermal energy generated in the
transistor, which is harvested by an integrated thermopile. And
the third energy source is the electrostatic charges (if it exists)
or the light energy collected by a diode chain. The diode chain
connected in the circuit enables electrostatic discharge (ESD)
protection and can also be treated as photodiodes if there is
sunlight incident on the chip. And the proposed multisource
EH circuit consists of two collection stages. The standing wave
energy is converted into two ac signals by a transformer and
combined with the dc output voltage comes from the integrated
thermopile through a cross-coupled rectifier. In addition, if the
electrostatic energy is present, it can be stored in a storage
capacitor and added to the second stage of the energy harvester.
When there is incident light, the light energy is stored in the
same capacitor to be collected. Therefore, this multisource EH
circuit enables the combination and simultaneous harvesting of
radio frequency (RF), thermal, light, and electrostatic energy
(if it occurs).

Furthermore, this work fully monolithically integrates the
energy harvesters and the combining circuits with the power
devices. Compared to the work presented in [9], which focuses
only on the integration of energy harvesters, and in [18] and [19],
which emphasizes energy combining and power management
circuits, this work investigates all of the PA, the multisource
energy harvesters, and energy combining circuits, as well as
their full integration by a standard complementary metal oxide
semiconductor (CMOS) process. In addition, the proposed PA
and the integrated energy harvesters are mutually reinforcing.
The three-port filter not only collects wasted RF energy but also
provides a new way to eliminate the impacts of standing waves at
the input port of the PA. And the thermopile integrated with the
power transistor is able to absorb wasted thermal energy, as well
as decreases the working temperature and improves the power
gain of the amplifier. And the diode chain connected in the circuit
helps to achieve ESD protection of the circuit and can collect so-
lar energy or electrostatic charges at the same time. On the other
hand, the presence of the PA also contributes to EH. Since the
energy collected by the energy harvesters are the energy sources
that generated in the circuit itself, they are not entirely dependent
on the external environment and is ideal for powering always-on
devices such as WSNs of the Internet of Things in the power
system.

The rest of this article is organized as follows. In Section II,
the design details of the PA integrated with the thermopile
and the multisource energy harvester are illustrated. This sec-
tion also includes a description of the structure of the termi-
nal power sensor, the three-port filter, and the diode chain.
The experimental performance of the PA and the outputs of
the energy harvesters and the EH circuit are presented and
discussed in Section III. Finally, Section IV concludes the
article.

Fig. 1. Block diagram of the circuit system.

Fig. 2. (a) Electromagnetic field (EMF) distribution of the three-port filter net-
work simulated by Ansys HFSS. (b) Simulation results of the filter S-parameters.

II. SYSTEM DESIGN AND ANALYSIS

Fig. 1 is the block diagram of the entire IC system in this
work, which includes the PA, energy harvesters, and energy
combining circuit. The schematic of the structures and circuits
are introduced as follows.

A. Three-Port Filter Network

Due to impedance mismatch at the input port, the existence
of standing waves is a common phenomenon in RF ICs. In a
transmission line, there are two main types of waves, including
the traveling waves that transfer energy and the standing waves
formed by the superposition of two waves transmit in opposite
directions without transferring energy. Commonly, the terminal
is grounded directly or through a resistance to reduce the effect
of the standing waves and realize good EMC [20]. So, in this
work, a filter network is designed in front of the PA to replace
the conventional coplanar waveguide (CPW). It has three ports
and the matching network consists of a parallel capacitor and
a series octagonal inductor, whose schematic view is shown
in Fig. 2(a). As a result, RF waves that can be amplified by
the PA are introduced to the input port (port 2) of the PA,
which are the vast majority of the initial RF energy. The other
waves, including standing waves, which cannot be transmitted
to the PA for amplification are passed through an additional
new path with the help of the three-port filter and output from
port 3. The electromagnetic simulation of this three-port filter is
implemented by Ansys HFSS, and the EMF distribution is also
shown in Fig. 2(a) when the input power is set to 0 dBm. And the
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Fig. 3. Circuit schematic of the PA integrated with the thermopile.

TABLE I
PARAMETERS OF THE POWER AMPLIFIER (PA)

S-parameter results for each of the 3 ports are shown in Fig. 2(b).
At the center frequency of 4.6 GHz, the value of return loss S11

is −60 dB, and the insertion loss S21 and S31 are −0.62 dB and
−9 dB, respectively. Both the EMF distribution and S-parameter
results indicate that the majority of the RF energy is delivered
to port 2 and amplified by the PA, while the energy flowing to
port 3 is a very small amount of the input energy as well as the
standing wave energy.

B. PA Integrated With the Thermopile

The circuit schematic of the PA is shown in Fig. 3. It is
a basic single transistor amplifier with the novelty that the
active area of the power transistor is concave and convex in
shape and surrounded by a thermopile, and the output power
is measured by a terminal power sensor. The parameters of
the PA are listed in Table I. The three-dimensional view of
the reconstructed transistor integrated with the thermopile is
shown in Fig. 4(a). The thermopile is composed of aluminum
and p-type polysilicon arms stacked on top and below. The hot
and cold ends of the thermopile are placed near and away from
the transistor, respectively. When the PA is in operation, much
of the input dc electrical energy is converted to thermal energy
in the active area of the transistor. The thermopile placed around
the transistor will then drive part of the heat flow from the hot
side to the cold side, which can help dissipate the thermal energy
of the chip. And the presence of the thermopile also decreases
the working temperature of the PA and thus improves the output
performance.

Based on the law of conservation of energy, the power routing
of the PA is expressed as

PRFin + PDC = PPAout + PRFout + PTH + Ploss (1)

where PRFin is the input RF power of the IC, PDC is the input
dc power, PPAout is the output power of the amplifier, PRFout is
the RF energy collected by the EH circuit. PTH is the thermal

Fig. 4. (a) Structure of the transistor integrated with the thermopile.
(b) Schematic of thermal conduction routes when PA is in operation. (c) Top
view of the integrated thermopile and the materials in use.

energy absorbed by the thermopile, and Ploss is the power loss
in the circuit. In this design, the vast majority of the power loss
is heat dissipation, and heat conduction is the primary method
of heat transfer. Therefore, when the PA is in operation, it can be
assumed that a heat source is formed in the transistor channel.
As shown in Fig. 4(b), a transistor with a thermopile has two
main thermal conduction paths, one through the thermopile and
the other through the silicon substrate. Analogies can be made
between the heat system and the electrical system [21]. Among
them, heat flow and thermal resistance are analogous to current
and electrical resistance, respectively. Therefore, the amount
of heat transferred through these two paths is related to the
thermal resistance of the silicon substrate and the thermopile.
The thermal amount is inversely proportional to the thermal
resistance, and the ratio m of heat is as follows:

m =
PTH

Ploss
=

ΘSi

ΘTH
. (2)

And the thermal resistance Θsi and ΘTH of the silicon sub-
strate and the thermopile are expressed as

ΘSi =
hsi

λsiAsi
(3)

ΘTEG =
lTH

N · λmATH
(4)

where λsi and λm are thermal conductivities of the silicon and the
thermopile, respectively. And other parameters of the transistor
integrated with thermopile are shown in Table II. Thus, the
energy absorbed by the thermopile can be calculated as

PTH = (PRFin + PDC − PPAout − PRFout) · m

1 +m
. (5)

The value of m is calculated to be 0.41, and the proportion
of the energy harvested by the thermopile is 29.08% of the total
input minus the total output. Based on the analysis, the thermal
energy absorbed by the thermopile can be calculated.
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TABLE II
SIZE PARAMETERS OF THE INTEGRATED THERMOPILE

TABLE III
CHARACTERISTICS OF THE INTEGRATED THERMOPILE

According to the analysis, since part of the dc energy is
harvested by the thermopile, it can be assumed that the dc
energy used by the amplifier should subtract the energy collected
by the thermopile. To calculate the efficiency of the PA when
considering EH, the input power to the PA is turned into PRF-PA,
which is the portion coming from port 2 of the three-port filter.
It is about 86% of the initial total input power according to the
simulation results of the filter, and it is expressed as

PRF−PA = 0.86 · PRFin. (6)

At this point, the power added efficiency (PAE) of the PA is
expressed as

PAE =
PPAout − PRF−PA

PDC − PTH
. (7)

It is clear that since the dc power used by the amplifier is
reduced, the PAE of the PA increases with the presence of the
integrated thermopile.

In addition, the thermopile also works as a transistor health
monitor based on the Seebeck Effect, which is expressed as

VTH = N · αm ·ΔT (8)

where αm is the Seebeck efficient difference between aluminum
and p-type polysilicon, N is the number of pairs of the ther-
mopile, and ΔT is the temperature difference between the hot
and cold ends of the thermopile. The values and descriptions
of the parameters are shown in Table III. For given materials,
the value of αm is constant. Hence, it can be seen that the
output voltage is linearly related to the temperature gradient of
the thermopile. Then, the temperature difference can be derived
from the output voltage of the thermopile, which also realizes
the health monitoring of the device.

To absorb more dissipated thermal energy, the transistor is
designed with a concave–convex shape that allows the ther-
mopile to be closer to the active area. Thermal simulation of

Fig. 5. (a) and (b) Thermal distribution of the integrated thermopile with
normal and concave–convex active areas. (c) and (d) Output voltage of the
integrated thermopile with normal and concave–convex active areas.

the proposed transistor integrated with the thermopile as well
as the normal one is performed by Ansys workbench. The
transistors both have 16 fingers and are surrounded by 34 pairs
of the thermocouples with a size of 2 μm × 100 μm. The
detailed top view of the concave–convex transistor with the
thermopile is shown in Fig. 4(c). The proposed transistor has
a recessed part that allows the thermopile to be closer to the
active area. And the active area of the proposed transistor is
smaller compared to that of a normal transistor, which increases
the silicon thermal resistance and reduces the heat loss through
the silicon substrate according to (2) and (3). And the simulation
results are shown in Fig. 5. It shows that when the input heat
flux is the same, the temperature difference and output voltage
of the proposed concave–convex transistor are larger. Fig. 6(a)
and (b) shows the simulation results of the relationship between
the output voltage and temperature difference of the thermopile,
and it is consistent with the analysis that the output voltage and
temperature difference have a linear relationship. The simulation
results of the output voltage and temperature difference of the
thermopile for both types of transistors at different input dc
sources are shown in Fig. 6(c) and (d). The results show that
the thermopile integrated with the proposed transistor has better
performance than that with the normal one and the thermopile
can output a significant voltage in higher power circuits. And
with the increase of the dc input, the output difference between
the two thermopiles becomes larger as well, which is shown in
Fig. 6(e) and (f). Therefore, this research provides a guideline
for the design of the thermopile-related transistor to investigate
the most appropriate distance between the thermopile and the
transistor to obtain the optimal performance.

Since the integrated thermopile is also a thermoelectric gen-
erator, it is necessary to analyze the energy conversion char-
acteristics of the proposed thermopile. And the performance is
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Fig. 6. Thermal simulation results of the integrated thermopiles with the
normal transistor and the concave–convex transistor, respectively. (a) and (b)
Relationship between temperature difference and output voltage of the ther-
mopiles. (c) and (d) Temperature difference and output voltages of the integrated
thermopiles for different dc power inputs. (e) and (f) Temperature gradient
difference and output voltage difference between the two types of the thermopiles
at different dc power inputs.

characterized by voltage factor (VF) and maximum power factor
(PF), which are expressed as

VF =
VTH

A ·ΔT
(9)

PF =
Pout

A ·ΔT 2
(10)

where VTH is the open-circuit output voltage of the thermopile,
A is the surface area of the thermopile, ΔT is the temperature
difference between the hot and cold end of the thermocouples.
And Pout is the maximum output power, which is expressed as

Pout =
V 2

TH

4Rg
(11)

where Rg is the internal resistance of the thermopile.
In this work, the stacked thermopile is also used in a terminal

power sensor. It consists of a CPW as the input port, two
terminal resistors connected to the waveguide pads to absorb
the input power to generate Joule heat and two thermopiles close
to the terminal resistance. The microscope photograph and the
structure of the terminal power sensor are shown in Fig. 7(a) and
(b). The terminal resistors are made of 100ΩN-type Polysilicon

Fig. 7. (a) Microscope photograph of the terminal power sensor. (b) Schematic
structure of the terminal power sensor.

to achieve the 50 Ω impedance matching at the wave port, and
the thermopile is consisted of 40 pairs of the thermocouples.
In [22], it was verified that the addition of the n-well below
the termination resistors and the cold ends of the thermopile
improves the sensitivity and linearity of the power sensor. Based
on this, in this work, an additional n-well as well as a deep n-well
are added at the same place, which may further improve the
performance of the power sensor. When RF power is applied
to the CPW port, the input power will be converted into Joule
heat of the terminal resistance. The thermopile will then absorb
the heat energy, and generate a temperature difference between
the cold and hot ends. As a result, the input RF energy can be
converted to thermal energy, which can then be converted to
electrical energy through the thermopile. For the circuit system
in this work, the input power of the terminal power sensor is
the output power of the PA. Therefore, the output power of the
amplifier can be measured and analyzed based on the output
voltage of the terminal power sensor. Also, the power gain of
the PA can be derived from the difference between the input
power of the terminal power sensor and that of another identical
independent power sensor. So, when these two power sensors
have the same output voltage, the input power difference is the
gain of the PA. And the design of the terminal power sensor
not only improves the integration of the whole system but also
enables in-line detection of the output power while the power
devices are in operation.

C. ESD Protection Circuit/Solar Cell

In this design, several diodes are connected in parallel in the
circuit and it serves two purposes. First, if there are electrostatic
charges at the input port, it can be discharged to ground through
the diode chain or collected by a storage capacitor, which helps
to realize ESD protection of the circuit. Second, the diodes can
also be considered as photodiodes if there is sunlight incident
into the PN junction. To be compatible with transistors in PA
and EH circuit, the diodes are of p-diff/n-well construction,
whose structure is shown in Fig. 8. According to the photovoltaic
effect, when there is a light incident on the chip, the light energy
can penetrate the P-N junction and excite holes, electrons and
electron-hole pairs, and these carriers will be collected by the
aluminum electrodes. Thus, the light energy can be harvested
and converted to electrical energy by the diodes. In general, the
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Fig. 8. Three-dimensional view of the structure of the substrate diode.

Fig. 9. (a) Top view of the diode chain used in the circuit. (b) Equivalent circuit
of the diode junction capacitors.

design objectives for ESD diodes and photodiodes are not the
same. In the design of ESD diodes, it is desirable to use low
capacitance, low leakage current, small area diodes to minimize
the impact on impedance matching and to minimize the total
circuit area [23]. And factors to be considered in the design of a
photodiode include exposed area, connection method, quality of
the substrate, and packaging [9]. Therefore, we made a tradeoff
between them. First, the area of the diodes makes the full use of
the dummy area of the IC, without adding extra area to the circuit.
And in order to make a trade-off between the requirements for
low capacitance and more exposure area, the active area of the
diode is much larger than that of a normal ESD diode, but due to
the way the diodes are connected (one redundant diode in series),
the total capacitance of the diode chain is still small. The diode
chain is connected as shown in Fig. 9(a), and the equivalent
circuit of the capacitor is shown in Fig. 9(b). According to the
simulation, the capacitance of one diode is 67.7 fF, and the total
capacitance is 33.8 fF. It has almost no effect on circuit matching,
as confirmed by the experiment and simulation.

D. Multisource EH Circuit

In parts A, B, and C, it illustrates that in this system, dissipated
thermal energy, RF energy, electrostatic charge energy (if it is
present) and light energy are all converted to electrical energy.
Therefore, a multisource EH circuit is designed to combine
all the electrical outputs and to enable the collection of these
energies. The multisource EH circuit has three input paths,
ensuring that multiple energies can be harvested at the same
time. The schematic circuit of the energy harvester is shown in
Fig. 10. It shows that the EH circuit is based on cross-coupled
rectifiers and it has two collection stages. The first rectifier is the
first stage, which collects both the RF energy and the dissipated

Fig. 10. Circuit schematic of the multisource energy harvester.

thermal energy. When there is RF power incident from the input
port, most of the energy is exported from port 2 and amplified
by the PA. The standing wave flows out from port 3 of the
filter is converted to ac signals with the same amplitude and
the opposite phases through a balun coupler. The ac signals are
the ac inputs of the first level of the rectifier and is rectified to a dc
output. At the same time, since the transistor is in operation, the
integrated thermopile around it can absorb the thermal energy
and transform it to a dc output VTH, and is added to the rectifier
as a bias. The total dc output of this rectifier is the first stage
output of the EH circuit, which collects the RF energy together
with thermal energy dissipated by the circuit.

The output of the first stage of the rectifier is also the driver
of a ring oscillator that generates a clock signal for a two-phase
oscillator. Then, a two-stage charge pump based on the same
cross-coupled rectifier is driven by the positive and negative
clock signals generated by the two-phase oscillator. And the dc
output VES collected by the diodes is also added to the rectifier as
another bias, then the output of this stage is raised by the charge
pump to ensure sufficient voltage for subsequent power supply.
The advantage of this multisource energy harvester is that all
the energies can be harvested at the same time, regardless of the
strength or weakness of the energy sources. Meanwhile, the EH
circuit is based on the rectifier of the same structure, which will
simplify the architecture and design process of the EH circuit.

E. Fabrication Process

The IC is manufactured by a standard 0.18-μm CMOS 1-
poly-6-Metal technology, and the fabrication process is shown
in Fig. 11. In this design, NMOS is used as the power device
and the description of the fabrication process focuses on the
fabrication of NMOS transistor.

The manufacturing process starts with the preparation of the
active region for the NMOS transistor. Then a sacrificial oxide
layer is grown to trap the defects on the silicon surface and etched
with hydrofluoric acid (HF) solution to obtain a clean silicon
surface. Next, grow a gate oxide layer and deposit a polysilicon
layer through chemical vapor deposition (CVD) as the gate layer
of the transistor. After this, through precise photolithography and
dry etching, the polysilicon layer is patterned to form the transis-
tor gate. Then, grow a thin oxide layer, and ion-implantation is
then performed to form lightly doped drain and source regions.
Subsequently, a thin Si3N4 layer is deposited by CVD. Next,
the horizontal surface of the Si3N4 is etched through reactive
ion etching, leaving the sidewalls as spacers that serves as a
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Fig. 11. Fabrication process of the IC system.

Fig. 12. (a) Microscope photograph of the chip. (b) Test platform of this work.

barrier for subsequent ion implantation. Finally, the oxidation
layer is removed by HF to expose the gate, source, and drain
regions. The next steps are the preparation of through-holes and
aluminum interconnections. First, deposit a SiO2 layer as the
passivation layer and it is selective etched to define the contacts.
Then, sputter a layer of aluminum as the first layer of the metal.
By repeating the above steps, the final 1-poly-6-metal device is
formed.

III. MEASUREMENT AND DISCUSSION

Fig. 12(a) is the microscope photograph of the chip, which has
a size of 1.76 mm × 1.76 mm. In this section, the power gain of
the amplifier, the output voltage of the integrated thermopile, the
performance of the energy harvesters, and the final output of the
multisource EH circuit are measured and discussed. Fig. 12(b)
is the experimental setup used in this work. The chip under test
is placed on the probe station. The RF signal is generated by
Agilent E8257D signal generator and Agilent PNA Network
Analyzer is used to measure the S-parameters of the system.
The dc outputs of the chip under test are measured by a Fluke
45 multimeter.

A. Performance of the Thermopile-Related PA

In the test of the PA, the dc power supply is set to 3.3 V.
First, the S-parameter of the system is measured by the vector
analyzer. Since two load resistors are connected to the out-
put pads for absorbing the output power of the amplifier and

Fig. 13. Simulated and tested S-parameter of the PA.

Fig. 14. (a) Tested power gain of the PA with different input power. (b) Power-
added efficiency of the PA with and without EH.

converting the output power into thermal energy, the output
power and power gain of the PA are derived from the output
voltage of the terminal thermopile. Therefore, only the return
loss S11 is tested and compared with the cadence simulation
results, as shown in Fig. 13. It can be seen that the tested and
simulated S11 have the same tendency. The measured center
frequency of the PA is 4.3 GHz, and the tested S11 at this
point is −19.09 dB. Second, the power gain of the amplifier
is analyzed through the terminal power sensor and the identical
stand-alone power sensor. When the two power sensors have
the same dc output, the input power of the stand-alone power
sensor and the output power of the PA are equal. Hence, the
power gain of the amplifier is the difference in the input power
between the two power sensors that have the same dc output. The
tested results of the power gain are shown in Fig. 14(a), which
shows that the input power 1 dB compression point (IP1dB) is
2.3 dBm.

When the input power is 0 dBm, the output voltage of the
terminal power sensor is 30 μV, and the corresponding power
gain is 10.6 dB. As (7) shows, the PAE of the PA improves
when the EH circuit is considered. Thus, Fig. 14(b) shows the
PAE of the PA with and without considering EH. It shows that
the PAE of the PA increases by about 3% when the initial RF
power is 1 mW. The tested results also show that the PA is
working properly, which means that the existence of the inte-
grated thermopile does not impact the normal operation of the
amplifier. On this basis, different thermocouples can be designed
to be integrated with power devices without affecting the circuit
performance.



2244 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 39, NO. 2, FEBRUARY 2024

Fig. 15. (a) Output voltage VTH of the integrated thermopile versus input
power at the frequencies of 4.2, 4.3, and 4.4 GHz. (b) Thermal power absorbed
by the integrated thermopile with different input RF power.

B. Performance of the Multisource Energy Harvester

The outputs of the energy harvesters and the multisource EH
circuit are measured and discussed in this part. When a dc supply
is imposed on the PA, there will be heat generated in the transistor
channel, which can be absorbed by the integrated thermopile and
converted to electrical energy. The outputs of the thermopile are
measured at the frequencies of 4.2, 4.3, and 4.4 GHz with the
same dc supply. The output voltage VTH of the thermopile in
relation to the input RF power is shown in Fig. 15(a). It indicates
that the output of the thermopile is relatively noticeable, which
means that the thermal energy can be successfully dissipated and
collected by the integrated thermopile. It can also be seen that
the dc output of the power sensor drops slightly when the input
power of the amplifier increases. This can be explained by the
analysis of power in (1). When the input RF power increases,
output of the PA increases as well, which means more dc power
is converted to the PA output power. And according to the law
of conservation of energy, an increase in the dc power used for
PA leads to the decrease of the thermal energy converted by it,
and the power absorbed by the thermopile decreases, thus the
output voltage decreases as well. Fig. 15(b) shows the thermal
energy absorbed by the thermopile with different input RF power
according to (5). It is consistent with the analysis that the increase
of the input RF power results in the decrease the output of the
integrated thermopile. This experimental phenomenon verifies
that the thermopile sensor can sensitively detect the amount of
the dissipated heat, thus enabling immediate health monitoring
of the transistor.

Also, the dc output voltage VTH of the thermopile will be
stored in a capacitor and used as a bias voltage for the first stage
of the EH circuit. Thus, it is essential to measure and analyze the
performance of the thermopile that is treated as a micro-TEG.
The internal resistance of the thermocouples is measured as
13.58 KΩ. And according to (8)–(11), when the input RF power
is 0 dBm and the dc supply is 3.3 V, the temperature difference of
the thermopile is 0.53 °C. And the measured VF and maximum
PF of the thermopile are 22.87 V/cm2K and 1.49 μW/cm2K2,
respectively.

Meanwhile, the standing wave energy is converted to ac
signals by a balun, which are also the ac inputs to the first
level of the rectifier. As a result, the standing wave energy and
the dissipated thermal energy are combined and collected. And

Fig. 16. Output voltage VEH of the EH circuit with different input power.

TABLE IV
CHARACTERISTICS OF THE SOLAR CELL IN EXPERIMENT

the output dc voltage VEH1 is the first stage output of the EH
circuit. The experimental results of VEH1 in different input RF
power are shown in Fig. 16. When the input power is 0 dBm,
the output voltage of the first stage is 188.332 mV, and the
value of VEH1 increases with the increment of the input RF
power.

The diode chain in the circuit is also connected to a capacitor
that provides a dc bias for the second stage of the EH circuit.
In the experiment, the diodes are tested as photodiodes. Since
the chip is not packaged at this stage and is limited by the
experimental environment, the chip is placed on the probe station
and under a microscope light source for exposure with the
exposure area as 370 cm2 (diameter is 90 mm) and the power of
4.5 W. Therefore, the irradiance is calculated as 12 mW/cm2.
According to the experimental results, the maximum power
density of the solar cell is 0.183 mW/cm2, and the conversion
efficiency is about 1.5% at this test condition. Table IV shows
the tested performance of the diodes when acting as a solar cell.
Similarly, when there is an electrostatic charge in the circuit,
it will also be stored in the capacitor and added to the second
stage of the EH circuit. The result of output voltage VEH2, i.e.,
the final output of the EH circuit, is also shown in Fig. 16. When
the input power is 0 dBm, the final dc output voltage of the EH is
458.88 mV.

The experimental results illustrated in this part verify that
the EH circuit has the capability to combine the standing wave
energy, the dissipated thermal energy, light energy, and the
electrostatic charge energy (if it occurs), and to convert these
energies to a substantial dc output voltage, which could enable
future powering of the system.

Compared with previous multisource EH circuits, this work
achieves fully integration of the multisource energy harvesters,
a self-health monitoring PA, and an energy combination circuit.
Table V shows the comparison of this work with other multi-
source EH circuits in terms of the output performance and energy
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TABLE V
PERFORMANCE COMPARISON OF MULTISOURCE EH CIRCUITS

combination circuits. With the size of the energy harvesters at
only a micron scale, the output results of the energy harvesters
are excellent, while the energy combining circuit also performs
well.

IV. CONCLUSION

In this article, an RF PA integrated with a self-health mon-
itoring sensor and a multisource EH circuit is presented for
the first time. A thermopile is integrated with a concave and
convex-shaped power transistor, which can help dissipate heat
and monitor health status of the power devices as well. The
standing waves in the transmission line of the input port are
directed to a specific port and collected by a three-port filter
network. And a diode chain with a large area of PN junctions
are designed to collect light energy and electrostatic charges.
Moreover, the standing wave energy, dissipated heat energy, light
energy, and electrostatic energy (if it occurs) are combined and
harvested by a hybrid EH circuit based on the cross-coupled
rectifiers to enable self-sustaining and self-powering of power
electronics systems in the future.
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