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ABSTRACT

The objective of this research is to design ultra-low power Hybrid Micro Energy Harvester (HMEH) circuit using hybrid inputs of radio frequency
(RF), thermal and vibration for biomedical devices. In the HMEH architecture, three input sources (RF, thermal and vibration) are combined in
parallel to solve the limitation issue of a single source energy harvester and to improve the system performance. Energy will be scavenged from the
human body for thermal and vibration sources by converting directly temperature difference and human movement to electrical energy. The inputs
are set to 0.02V and 0.5V for thermal and vibration respectively with the frequency of 1 kHz. Meanwhile, RF source is absorbed from radio wave
propagation in our surrounding. For this work, the frequency is set to 915MHz and the output voltages for input ranges of-20dBm to 5dBm are
recorded. The performance analysis of the HMEH is divided into two; thermal and vibration harvester circuit and RF harvester circuit. These
proposed HMEH circuits are modeled, designed and simulated using PSPICE software. Vibration produces AC input and will be converted to DC
using a rectifier. A comparator is used to compare the two sources (thermal and vibration) and boost converter is proposed to step-up these small
input sources. Meanwhile, due to RF large frequency, the voltage multiplier is practical for both rectify and step up the input instead of the boost
converter. LC resonant network is used to amplify low ambient input of RF passively before it goes to 4-stages voltage multiplier. The proposed
HMEH able to achieve the output ranges of 2.0 to 4.0V with 1MQ load. The results obtained in this research work shows that the proposed design
able to produce sufficient voltage for biomedical application requirement which lies between 2.0-4.0 V from the ambient input of 0.02 to 0.5V for
thermal and vibration while-9dBm for RF signal.
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INTRODUCTION reach microwatt (uW) range and possible to run low power devices. In
addition for human vibration, energy can be scavenged from the

Nowadays, energy harvester plays an essential role to provide Ultra natural motion of the human chest during breathing [2].

Low Power (ULP) input source for the wireless device instead of a

battery. However, in an implantable application like a pacemaker, the Meanwhile, for RF source, the system will extract ambient power
high energy density and small batteries are still used as a conventional from the radio waves propagation in our surrounding. RF to DC
energy source. In recent years, researchers proved that the inner ear power conversion system is designed to operate in Ultra High
can be scavenged to generate energy and possible to run the Frequency (UHF). For a biomedical application, the industrial,
implantable devices. The circuit design technique is important in scientific, and medical (ISM) band of 902-928 MHz can be exploited
prolonging the lifetime and reducing the power consumption. By for RF energy harvesting. In this frequency range, RF power is
combining energy harvester sources, the low power technique is transmitted more efficiently for longer distances and experiences
utilized to recharge the battery continuously for achieving lower propagation losses than higher frequency bands (i.e., 2.4GHz).
autonomous operation [1]. Many energy harvesting sources like Importantly, maximum 4W effective isotropic radiated power (EIRP)
vibration, RF, thermal, solar and wind are obtainable depends on their is acceptable by regulatory bodies [3]. Hybrid energy harvesters
efficiency, the size of harvester and availability. Energy harvesting of from previous researchers show a great performance in energy
thermal and vibration from the human body are global accessibility conversion efficiency with the characteristics of small volume, lower
and it is demanding widespread attention for implantable devices and work energy and more output energy [4]. Basic block diagram of the
powering wearable. The power generated from ambient energy can proposed hybrid energy harvester is shown in fig. 1.
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Fig. 1: Block diagram of the proposed hybrid energy harvesting system

MATERIALS AND METHODS [5-6]. In this work, we divide the circuit design into two parts;

. i X thermal and vibration harvester circuit and RF harvester circuit.
Hybrid micro energy harvester design

. . . . Thermal and vibration harvester circuit design
Hybrid Micro Energy Harvester (HMEH) combines three input

sources of RF, thermal and vibration into an individual system to Thermoelectric generator (TEG) device is used to convert thermal
solve the low power problem. It gives sufficient power delivery for energy into electrical energy based on the See beck effect operation.
the load with the aim to make sure the energy flows incessantly The electricity will be generated when temperature gradient across
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two conductors are connected together in series. This scenario is
applied to the thermocouples that are extensively used for
temperature measurements. The output voltage of the TEG is
proportional to the number of thermocouples and to the temperature
gradient between cold and hot side. For human vibration, it will
vibrate at a different frequency, depends on health condition. High
frequency will be achieved for those who are in healthy condition.

The rectifier is the first phase in electrical energy harvesting circuit to
convert AC input to DC output of vibration. The full-wave rectification
with four MOSFETs is to solve the issues of power losses and
forward-voltage drop. When conducting it has inferior constant
resistances [7] which can make the MOSFETs have low leakage
current [8]. The output ripples can be reduced by connecting a large
capacitor at the DC side. The power generated from a vibration
substrate can be fixed and controlled using the full wave rectifier [7].

Operational amplifier (OP AMP) 741 is used as a comparator to
consolidate the input sources of thermal and vibration. The
comparator is always used to check and compare the voltages
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whether have reached the target value of 0.02V to 0.5V. These inputs
will be step up to the desired output of 2.0 to 4.0V using boost
converter circuit. The basic structure of a boost converter is
controlled by MOSFET as a switch due to fast switching and high
efficiency [1]. The boost converter can be conducted in continuous
or discontinuous conduction mode which is marked by the ON and
OFF switch. At steady state operation, the current flows endlessly
and the current is not allow to flow from the negative side for
continuous and discontinuous conduction mode respectively [9].
The switch-mode boost converter capable of generating the lowest
input to 1V output [10]. To support the boost converter circuit, the
Schottky diode of 1N577 is utilized to avoid a large voltage drop as
compared with PN diode [11]. When switching frequency is an
increase, a small inductance is used to produce the boost converter
with high efficiency and low power losses [9, 12]. The last stage in
this energy harvesting circuit is emitter follower to isolate input
circuit from the output load. Schematic diagram for the proposed
thermal and vibration harvester is shown in fig. 2 which is designed
and simulated using PSPICE software.

L3 =

5]

Yo

R3 Rioad

T131
Nl

Fig. 2: The proposed thermal and vibration energy harvester circuit

RF harvester circuit design

Generally, the received energy at the medical implant or any remotely
powered devices will be rectified before supplied to any type of
applications. Antenna will capture the RF signal, and transfer the extracts
power of those signals to the rectifier before converts them into DC
voltage [13]. To achieve maximum power transfer to the load, the design
should consider impedance matching. This is important not only for
optimizing the efficiency but at the same time to perform passive
amplification of the input voltage. Voltage amplification is needed to step
up the input voltage to a level that can turn on the active elements in the
rectifier circuit [14]. The idea of LC resonant network was applied as
there will be high dc current flows across the inductor which causes
voltage boosting on voltage multiplier input [15].

The AC-DC circuit designed in this paper is based on a Dickson
voltage multiplier circuit. Typically, this voltage multiplier able to
produce DC output larger than a conventional diode rectifier circuit
[16]. The behavior of this converter is not only to rectify the input
AC signal but also increase the DC voltage level. With combinations
of rectifier MOSFET and capacitors together, the input would be
effectively multiplied. Basically, DC output voltage (Vac) is limited by

Rs
—

the peak value of sinusoidal input voltage. Additionally, the number
of rectifier stages has a major effect on the output voltage since they are
directly proportional [17]. Voltage multiplier of four stages has been
presented in this paper and the output voltage produce from input as
low as-20 dBm to 5dBm with level power interval of 5dBm has been
analyzed. The stage capacitances are set to an equal value of 20pF.

Since the input ac signal obtained at the antenna is generally much
smaller than diode threshold, previous researchers used lowest
possible turn on voltage diode as their rectifying element, for
example, Schottky diode [18]. This power converter could achieve
high Power Conversion Efficiency (PCE), but the processing cost is
quite high and it is not compatible with conventional CMOS
technology. Therefore, Schottky diode has been replaced with
diode-connected MOSFET. This device will acts as a diode when the
drain and gate are short or tied together. An enhancement mode
n-channel MOSFET is chosen for this circuit. However, a diode
connected MOSFETs still have a constraint as the amplitude voltage
of the input RF signal is very low compared to their threshold
voltage (Vi) [19]. Therefore, a bulk modulation technique is applied
for the proposed design as in fig. 3 to improve the efficiency and
performance of the Diode connected NMOS MOSFET.
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Fig. 3: The proposed RF energy harvester circuit
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RESULTS AND DISCUSSION

For thermal and vibration harvester, the minimum input is 0.02Vpc
when thermal only exists. While the maximum input is referred to
the combination of thermal and vibration. The 0.5Vacis chosen as an
input voltage for vibration. The input selection is determined by a
comparator using Op amp and conducted in positive saturation level
to produce desired output. Most of the loads always operate in DC
mode but vibration input will generate AC voltage. Therefore, full
wave rectifier will be used to convert AC to DC. Fig. 4 shows the
simulation result for thermal and vibration circuit using 1M load
resistance. The time ranges of the voltage are set between 0 to 1.8
second (s). It can be observed that the voltage increase directly
proportional with time and the maximum output is achieved at 1.8s.
From the simulation, the output voltage of rectifier (Vi) is
approximately equal to 1.5V. Then, the inputs are integrated with
boost converter circuit using V1 as an input. Meanwhile, V3 is a boost
converter output and become an input for emitter follower. It is able
to achieve approximately 4.5V output voltage. V3 is regulated to
4.0Vwhich marked as V; and it is suitable for biomedical devices.
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For RF harvester, the LC resonant circuit able to amplify the AC input
to a level that can turn on the NMOS in the voltage multiplier. NMOS
diode width/length ratio is chosen to be as high as 37.5um/130 nm.
The capacitor is parallel designed with load resistance to store the
output voltage and influence the speed of transient response [17]. By
increasing the number of multiplier stages, the output voltage will be
increased, but this will reduce current across the load. Then, the
charging delay for the energy storage capacitor will be longer.
Meanwhile, fewer stages of the multiplier shorten the charging time,
but the voltage produced may not be sufficient for powering electronic
sensor. From the transient response as shown in the fig. 5, the output
voltage is approximately equal to 2.2V at the time, t equals to130us
which is suitable for biomedical devices. To achieve this voltage, the
minimum input power should be-9dBm which equals to 112.2mV for
500 antenna system. fig. 6 shows the output voltage of the harvester
when input power is varied from-20Bm to 5dBm. At 0dBm input
power, the output voltage equals to 6V. From the simulation result, the
dc output voltage is directly proportional to the input power for 1 MQ
load resistance. If load resistor is neglected, the voltage will be storing
indefinitely on the capacitor.
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Fig. 4: Output voltage of thermal and vibration circuit
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Fig. 5: Output DC voltage of multiplier
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Fig. 6: DC output voltage with varies input power
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CONCLUSION

The architecture of Ultra Low Power Hybrid Micro Energy Harvester
(HMEH) based on RF, thermal and vibration for biomedical
application has been presented in this paper. The HMEH is divided
into two; thermal and vibration harvester circuit and RF harvester
circuit. Thermal and vibration circuit inputs are represented by
0.02Vpc and 0.5Vac respectively. The minimum input is set to
0.02Vpc if thermal only exists while maximum input is achieved
when both of the inputs exist. With operating under 1kHz frequency,
0.5V ac is rectified to convert AC to DC voltage. The proposed thermal
and vibration harvester is designed to achieve the desired output of
2.0 to 4.0V. The simulation shows that the target output of 4.0V is
achieved with the combination of both inputs. Meanwhile for RF
harvester, with input as low as-20dBm to 5dBm, the output voltage
ranges between 0.57V-12V. To achieve the target output for
biomedical application, the minimum input power required is-9dBm
which produces 2.2V. The matching network has passively amplified
the input voltage as low as 22mV to turn on the voltage multiplier
MOSFET.
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