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Abstract 
 

Enhanced Energy Harvesting System for implantable bio-medical devices 

with smart fault tolerance system using FinFET DC-DC boost converter 

circuit with novel startup circuit and FinFET Ring Oscillator for implantable 

bio-Medical devices is discussed in this paper. This thermal energy 

harvesting system consists of a fault-tolerant transistor network instead of a 

single power transistor based system which extends its prolonged operation 

even there is a fault in any of the power transistors in the network. Hence this 

system provides longer durability and reliability to the implantable bio-

medical devices. The proposed fault-tolerant transistor network also serves as 

a startup circuit to minimize the inrush current. The thermal energy 

harvesting system has been optimized to achieve minimum in-rush current 

during the start-up so that the implantable biomedical devices will not be 

damaged due to the high in-rush current. The thermal energy harvesting 

system has been implemented in 20nm FinFET technology and simulation 

was performed by Cadence Virtuoso Analog Design Environment (ADE). 

The input voltage of the thermal energy harvesting system is 40 mV and the 

output is 2.5 V. The total power consumption of the proposed thermal energy 

harvesting system is 6.71 µW compared to the existing system that consumes 

8.962 µW. The maximum leakage current of the proposed system at +125 ºC 

is 299.59 pA. 
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1 Introduction 
 

PaceMaker (PM) and other lifesaving implantable Bio-Medical devices 

should work without any fault. Fault-tolerant operation is a very important 

feature for life-saving implantable Bio-Medical Devices as they can't be 

replaced frequently. Every year over 3 million pacemakers are implanted for 

all age groups [1]. Pacemaker and similar kind of implantable biomedical 

devices are being used for many applications in recent years. The major issue 

of the pacemakers and other implantable biomedical devices is the battery 

backup. Battery backup time limits the reliability of pacemakers.  

The battery of the pacemaker and other implantable bio-medical devices 

should be replaced after few years [2]. The battery replacement requires 

surgery. Moreover, approximately 60%-70% of the space of the implantable 

devices is consumed by the battery. Hence the size of implantable biomedical 

devices will become very minute. 

New techniques are being developed to power-up the bio-medical 

devices in recent years. An alternative technique to power-up the pacemaker 

or implantable-bio-medical devices is harvesting thermal energy from the 

human body itself. Thermoelectric generators (TEGs) [3], [4] based energy 

harvesting is a way of providing energy to implantable biomedical devices. 

Micro-TEG has become a very important component in human body-

powered implantable-biomedical devices [5]. In recent years, on-chip TEG 

transducers were deployed to convert the heat of a human body into electrical 

energy [6]. Fault-tolerant operation is a very important feature for life-saving 

implantable Bio-Medical Devices as they can't be replaced frequently. 

Various types of oscillators are available such as ring oscillators and 

harmonic oscillators. Harmonic oscillators are very complex and generate 

stable frequency with high-quality factor (Q) but consume quite an amount of 

power. They are not suitable for battery-operated implantable biomedical 

applications. Whereas the ring oscillator is based on very simple circuits and 

consumes very little power, hence ring oscillators are more suitable for 

implantable biomedical applications.  

Various types of thermal energy harvesting systems using DC-DC 

converters are available in the literature. But they are not a fault-tolerant 

system. An energy-efficient and fault-tolerant thermal energy harvesting 

system is using DC-DC boost converter circuit with limited leakage power 

dissipation for implantable Bio-Medical Devices are more in demand to 

enhance the reliability of the life-saving implantable biomedical devices. 

Hence the proposed fault-tolerant thermal energy harvesting systems using  
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DC-DC boost converter with minimum leakage power will be more suitable 

for reliable implantable biomedical applications.  

The rest of the article is organized as follows. In Section 2, the research 

articles related to ring Oscillator and DC-DC boost converter have been 

discussed. Section 3 presents the low leakage and fault-tolerant thermal 

energy harvesting system. Simulation results are described and compared in 

Section 4. The conclusion is presented in Section 5.    

                

2 Related Work 
 

Various types of ring oscillators had been discussed in the literature such 

as differential ring oscillator for high frequency tuning and low power [7], 

highly linear and digitally controlled ring oscillator with wide tuning range 

[8], Process and Temperature compensated CMOS ring oscillator [9], linear 

wide tuning range and low power ring oscillator in 45nm CMOS process for 

electronic warfare [10], Current-Mode-Logic (CML) ring oscillator [11], 

CMOS ring oscillator for wireless power transfer receiver system [12], high 

frequency ring oscillator by capacitor based level shift circuits [13], 32 nm 

FinFET Voltage Controlled Oscillator (VCO) [14], CMOS injection locked 

ring oscillator [15], supply-insensitive self-regulating CMOS ring oscillator 

[16], tunnel transistors based wide tuning range voltage controlled ring 

oscillator [17], 14nm FinFET ring oscillator [18], low frequency CMOS ring 

oscillator [19], programmable CMOS Voltage Controlled Ring Oscillator for 

Radio-Frequency (RF) [20], 10nm FinFET CMOS ring oscillator [21], 

injection-locked ring oscillator based quadrature clock generator [22], Multi-

Phase Ring Oscillators (MPRO) [23], low-power ring oscillator based analog 

PLL [24].  

 
 

Figure 1 Existing Ring Oscillator [45]. 
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A 5-stage inverter-based low power ring oscillator for implantable 

biomedical devices has been discussed in [45]. The schematic diagram of the 

existing inverter-based 5-stage ring oscillator has been shown in Fig. 1. 

TEGs (also known as Seebeck generators) are tools that directly 

transform heat (temperature differences) into electrical energy by a technique 

known as the Seebeck (a type of TE effect) [25], [26]. The TEG architecture 

and its equivalent circuit are shown in Fig. 2.  

 
 

Figure 2 (a) Typical TEG. (b) Electrical Equivalent Circuit [45] 

 

The best situation must be approximately equal to the superficial skin 

when implanting a TEG, where the highest temperature variation can be 

formed between the two TEG junctions. This ensures strong TEG output 

[27]. For temperature variations of 1-2 K commonly available between the 

body and the atmosphere, the output voltage is limited to 50 mV by TEGs for 

implantable applications [28]. The voltage is very low on this output. A sort 

of high-efficiency voltage multiplier circuit is then needed to raise the output 

voltage to a higher level accurately. 

An internal start-up voltage multiplier circuit is implemented which 

effectively converts a minimum of 40 mV input voltage supplied from a TEG 

into a 2.5 V output voltage required for normal operation by a pacemaker. 

Usually, at 100% pacing, pacemakers absorb an average of 50 μW [29]. As a 

consequence, this power must be able to be determined by the circuit. As 

described in [30], the voltage multiplier circuit is a boost converter 

depending on the framework of a constant charge time (CCT). 

Various approaches were proposed in terms of growing a boost converter 

from low input voltages. Carlson et al.[31] used the on-time precharge of the 

load capacitor to initiate the converter. The downside of this approach is that 

the boost converter process stops if the storage portion is discharged. A 

mechanical switch was used by Ramadass and Chandrakasan[32] to launch 

the converter. This method inherently requires vibration that is not ideal, to 

start up. It restricts the application and increases the price[48]. 

Chen et al also proposed a 95-mV start-up voltage step-up converter. The 

95-mV activation input voltage is very high because the output voltage of a 

TEG is reduced to 40-60 mV. In [33]-[35], an electronic start-up step-up  
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converter is seen instead of using an external voltage. Abb. Fig. 3 provides a 

representation of the appropriate boost converter in every step and its 

equivalent circuit [36]-[38]. The ON resistance of the switches and even the 

inductor and parasitic capacitance series resistances are not mentioned in this 

paper. 

 

 
 

Figure 3 (a) Ideal Boost Converter and its Phases.[36]  (b) Equivalent Circuit in 

Phase Φ1. (c) Equivalent Circuit in phase Φ2[36]. 

 

In the equation, the highest available power which can be supplied to the 

boost converter is given (1)  

 

                                                      (1) 

The average power (Pavg) stored on the inductor is as in equation 2: 

                                                                    (2) 

   

 

TEG

TEG

avg
R

V
P




4

2

max,

riseRise

L
avg

T

iL

T

E
P

2

max5.0 




 
 

 

 

 

 

 

751  J. Jeneetha Jebanazer et al. 

 

Where L is the value of the inductor and imax is the inductor current at 

the end of phase Φ1, i.e., Trise.  

The output voltage Vout of a boost converter is calculated as per 

equation(3) where Vin is the input voltage, Trise is the rise time of the phase 

Φ1 and Tfall  is the fall time of pase Φ1 

 

                                                                          (3) 

 

The following circuit of the DC-DC converter[45] can be seen in Fig. 4. 

The output voltage from the TEG is related to the DC-DC converter supply. 

The TEG's input voltage is 40 mV and the output voltage of the DC-DC 

converter is 2.5 mV. The DC-DC converter's switching frequency is 1 MHz. 

130 μW is the large output power. For energy harvesting, Yi-Chun Shih et 

al[39] introduced a low-power inductor-less DC-DC converter. Thin-Film-

based On-Chip energy harvesting thermoelectric materials are mentioned by 

Sri Harsha Choday et al[40].  

 
 

Figure 4 Existing DC-DC Converter [45] 

 

A 20-mV Input Energy Harvesting DC/DC Converter was introduced by 

Zheng Yang et al [41]. An ultra-low-power DC-DC converter circuit was 

introduced by Elham Kordetoodeshki and Alireza Hassanzadeh[42] for 

energy harvesting. Integrated capacitive power control circuits for thermal 

harvesters[43] and thermal energy harvesting for recovery of micro-battery 

energy[44] have been introduced. 

Mohammadreza Ashraf and Nasser Masoumi [45] had implemented a 

low voltage and low power Thermal Energy Harvesting Power Supply for 

Pacemakers. 
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Figure 5 Existing TE Energy Harvesting System [45] 

 

      The design of the previous harvesting device for Thermal Energy (TE) 

can be seen in Fig. 5. The TEG output voltage is generated to this system's 

input, which is the start-up circuit input. The start-up circuit output is fed to a 

start-up DC-DC converter input.  

 

                3 Proposed TE Harvesting System 
 

The proposed TE harvesting system has been constructed by using the 

proposed low leakage FinFET Ring Oscillator[46] and the fault-tolerant 

FinFET DC-DC Converter[47]. The proposed fault-tolerant transistor 

network serves as a startup circuit also.  

 

3.1 Low Leakage FinFET Ring Oscillator [46] 
 

Using the 20nm FinFET technique, the low leakage 5-stage ring 

oscillator [46] has been built. The ring oscillator working principle is shown 

in Fig. 6. This 5-stage oscillator uses five inverters to produce the required 

oscillation of 1KHz frequency. The bulk terminal of the nMOSFET in the 

inverter has been connected to a negative bias voltage source through a 

pMOSFET. The negative bias voltage is applied to increase the threshold 

voltage of the nMOSFET when it is in the cut-off state because quite an 

amount of leakage current flows through the nMOSFET at this state. The 

body biasing circuit works adaptively. The pMOSFET devices in the 

adaptive biasing circuits are turned 'ON' when the corresponding node (gate 

terminal of the pMOSFET) turns to logic-'0' only otherwise it turns off the 

PMOSFET device. Hence no negative biasing voltage is applied to the bulk 

terminal of the nMOSFET. It implies that the body biasing circuit is working 

adaptively without degrading the performance of the ring oscillator. 
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The leakage current through the nMOSFET during the cut-off state can 

be minimized by applying a negative bias voltage to the bulk terminal. Thus 

the leakage power consumption can be minimized greatly during the cut-off 

state of the nMOSFET. Minimizing the unwanted leakage power 

consumption will enhance the battery backup of the implantable biomedical 

devices. The suggested low leakage ring oscillator is, therefore, more suited 

for implantable biomedical devices with low strength. 

 

 
 

Figure 6 Low leakage FinFET Ring Oscillator [46] 

 

    The output of the low leakage 20nm FinFET ring oscillator has been 

displayed in Fig. 7. The ring oscillator produces the square wave with a 50% 

duty cycle at its output terminal. The same output is fed-back to the input 

terminal. Hence the ring oscillator produces square wave continuously 

propagation delay (Td) and the number of stages (N) of the ring oscillator 

evaluate the accuracy of operation of the ring oscillator. 

 

 
 

Figure 7 The Output of lLw Leakage FinFET Ring Oscillator [46] 
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The frequency of operation of the oscillator could be calculated using the 

below equation-4.  

            (4) 

 

 

When the supply voltage applied is 500mV and the simulation 

temperature is 27 oC, the density of the suggested ring oscillator is 1KHz. To 

mitigate complex and leakage power usage, the minimum supply voltage was 

chosen to run the suggested ring oscillator in the low swing.  

   

3.2 Energy-Efficient and Fault-Tolerant DC-DC Boost Converter 
with Minimal Leakage Power [47] 

 

Fault-tolerant operation is a very important feature for life-saving 

implantable Bio-Medical Devices as they can't be replaced frequently. In this 

portion, an energy-efficient and fault-tolerant DC-DC boost converter circuit 

with limited dissipation of leakage power for implantable biomedical devices 

were addressed. The input voltage from the TEG to DC-DC converter is 100 

mV and the DC-DC converter output voltage is 2.5 V.  

The switching frequency of the DC-DC converter is set to  1 MHz. The 

maximum output power is 130 µW. The fault-tolerant DC-DC converter uses 

the same design parameters of the existing system for better comparative 

analysis. The schematic figure of the suggested fault-tolerant DC-DC 

converter is depicted in Figure 8. Multiple switching transistors are used to 

share the total amount of current in this circuit. This provides the fault-

tolerant nature to the circuit. Each transistor can carry the total current in the 

event of a fault in the other transistors however they share the current equally 

during the normal operation. 

 

 
 

Figure 8 Schematic Diagram of  Fault-Tolerant DC-DC Converter in Cadence [47] 
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The transistor in the fault-tolerant transistor network is switched one by 

one sequentially with a small amount of delay of 5-10 ns between each 

transistor. The in-rush current of the DC-DC converter can be lowered to a 

significant effect by providing these novel approaches. The in-rush current in 

the existing system dissipates a large amount of power due to a large amount 

of current flowing at that time. When the output voltage of the converter 

crosses the predetermined value, the feedback network reduces the Pulse 

Width of the Pulse Width Modulation (PWM) signal connected to the power 

transistor network. When the output voltage of the converter decreases below 

the predetermined value, the feedback network increases the Pulse Width of 

the Pulse Width Modulation (PWM) signal connected to the power transistor 

network. Thus, the output voltage is maintained in the phase of the steady-

state value. The clock phases CLK and CLKB are non-overlapping clock 

pulses. They are working in the complementary mode of operation.  CLK 

controls the power transistor network and CLKB controls the pass transistor 

and these two are working in complementary mode. The non-overlapping 

clock pulses are shown in Fig. 9. 

 

 
 

Figure 9 Non-Overlapping Clock Pulses 

 

The relationship between the input and the output of the DC-DC boost 

converter based on the PWM pulse width can be represented by the 

following equation (5).  

         

 (5) 

The pictorial representation of the proposed fault-tolerant transistor 

network is shown in Fig. 10. 

 
 

Figure 10 Fault-Tolerant Transistor Network [47] 
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Figure 11 Schematic Diagram of the  Fault Tolerant Transistor Network in Cadence 

[47] 

 

The multi-partition based fault-tolerant transistor network and the 

suggested DC-DC converter circuit switching sequences to reduce inrush 

current has been shown in Fig. 11. The suggested circuit uses multiple power 

transistors to provide the output voltage of 2.5 V. 

 

3.3 Proposed Thermal Energy Harvesting System 
 

The proposed TE harvesting system has been constructed by using the 

low leakage FinFET Ring Oscillator and the fault-tolerant FinFET DC-DC 

Converter. The fault-tolerant transistor network[47] also serves as a startup 

circuit. The schematic diagram of the novel startup circuit has been depicted 

in Fig. 12. The inrush current is minimized by implementing this startup 

circuit. The power transistors will be switched on sequentially with a time 

delay of 5ns-10ns and hence the inrush current is minimized to a great extent. 

So that the power transistors are not damaged by the inrush current.  

Moreover, the unwanted power consumption due to the inrush current is also 

minimized. Hence the overall power consumption of the proposed TE 

harvesting is minimized to a great extent.  

 

 
 

Figure 12 Schematic diagram of the  Novel Startup Circuit  
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The switching pulses generated by the control network consecutively 

change each power transistor one after the other. Figure 13 shows the 

switching pulses produced by the control network. 

 

 
 

Figure 13 Switching Pulses of Fault-Tolerant Transistor Network [47] 

 

The proposed TE energy harvesting tolerant fault system shown in Fig 

14 and its schematic equivalent are seen in Figure 15. The TEG output 

voltage is connected to the input of the suggested new start-up circuit that 

also acts as a voltage multiplier. The TEG output voltage is roughly 40 mV- 

50mV. The output of the TEG is compared to the start-up circuit input. The 

novel startup circuit has five stages small transistor network along with a 

delay element which has around 5ns to 10 ns delay. Hence, the transistors in 

the network are not switched ‗ON‘ simultaneously. Instead, they are 

switched one by one sequentially so that the inrush current which passes 

through the transistor network has been minimized to a great extent. The 

proposed novel startup circuit works as a voltage multiplier also. The output 

voltage of the TEG is doubled by the startup circuit. The output voltage of 

the startup circuit is 90 mV–100 mV. The output of the startup circuit is 

further connected to a capacitor and the startup boost converter.  

The output of comparator 1 is fixed when the capacitor voltage exceeds a 

predefined rate. This makes it easier to operate the startup boost converter. 

For the steady-state boost converter, the startup boost converter offers the 

required clock phases, whereas the steady-state boost converter output 

voltage (Vout) does not attain a current limit. 

 
Figure 14 System Architecture of  Proposed Thermal Energy Harvesting System 
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Figure 15 Schematic diagram of the  Thermal Energy Harvesting System in cadence 

 

 The performance of the comparator 2 sets and the regular processing of 

the machine continue when this is accomplished. The steady-state boost 

converter itself produces its clock phases in this model. A multiplexer is used 

to select the origin of the appropriate steps for the steady-state boost 

converter, whether from a boost converter or a self-generated model, based 

on the output of comparator 2. In proper functioning, the steady-state boost 

converter no longer requires the pre-start circuit and startup boost converter, 

otherwise, it will continue to focus alone. It is designed such that Vout 

becomes an output voltage powered by a low voltage ripple. If Vout goes out 

of the output voltage range for some reason, the startup boost converter is 

active automatically and charges the output voltage until everything gets into 

the distance. 

 

              4 Simulation Results and Discussion 
 

The proposed TE harvesting system has been designed and simulated 

using 20nm FinFET technology with Cadence Virtuoso Analog Design 

Environment (ADE) EDA tools by the proposed (Jeneetha Jebanazer et al) 

low leakage FinFET Oscillator [46] and the proposed (Jeneetha Jebanazer et 

al) fault-tolerant FinFET DC-DC converter [47]. The high-speed spice 

simulator ‗Spectre‘ is used to plot the output waveforms. The simulation 

parameters which are used to characterize the proposed thermal energy 

harvesting system have been listed out in Table 1. The TE harvesting system 

has been simulated with 40 mV input voltage and the achieved output 

voltage is 2.5 V when the simulation temperature is 27ºC. Transient 

simulation has been performed to plot the output waveform. 

Table 2 has tabulated the effect of the input voltage on the inrush current 

of the planned TE harvesting device. The input voltage has been changed 

from 90 mV to 140 mV, the impact is measured and the results have been 

tabulated. When the input voltage is 90 mV the inrush current of the existing 

TE harvesting system is 94.5 µA whereas the maximum inrush current of the  
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proposed TE harvesting system is 21.72 µA. The proposed TE harvesting 

system exhibits a 77.01 % improvement in inrush current than the existing 

TE harvesting system. If the input voltage boosts, the inrush current also 

boosts but steadily reduces the percentage of change 

 
Table 1 Simulation Parameters 

 
Item Description 

EDA Tool Cadence Virtuoso 

ADE 

Simulator  Specter 

Technology  20nm FinFET 

Input Voltage (VTEG) 40 mV 

Source Resistance (RTEG) 1.5 Ω 

Output Voltage (VOUT) 2.5 V 

Load (RL) 50 KΩ 

Inductor (LS) 400 µH 

Output Capacitor (COUT) 400 nF 

Duty Cycle 98% 

Simulation Temperature  27 ºC 

Analysis  Transient 

Simulation 

. 

The maximum inrush current of the proposed TE harvesting system at 

140 mV input is 165.25 µA whereas the maximum inrush current of the 

existing TE harvesting system is 292.5 µA. The proposed TE harvesting 

system exhibits a 43.50% improvement in inrush current than the existing TE 

harvesting system. If the input voltage rises, the inrush current often 

enhances, but eventually declines in the percentage of change. 

Table 3 tabulates the result of the input voltage on the overall capacity of 

the traditional TE harvesting device. The input voltage has been changed 

from 90 mV to 140 mV, the impact is measured and the results have been 

tabulated. When the input voltage is 90 mV the power consumption of the 

proposed TE harvesting system is 1.105 µW whereas the power consumption 

of the existing TE harvesting function is 1.28 µW.  

The proposed TE harvesting system exhibits a 13.67 % improvement in 

power consumption than the existing TE harvesting system. The total power 

consumption proposed TE harvesting system is 8.962 µW at the temperature 

of 27 ºC when the input voltage is 140 mV and the duty ratio is 98%. The 

proposed TE harvesting system exhibits a 25.01% improvement in total 

power consumption than the existing TE harvesting system.  

The temperature effect of the traditional TE harvesting method on the 

current flow is tabulated in Table 4. The temperature has been increased from 

-25 ºC to +125 ºC, the impact is measured and the results have been 

tabulated.  
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When the temperature is -25 ºC, the leakage current of the suggested TE 

harvesting system is 36.18 µA whereas the leakage current of the existing TE 

harvesting system is 141.2 µA. The proposed TE harvesting system exhibits 

a 74.37 % improvement in leakage current at -25 ºC than the existing TE 

harvesting system. With a linear temperature rise, the leakage current often 

rises significantly. 

 
Table 2 Impact of Input on Inrush Current 

 

 

Variation 

in Vin  

(mV) 

Inrush Current (µA)  

Improvement 

(%) 
Existing 

[45] 

Proposed 

90 94.5 21.72 77.01 

100 121.8 24.92 79.54 

110 180.9 48.54 73.16 

120 226.4 78.06 65.52 

130 250.8 119.91 52.18 

140 292.5 165.25 43.50 

 
Table 3 Impact of Input on Power Consumption 

 

 

Variation 

in Vin  

(mV) 

Total Power Consumption 

(µW) 

 

Improvement 

(%) Existing 

[45] 

Proposed 

90 1.28 1.105 13.67 

100 2.283 1.846 19.14 

110 3.729 2.964 20.51 

120 5.271 4.173 20.83 

130 6.997 5.278 24.56 

140 8.962 6.721 25.01 

 

Table 4 Impact of Temperature on Leakage Current 

 

Temperature  

(°C) 

Leakage Current 

(pA) 

 

Improvement 

(%) Existing 

[45] 

Proposed 

-25 141.2 36.18 74.37 

0 252.3 71.38 71.70 

25 387.8 108.94 71.90 

50 480.8 167.25 65.21 

75 548.8 215.37 60.75 

100 659.6 273.79 58.49 

125 741.3 359.50 51.50 
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Figure 16 Impact of the Input Voltage on Inrush Current 

 

 
 

Figure 17 Impact of the input voltage on Power Consumption 

 

 
 

Figure 18 Impact of the input voltage on Leakage Current 

 

The visual representation of the influence of the input voltage on the 

inrush current can be seen in Figure 5. As the input voltage of the TE 

harvesting system is increased from 90 mV to 140 mV, the inrush current 

also increases. The graphical representation of the power consumption effect 

of the input voltage can be seen in Figure 16. As the input voltage of the TE 

harvesting system is increased from 90 mV to 140 mV, the power 
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consumption also increases. Figure 17 shows the increase in the power 

consumption with the increase in the input voltage from 90mV to 140mV.  

The graphical representation of the effect on the leakage current of the 

temperature is included in Fig. 18. The leakage current also boosts 

significantly as the input voltage of the TE harvesting device is boosted from 

-25 
o
C to +125 

o
C. 

The performance metrics of the proposed TE harvesting system and the 

existing TE harvesting system are measured and compared from the 

simulation results carried out with the same simulation parameters. The 

proposed TE harvesting system exhibits better performance using inrush 

current, power consumption, and leakage current. Moreover, the proposed 

TE harvesting system works as a fault-tolerant TE harvesting system with the 

help of the proposed fault-tolerant transistor network.  

The various performance metrics of the different existing circuits have 

been listed out in Table 5. The proposed TE harvesting system has been 

implemented in FinFET 20 nm technology with fault-tolerant architecture 

whereas the other existing TE harvesting system was implemented in CMOS 

without fault-tolerant architecture. 

 
                                         Table 5 Comparison of Performance Metrices 

 

 
 

 

 

 

 

 

 

Reference Technology 

(nm) 

Input 

Voltage 

(mV) 

Output 

Voltage 

(V) 

Output Power Inrush 

Current 

(µA) 

Power 

Consumption 

(W)  

Leakage Current 

(pA) 

Fault-

Tolerant 

[28] CMOS 65 100 0.8-1.0 2 mW 
Not 

Provided 
12.28 µW 380 No 

[29] CMOS 130 20 1 10 µW 420.5 14.25 µW 260.20 No 

[32] CMOS 350 25 1.8 10 µW 
Not 

Provided 
36 µW Not Provided No 

[42] CMOS 180 340 1.28 1mW 480.5 10.25 µW 320.68 No 

[43] CMOS 350 1000 1.75-4.3 100 µW 
Not 

Provided 
15.82 µW Not Provided No 

[44] CMOS 350 600 2 1 mW 320.5 25.5 µW 182.30 No 

[45] CMOS 180 40 1-3 130 µW 292.5 8.962 µW 387.8 No 

Proposed 

work 
FinFET 20 40 2.5 130 µW 162.25 6.71 µW 90.79 Yes 
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5 Conclusion 
 

An energy-efficient and fault-tolerant Thermal Energy Harvesting 

System using DC-DC converter and Ring Oscillator with minimal leakage 

power dissipation for implantable Bio-Medical Devices have been suggested 

and implemented in this article. The suggested Thermal Energy Harvesting 

System consists of a fault-tolerant transistor network instead of a single 

power transistor based existing system. Multi-partition based novel startup 

circuit has been implemented in this paper. The suggested Thermal Energy 

Harvesting System has been implemented in 20nm FinFET technology. The 

input voltage from the TEG to the Thermal Energy Harvesting System is 40 

mV and the output of the TE harvesting system is 2.5 V. Compared to the 

current system that consumes 8,962 μW, the implemented TE harvesting 

process reduces a much lower total power of 6.71 μW. At +125 
o
C, the 

maximum leakage current of the device implemented is 299.59 pA. The 

suggested energy-efficient and fault-tolerant low leakage Thermal Energy 

Harvesting System functions effectively and is more suited for biomedical 

devices that are implantable with low power. 
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