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This paper presents a transformer-based reconfigurable 
synchronous boost converter. The lowest maximum power 
point tracking (MPPT)-input voltage and peak efficiency 
of the proposed boost converter, 20 mV and 88%, 
respectively, were achieved using a reconfigurable 
synchronous structure, static power loss minimization 
design, and efficiency boost mode change (EBMC) 
method. The proposed reconfigurable synchronous 
structure for high efficiency enables both a transformer-
based self-startup mode (TSM) and an inductor-based 
MPPT mode (IMM) with a power PMOS switch instead 
of a diode. In addition, a static power loss minimization 
design, which was developed to reduce the leakage current 
of the native switch and quiescent current of the control 
blocks, enables a low input operation voltage. 
Furthermore, the proposed EBMC method is able to 
change the TSM into IMM with no additional time or 
energy loss. A prototype chip was implemented using a 
0.18-μm CMOS process, and operates within an input 
voltage range of 9 mV to 1 V, and an output voltage range 
of 1 V to 3.3 V, and provides a maximum output power of  
37 mW. 
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I. Introduction 

The emergence of ubiquitous networking and the prevalence 
of mobile devices have changed modern life, completely 
enabling people to live more convenient lives and conduct 
tasks more efficiently. People can enjoy social network services 
(SNSs) through their smart devices and check the status of their 
health more quickly and safely with no limitations on the time 
or place. In particular, Internet of Things (IoTs) systems with 
variable integrated circuits [1]–[5] will enable communication 
among billions of objects and increase the need for new 
applications beyond the smart phone. The most recent popular 
application is wearable devices including smart watches and 
glasses as well as smart bands and patches. Wearable devices 
have to be very small and light to be portable and convenient 
for use; thus, heavy batteries are not user friendly for      
such devices. Additionally, the periodic replacement and 
maintenance of batteries cause extra cost and time. To solve 
this problem, small batteries or battery-less systems with 
energy harvesting technology [6], [7] have been suggested as 
an alternative. In particular, various studies on thermoelectric 
energy harvesting using body heat have been applied in 
wearable devices for IoT systems. Most of all, a high efficiency 
and wide input dynamic range with maximum power point 
tracking (MPPT) [8]–[10] control are very important for 
devices to properly operate for a long periods of time despite 
the small power generated from thermoelectric generators 
(TEGs). In particular, widening the low range of the input 
voltage is an important issue because of the low temperature 
difference in body heat.   
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To achieve high efficiency and a low input voltage, an 
efficient digital control method has been used [11], and a 
transformer structure [12] has enabled a very low startup and 
input voltage. However, because such methods do not use the 
MPPT technique, it is impossible to extract the maximum 
power from the TEG. To solve this problem, the authors of [13] 
proposed a transformer reuse technique. This structure boosts 
the peak efficiency more than that of [12] with the MPPT 
control maintaining a low input voltage; however, its input 
range and efficiency are limited to 300 mV and 61%, 
respectively. A DC-DC boost converter using a variation-
tolerant MPPT technique [14] achieves high efficiency with a 
wider input voltage range than that of [13]. However, using the 
battery for a startup can cause additional costs or size and 
weight issues. To obtain a higher efficiency with a wider input 
voltage range without using an external source or process for a 
self-startup, the study in [15] proposed a transformer-based 
boost converter for a TEG with high internal resistance. This 
structure enables a high efficiency for a wide range of input 
voltages, from 21 mV to 1 V. However, it is not clear whether 
the MPPT technique is applicable for a low range of input 
voltage. In a simulation, 50 mV was the lowest input voltage 
with the MPPT operation. The authors in [16] presented an 
extended input boost regulator with a wide conversion ratio 
and maximum efficiency of 82% for a wide range of input 
voltages from 12 mV to 1 V. In addition, the authors in [17] 
achieved a 10 mV input voltage and 25 mV MPPT input 
voltage with 83% peak efficiency. These works are state-of-
the-art in terms of the minimum input voltage for 
thermoelectric energy harvesting; however, MPPT control was 
not applied in [16], and the start-up voltages are 380 mV and 
220 mV, which are not suitable for wearable devices using 
body heat. Finally, the authors in [18] presented a low VIN - 
high VOUT DC/DC converter for energy harvesting. 

This paper proposes a state-of-the-art transformer-reuse 
reconfigurable synchronous boost converter architecture with 
high efficiency and low input voltage, which uses a dual-mode 
technique to enable both self-startup and MPPT power transfer 
in the transformer-reuse structure. Additionally, to achieve a 
higher MPPT efficiency and lower minimum input voltage 
than those of [13], in this study a native-switch and control 
blocks with low power consumption were designed. Finally, 
the input sensing method in [13] was modified into an output 
sensing method to obtain a higher efficiency and wider range 
of input voltages. Section II presents issues of a conventional 
transformer-reuse asynchronous structure, and Section III 
shows the overall architecture of the proposed system, design 
techniques, and circuit implementation. Section IV presents the 
measurement results and Section V provides some concluding 
remarks. 

II. Conventional Transformer-Reuse Asynchronous 
Design 

The authors in [13] described a conventional transformer-reuse 
asynchronous boost converter. This converter presents a 
transformer-based step-up architecture through the following 
three techniques: a positive feedback self-startup, a transformer 
reuse technique, and improved MPPT for variable thermoelectric 
energy-harvesting applications with a low-voltage self-startup. 
However, despite an improvement in performance through these 
three techniques, some issues still remain [13].  

1) Conversion efficiency and output power: The structure 
in [13] has a relatively low peak efficiency of 61% and 
maximum output power of 2.7 mW compared with other state-
of-the-art methods. The primary reason for the low efficiency 
and output power is the asynchronous structure. The loss of a 
diode in [13] is a big part of the total loss, and has a particularly 
strong influence on low-power applications because of the 
large forward voltage of the diode. However, it is difficult to 
apply a conventional synchronous structure in a transformer-
reuse structure, the reason for which, along with a solution, are 
provided in Section III. 

2) Minimum input voltage under MPPT control: For the 
stable operation of a converter, regardless of the power budget 
of the TEG, it is important to maintain the input voltage level as 
low as possible under MPPT conditions. However, the 
minimum MPPT-input voltage level in [13] is 50 mV, and 
there is a significant difference between this level and the levels 
of other state-of-the-art methods. Therefore, it is necessary to 
lower this level, and to do so, the static power loss should be 
reduced. Because such a loss remains nearly unchanged, 
despite the decreases in input voltage and power, the influence 
of the static power loss is a large aspect of the total efficiency 
within a lower input range. The details on reducing this loss are 
discussed in Section III. 

3) Input sensing mode change: The converter in [13] has 
two modes: The change between transformer-based oscillation 
mode (TOM) for a start-up, and inductor-based boost mode 
(IBM) for a normal boost operation, is conducted by sensing 
the input voltage for high efficiency in an asynchronous 
structure. However, owing to the conditions of optimal 
efficiency change in a synchronous structure, input sensing has 
become no longer valid. Therefore, another sensing method is 
needed for a higher efficiency and larger output power. The 
detailed method for this is described in Section III. 

III. Proposed Transformer-Reuse Synchronous Design 

1. Overall Architecture of the Proposed Synchronous Converter 

Figure 1 shows the proposed boost converter architecture. 
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Fig. 1. Proposed reconfigurable synchronous boost converter architecture. 
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The basic topology of this converter is similar to that in [13], 
and both consist of a self-startup with positive feedback, a 
transformer-reuse structure for high efficiency, and MPPT 
control of the fractional open-circuit method. However, there 
are three obvious differences between [13] and the proposed 
converter. First, for a higher conversion efficiency and larger 
output power, this converter applies a reconfigurable 
synchronous structure without a diode. Second, for the IBM in 
[13], a leakage current is caused by the excessive size of SNS 
used to prevent a self-startup failure. Therefore, the proposed 
converter minimizes this static power loss through the optimal 
design of the SNS size. Finally, this work changes the mode 
change scheme from input sensing to output sensing for an 
energy boost as quickly as possible. 

2. Reconfigurable Synchronous Structure  

In an asynchronous step-up structure, loss by a diode can be 
expressed as follows: 

FConduction Loss * [ ],I V W    

  

       (1) 

2
junc F SWSwitching Loss * * [ ].C V F W       (2) 

In a synchronous step-up structure, loss by a power switch can 
be expressed as follows: 

2
ON DSConduction Loss * * [ ]I R I V W  ,

 

    (3) 

2
gate GS SWSwitching Loss * * [ ]C V F W ,      (4) 

where VF is the forward voltage, Cjunc is the junction 
capacitance of the diode, and RON is the on-resistance of the 
switch. Because the operation frequency (FSW) of the proposed 

converter in inductor-based MPPT mode (IMM) varies from 
2.5 kHz to 50 kHz according to the input voltage range, the 
conduction loss occupies most of the total loss within this low-
frequency range. Therefore, under this condition, because the 
value of RON can be reduced through an optimization of    
the switch size, whereas VF is always a large constant, a 
synchronous structure is more advantageous than an 
asynchronous structure in terms of high efficiency. Figure 2 
shows a comparison of the power loss proportion at 300 mV of 
VIN between diode D1 of [13] and power switch SPP of the 
present work, and consequently, this difference results in an 
improvement in efficiency. 

However, using a conventional synchronous structure is 
difficult in a transformer-reuse structure because of the low 
voltage self-startup. As shown in Fig. 3(a), by simply replacing 
the diode with a power switch, it is impossible for the proposed 
converter to operate properly. The oscillation for a self-startup 
occurs through positive feedback; however, because the control 
blocks for a synchronous operation cannot operate in the initial 
start-up state in which the supply voltage is lower than the 
threshold voltage, the power switch SPP also cannot be  
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Fig. 3. Self-startup structure: (a) uncontrolled power switch (SPP) owing to a low VTEG (b) power transfer using a reconfigurable control
block. 
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controlled. Therefore, it is necessary for the structure to transfer 
power through the power switch in transformer-based self-
startup mode (TSM) and IMM. To solve this problem, a 
method that utilizes the body diode of a power PMOS switch 
was used in [19]. However, this method cannot be applied in 
the proposed transformer-reuse structure owing to reverse 
current flows through SPP from a large oscillation on VX. 

The simulation results of a method that uses a body diode 
at the TSM are presented in Fig. 4(a). Here, VOUT cannot 
reach the target voltage, which enables the control blocks to 
operate despite a VTEG of 100 mV compared with 40 mV in 
[13]. This means that the reverse current precludes the cold 
start operation. Therefore, this paper suggests a 
reconfigurable synchronous method with dual mode, as 
shown in Fig. 5. Comp2 remains in a low output state during 
startup; thus, SDC is always on, and SPP can operate as a diode. 
Additionally, this circuit maintains a disconnection between 
the output of the gate-driver and the gate of SPP. In contrast, 
Comp2 changes to a high output state after startup; thus, SDC 

is always off, and SPP can operate as a switch. At the same 
time, this circuit connects between the output of the gate-
driver and the gate of SPP and enables MPPT operation. The 
structure shown in Fig. 3(b) enables the self-startup, and the 
simulation results of the proposed method for TSM are 
presented in Fig. 4(b). These results indicate that there is no 
reverse current and that the cold start operation is applied well. 
The oscillation frequency is determined through (4) in [13], 
and the value is about 250 kHz. 

Figure 6 shows the detailed operation of the MPPT for a 
synchronous structure. The native switch SNS is turned off, and 
thus the transformer is reused in the inductor. When the clock is 
Φ1, nodes VS and VIN are equal to VTEG because SPP and SPN are 
open, and therefore the converter is under open circuit 
conditions. When the clock changes to Φ2, node VS is then 
equal to half of VTEG, and therefore node VIN becomes half of 
VTEG through a feedback loop composed of CIN, Comp3, SPN, 
and L2. Consequently, the energy generated from TEG is 
transferred to COUT keeping VIN at half of VTEG. 
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Fig. 4. Simulation waveforms of the (a) structure used in the body diode of a power PMOS switch, and (b) the proposed reconfigurable
synchronous structure. 
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Fig. 6. MPPT operation of the proposed synchronous structure in IMM: (a) VTEG sampling and (b) maximum power transfer from TEG
to COUT. 
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3. Static Power Loss Minimization Design 

The loss caused by a power device (such as an inductor or 
power switch) usually occupies most of the total power loss 
under a high input power condition. However, under a very 
low VIN condition owing to a small temperature difference, 
because the overall current level is also extremely reduced, the 
proportion of the static power loss increases significantly. 
Therefore, for a low input operation voltage and high 
conversion efficiency, it is necessary to reduce the static power 
loss as much as possible. Figure 7 shows the proportion of 
power loss by the leakage current of the native switch SNS with 
zero threshold voltage at a VTEG level of under 100 mV. This 

  

Fig. 7. Proportion of power loss through the leakage current of 
SNS in [13]. 
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means that, as the VTEG level decreases, a portion of the power 
loss remarkably increases. Because the MPPT control starts at 
VIN = 100 mV, it is not worth considering the leakage loss of 
SNS under a VIN of 100 mV in [13]; however, in the proposed 
structure, the MPPT control operates at a VTEG of 40 mV. 
Therefore, it is necessary to reduce the leakage loss as much as 
possible because the maximum proportion of the power loss is 
about 5% owing to a decreased input voltage. To minimize the 
power loss by the leakage current, the size of SNS should be 
optimized with the minimum margin for a stable self-startup. 
From [13], the positive feedback loop gain for a self-startup 
can be expressed as follows:  

D 1

T

 * 
Positive  Feedback  Loop  Gain 1,

*

I R

nV N
       (5)  

T T
D Dmin

1 1

* *
  ,

R

nV N nV N
I I

R
            (6) 

where ID/(nVT) is the transconductance of SNS in the sub-
threshold region, and N is the turn ratio (N2/N1) of the 
transformer. From (6), the minimum current IDmin can be 
obtained and the on-resistance, RON, of SNS can be expressed 
through IDmin as follows: 

TEG ON Dmin TEG( )* ,R R I V              (7) 

TEG
ON TEG

Dmin

.
V

R R
I

                (8) 

Theoretically, the size of SNS is determined through RON of (8); 
however, in practice, it should be determined by considering 
both the margin for a stable self-startup and power loss in IMM. 
This work designed the size of SNS to have a width of 100 µm 
and length of 0.3 µm for a power loss of below 0.1% within the 
entire VTEG range, and the stable self-startup under this condition 
was verified through a circuit simulation. Additional static power 
loss is generated from various control blocks. Because the 
designed control blocks do not require a high performance but 
only a low power loss, they were designed using the simplest 
structure and operate within the subthreshold region for a 
minimum power loss. Their quiescent currents are about tens of 
nA. In addition to reducing the power loss, it is important to 
design a gate driver with a simple and leak-free structure.  
Figure 8 shows the proposed mode change gate driver with dead 
time control for a synchronous operation. The dead time control 
method applied with asymmetric transistor size control is so 
simple that it enables a synchronous operation without additional 
power loss. This gate driver uses SM1 through SM4 for a mode 
change switch, which disconnects between the output of the gate 
driver and the gate of SPN , SPP for a stable self-startup. In addition, 
the body control technique was applied to prevent a leakage  

  

Fig. 8. Proposed mode change gate driver with dead time control.
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current generated in SM4 owing to LC oscillation. 

4. Efficiency Boost Mode Change 

The mode change method in [13], which senses VIN, is 
effective until the efficiency of the TOM becomes higher than 
the minimum efficiency of IBM. However, for the proposed 
synchronous structure, the efficiency of IMM is higher than that 
of TSM in most of the input range; therefore, the mode change 
method, which senses VIN, is no longer effective. Figure 9 
describes in detail the proposed mode change method, which 
senses VOUT. During a self-startup, if VOUT increases sufficiently 
to operate the control blocks, after comparing VOUT with VREF, 
Comp2 finishes TSM and operates in IMM. The TOM of [13] 
and the TSM in the present work are similar in terms of 
oscillation mode owing to the transformer used for the self-
startup; however, there is an important difference regarding the 
point of the mode change. For TOM, it is fixed at 100 mV; 
however, for TSM, the mode change is applied as soon as VOUT 
reaches sufficient voltage to operate the control blocks, that is, 
about 1 V. 

As shown in Fig. 10(a), the VIN sensing mode change of [13] 
is applied at VMO because it is the optimal point in the structure 
of [13]. However, a VOUT sensing mode change can be instantly 
achieved after the completion of the start-up operation owing to 
the overall improvement in efficiency using the proposed 
synchronous structure. Consequently, IMM proceeds more 
quickly than IBM, and enables an expansion of the MPPT-
input range and a higher efficiency. Figure 10(b) shows that  
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the output power also increases for the same reason. 

In addition, there are two other advantages when compared 
to VIN sensing. In [13], because the mode change point can be 
changed through a variation in PVT or replacement of the TEG, 
it must change the point manually. Furthermore, a high input 
voltage can make the VX node voltage exceed the breakdown 
voltage of the power switch owing to a high turn ratio 
transformer during startup. However, the proposed method does 

not have to change the mode change point manually because the 
mode change is conducted automatically. Additionally, under a 
high input condition, VX cannot exceed the breakdown voltage of 
the power switches because MPPT mode starts if VOUT reaches 
the target voltage; therefore, an additional protection circuit, such 
as a Zener diode [12], is not necessary. 

IV. Measurement Results  

The proposed synchronous boost converter was implemented 
using a 0.18 μm CMOS process. Figures 11(a) and 11(b) show a 
chip micrograph and the experimental conditions, respectively. 
The active area of the implemented chip is about 0.3 mm2. 

Figure 12(a) shows the measured VOUT sensing mode change 
waveforms of the proposed reconfigurable synchronous boost 
converter. In TSM, when VOUT does not reach the target voltage, 
the power is transferred to the output through an oscillation, 
and VOUT continues to increase. When VOUT is equal to the 
target voltage, a mode change is applied and the oscillation 
operation is changed to the switching operation through the 
MPPT control. 

Figure 12(b) shows the 1.2 V VOUT regulation waveforms when 
VIN is 9 mV, which is the minimum input level. Because the input 
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Fig. 11. (a) Chip micrograph and (b) experimental conditions.
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voltage and current level are very low in this case, the MPPT 
control does not operate accurately. However, these waveforms 
show that a VIN of 9 mV can regulate the VOUT at 1.2 V. 

Figure12 (c) shows the 2.4 V VOUT regulation waveforms 
when VIN is 20 mV, which is the minimum input voltage using 
the MPPT technique. It is very important for a thermoelectric 
power conversion to apply the MPPT technique because very 
little power can be extracted if the impedances do not match 
each other well. Therefore, lowering the input voltage level 
using the MPPT technique can be more effective than simply 
 

 

Fig. 12. Measured waveforms: (a) efficiency boost mode change with VOUT sensing, (b) VIN = 9 mV and VOUT = 1.2 V regulation, (c)
VIN = 20 mV and VOUT = 2.4 V regulation through MPPT control, and (d) VTEG = 1 V and VOUT = 3.3 V regulation by MPPT
control. 
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Table 1. Performance comparison among state-of-the-art thermoelectric energy harvesting circuits. 

Parameter JSSC 2012 [13] Trans. PE 2013 [14] JSSC 2014 [15] Trans. PE 2014 [16] JSSC 2015 [17] This work 

CMOS process 0.13 μm 0.35 μm 0.13 μm 0.13 μm 0.13 μm 0.18 μm 

Minimum input voltage 30 mV 70 mV (=VTEG) 21 mV 12 mV 10 mV 9 mV 

Minimum input voltage 
with MPPT technique 

50 mV 70 mV (=VTEG) 
N/A 

(50 mV in simulation)
N/A 25 mV 20 mV 

Regulated output voltage 2 V 3 V – 5.8 V 1 V 0.66 V – 3.3 V 1.1 V 1 V – 3.3 V 

Maximum output power 2.7 mW N/A 2 mW 12 mW 22 mW 37 mW 

Maximum efficiency 61% 72.2% 74% 82% 83% 88% 

Maximum power point 
tracking? 

Yes Yes Yes No Yes Yes 
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lowering the input voltage when considering efficient power 
utilization. 

Figure 12(d) shows the 3.3 V VOUT regulation waveforms 
with MPPT control when VIN is 500 mV. From Figs. 12(a) 
through 12(d), the proposed converter can be verified to 
operate within the VIN range of 9 mV (MPPT input 20 mV) to 
500 mV (VTEG = 1 V), and a VOUT range of 1 V to 3.3 V. 

Figure 13 shows a comparison of the measured conversion 
efficiencies between [13], [14], [15], [17] and the present work. 
In Fig. 13(a), which shows PINPUT versus the efficiency graph, 
the proposed method has the widest input power range 
compared with the other methods, and the efficiency of the 
proposed converter is higher than that of the other methods 
within a PINPUT range of above 0.1 mW. In Fig. 13(b), which 
shows VTEG versus the efficiency graph, the efficiency of the 
proposed converter is higher than that of the other methods 
within a VTEG range of above 60 mV. Consequently, this 
efficiency and output power were accomplished using the 
proposed reconfigurable synchronous structure, static loss 
optimization, an energy boost mode change, and a low DCR 
transformer, B82801C of TDK. 

Table 1 shows a performance comparison of the state-of- 
the-art thermoelectric energy-harvesting circuits. Previously 
published energy harvesting designs have very low minimum 
input voltages of 12 mV [16] or 21 mV [15]. However, in these 
publications, the minimum input voltage from the MPPT 
technique is not clearly presented. Other publications have 
presented minimum input voltages using the MPPT technique, 
that is, 50 mV [13], 70 mV (VTEG) [14], and 25 mV [17]; 
however, the method in [13] has a relatively low efficiency 
compared with the other studies, the method in [14] requires a 
battery for start-up, and the method in [17] has a limited range  
of output voltage. The present work achieved a minimum input 
voltage of 9 mV and minimum MPPT-input voltage of 20 mV, 
which are state-of–the-art voltage levels, and a maximum 
efficiency of 88% and a maximum output power of 37 mW 
under a regulated output voltage range of 1 V to 3.3 V. 

V. Conclusion 

This paper presents a transformer-reuse reconfigurable 
synchronous boost converter architecture for a thermoelectric 
energy harvester with a static power loss minimization design, 
and a method for an efficiency boost mode change. The 
proposed synchronous design boosts the efficiency within the 
overall input range by changing a diode with a power switch 
using a dual mode technique. The static power loss 
minimization design of the native switch and control blocks 
results in increasing efficiency within a low input voltage range 
and a decrease in the minimum input and MPPT-input voltage 
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Fig. 13. Comparison of the measured conversion efficiencies 
between [13], [14], [15], [17], and the present work: (a) 
PINPUT versus efficiency graph and (b) VTEG versus 
efficiency graph. 

 
compared with [13]. Finally, the efficiency boost mode change 
reaches IMM more quickly, and consequently, brings about the 
effect of expanding the MPPT-input range, thereby increasing 
the efficiency and output power. 
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