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Abstract—This work presents two circuit topologies of 

battery-less integrated boost oscillators suitable for kick-starting 
electronic systems in fully discharged states with ultra-low input 
voltages, in the context of energy harvesting applications based 
on thermoelectric generators, by coupling a piezoelectric 
transformer in a feedback loop. With respect to prior work, the 
first presented solution is a double polarity integrated circuit 
designed in a 0.18 µm CMOS technology able to boost ultra-low 
positive and negative voltages without the need of switching 
matrixes. The circuit exploits a CMOS inverter made up of low 
threshold transistors, and also includes a hysteretic voltage 
monitor consuming only ~15 nW to enable an external circuit. 
The minimum achieved positive and negative oscillation voltages 
are +15 mV and −8 mV, which to the best of the authors’ 
knowledge, are among the lowest start-up voltages achieved in 
literature up to now without using magnetic components. 
Moreover, the input impedance in the range of several kΩ makes 
the presented solution suitable also for high impedances sources 
such as rectennas. The second presented circuit, designed in a 
0.32 µm CMOS technology, exploits an input stage based on 
depletion-mode MOSFETs in a common source stage 
configuration and achieves high-step ratios up to ~60. 
 

Index Terms— boost circuit, bootstrap circuit, double polarity, 
energy harvesting, oscillator, piezoelectric transformer, rectenna, 
thermoelectric generator, voltage monitor  
 

I. INTRODUCTION 
IRELESS Sensors Networks (WSN) are groups of 
widespread sensors communicating between each other 

through wireless channels. They have the duty of collecting, 
transmitting and storing spatially distributed data about several 
environmental physical quantities such as temperature, 
humidity or air-pressure. Battery-powered WSN generally use 
a certain amount of energy for collecting and sending data to 
the central unit (few nJ/bit) [1]. The consumed power can be 
reduced by implementing architectures exploiting specific 
blocks such as wake-up radios or by reducing the overall 
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duty-cycle of operation (i.e., the duration of the on-state 
compared to sleep-mode) of the network of sensors [2].  

In any case, lifetime is one of the most important and 
critical aspects of energy autonomous systems. Technology 
scaling has played its role by reducing circuits dimensions and 
thus making systems less power-demanding. Nevertheless, 
this is not sufficient, given that relying on batteries is not the 
optimal solution because their replacement can require very 
high maintenance costs. In order to achieve fully energy 
autonomous systems, it is possible to conceive battery-less 
systems that convert in an electric form the harvested energy 
available in the environment in several forms such as sunlight, 
wind, heat, vibrations or RF [3] [4] [5] [6]. However, 
environmental energy sources often provide extremely low 
voltages, whereas switched-mode boost converters or charge 
pumps might require a higher minimum input voltage 
typically in the order of the threshold voltage of the used 
transistors in order to produce a usable supply voltage for a 
WSN. To cite an example, photovoltaic cells (PVCs) provide 
different output power levels depending on the illumination 
conditions which may vary in the range of two orders of 
magnitude [7], and the provided output voltage can be as low 
as ~200 mV in low illumination conditions. Radio Frequency 
(RF) signals can also be exploited to provide power to passive 
devices, as is the case in radio frequency identification (RFID) 
tags.  However, the distance of power transmission typically is 
limited to several meters [8], and at such high distances the 
amplitude of the received voltage of rectennas (i.e. rectifying 
antennas) can be as low as ~100-200 mV. Moreover, in order 
to extract power, temperature gradients can be exploited as 
well by means of thermoelectric generators (TEGs) based on 
the Seebeck effect (Fig. 1): when two different metals are 
electrically connected and subject to a temperature gradient, a 
voltage difference arises at the terminals of the connection. 
The electrical series-connection and the thermal parallel 
connection of such thermocouples increases the output voltage 
at the expenses of a higher output resistance. The size of these 
devices is in the order of few cm2 with output voltages around 
10-50 mV/°C and output resistances as low as ⁓0.4 Ω [9]. 
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In most cases, the output voltage of the aforementioned 
transducers is not sufficient to overcome the threshold voltage 
VTH of the power devices in a conventional boost power 
converter or charge pump. Then, in energy harvesting (EH) 
systems (Fig. 2), since the main power converter requires a 
minimum supply voltage, it can be activated only once a 
storage element (e.g. a capacitor) has been charged to this 
level by a separate kick-start voltage booster circuit. The 
kick-start voltage booster is a circuit able to function at very 
low voltages levels down to few tens of mV by exploiting 
normally-ON transistors such as JFETs or depletion-mode 
MOSFETs (DeplMOS). The main purpose of such circuit is 
the charge of the storage capacitor to a voltage level sufficient 
to provide the minimum supply voltage for a conventional 
power converter to perform the power conversion. 

The problem of kick-starting from ultra-low voltages down 
to few tens of mV has been extensively addressed in literature. 
The first approach was presented by Damaschke in 1997 [10] 
and is depicted in Fig. 3. The Ultra-Low Voltage Source 
(ULVS) is modeled through a voltage VIN with an output 
resistance RS. A normally-ON transistor (M1, DeplMOS or 
JFET), coupled with a Magnetic Transformer (MT), is 
required to provide an overall negative resistance in parallel to 
the LC tank, made by the secondary inductance and the 
equivalent capacitance CG seen at the gate of the transistor M1, 
when VIN does not exceed few tens/hundreds mV. The positive 
feedback due to the MT thus produces an oscillation which is 
then rectified through the Voltage Doubler (VD) made by 
CPUMP, the diodes D1 and D2 and the storage capacitor CSTORE.  
The minimum input voltage VIN,MIN to achieve oscillation is 
dependent from the transformer turn-ratio N and the losses in 
the MT [11]. This particular topology has been adopted for RF 
harvesting purposes [12] and in commercial products 
operating from 20 mV with a 1:100 MT [13].  The 
cascade-connection of several MTs allows to reduce the 
minimum voltage to trigger an oscillation down to ~7 mV, at 
the expenses of system compactness [14]. 

Other ultra-low voltage systems were presented in 
literature, but an initial voltage (e.g. provided by an external 
energy source or by a battery) of several hundreds of mV is 
necessary [15] [16].  

A minimum input voltage of 35 mV was achieved through 

exploitation of a motion-activated switch [17]. Furthermore, 
input voltages down to 10 mV were also recently achieved 
[18] [19], but the kick-start is aided by means of a 32-stages 
Dickson charge pump boosting the output of a secondary 
harvester providing a much higher voltage (rectenna). 

Other solutions are related to the design of specific 
integrated circuits (ICs) exploiting Forward Body Biasing 
(FBB) techniques [20], which aim at reducing the threshold 
voltage of transistors in a charge pump. Such technique allows 
to lower the start-up voltage down to 0.18 V. However, the 
main drawback is the higher leakage currents that degrade the 
whole efficiency of the converter. Dynamic Body Biasing 
(DBB) techniques [21] represent an improvement with respect 
to FBB, however both FBB and DBB require deep wells in the 
process in order to have a floating body connection. 

Another technique with the purpose of starting from 
voltages lower than the normal threshold voltage of transistors 
consists in tuning the VTH of the transistors at the end of the 
fabrication step. This technique [22] was applied to the 
p-channel MOS transistors (pMOS) placed in a ring oscillator 
providing the clock signal for a conventional Dickson charge-
pump (DCP) and achieved 95 mV operation. This technique 
essentially provides additional fixed charge in the transistors’ 
gate dielectrics fixing the VTH. Among other types of 
low-voltage circuits, a battery-less integrated harvesting 
system with minimum voltage of 50 mV was recently 
presented [23], in which the oscillation is achieved through a 
cross-coupled nMOS LC oscillator exploiting the high 
Q-factor of a commercial inductor. Moreover, an ultra-low 

Fig. 1: Representation of a TEG. An array of electrically series-connected and 
thermally parallel-connected thermocouples outputs a voltage proportional to 
the temperature difference. 

Fig. 2: Diagram of an energy autonomous system based on energy harvesting. 
A kick-start boost converter provides the initial voltage and energy required to 
turn on a more efficient power converter. 

Fig. 3: Schematic of the conventional Armstrong oscillator with output 
rectification. 
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quiescent power boost converter for sources down to 70 mV is 
presented in [24]: the quiescent power is lowered down to 544 
pW with a peak power conversion efficiency of about 56%. 
However, it still relies on magnetic components and requires 
the injection of extra energy for kick-starting. A 
reconfigurable buck/boost converter suitable for solar-cells is 
presented in [25]. The quiescent power consumption is as low 
as 3 nW but the minimum start-up voltage is ~140 mV. It is 
worth remarking that the efficiency as well as the minimum 
activation voltage of such systems generally depend on the 
“quality” of magnetic components, whose scaling poses 
several constraints during the design phase [26]. In [27], an 
ultra-low voltage of 21 mV, with minimum input power of 5.8 
µW and efficiency higher than 70% is achieved, exploiting 1:1 
MTs. However, such values are achieved with 10 mH coils. 

Piezoelectric transformers (PTs) are highly efficient power 
conversion devices that are generally used for high voltage 
applications such as Cold Cathode Fluorescent Lamps (CCFL) 
[28] [29] or highly efficient resonant converters [30] [31]. 
Nevertheless, their use in ultra-low voltage applications has 
been demonstrated: a novel start-up approach based on the use 
of PTs instead of MTs has been recently presented [32]-[34]. 
Such bootstrap circuit was successfully adopted for 
kick-starting a fixed-frequency boost converter, from a fully 
discharged state, performing a power conversion from a TEG 
with efficiencies around more than 40% in the range 
30-50 mV [35]. However, such systems work only with 
positive voltages. It is worth remarking that PTs in a feedback 
loop for oscillation boosting purposes were also previously 
reported [36], however the PT in [36] works close the 
resonance frequency and the circuit is a Pierce-type oscillator 
that requires an inductor to achieve oscillation. Differently, in 
[32] [33] the PT works close to its parallel resonance (or 
anti-resonance) frequency and magnetic components are not 
necessary to trigger an oscillation.  

A first contribution of this work is a new double-polarity 
circuit topology of integrated boost oscillator designed and 
fabricated in a UMC 0.18 µm CMOS technology, able to 
boost positive and negative voltages without the necessity of 
switching the polarity of the input voltage through switching 
matrixes [37]. The circuit achieves a minimum positive 
start-up voltage of 15 mV by exploiting PTs in a feedback 
loop. When polarized by a negative voltage, the circuit is able 
to oscillate at −8 mV. To the best of the authors’ knowledge, 
these are among the lowest values reported in literature 
without magnetic components and without any battery or 
external energy contributions. The output voltage with a 
±15 mV input is around 150 mV, achieved with a rectifying 
VD; however, higher voltages can be obtained through use of 
voltage multipliers or conventional multi-stage charge pumps. 
With respect to prior work [33], the input stage is based on a 
CMOS inverter gate made up of low-threshold native 
MOSFETs (low-VTH or NatMOS) rather than a common 
source (CS) stage. One of the main advantages is that 
NatMOS are generally more common in ICs with respect to 
JFETs or DeplMOS. This solution, based on CMOS inverter 
input stage, differently from [33], integrates also a nano-power 

hysteretic voltage monitor (VM) sinking only ~9 nA at 1.6 V. 
The aim of such VM is to connect a load RLOAD to CSTORE1 
when VSTORE1 > VH, and to disconnect such load when VSTORE1 
< VL, with VH and VL the switching thresholds of the VM. 

Moreover, the circuit presented in prior work [33] is 
suitable only for low input impedances sources such as TEGs, 
whereas another relevant feature of the CMOS inverter-based 
circuit is the capability to work with high impedances sources 
in the range of several kΩ such as rectennas. 

An additional contribution of this work is an improved 
integrated version of the circuit shown in [33], based on 
DeplMOS rather than JFETs and implemented in a 
STMicroelectronics 0.32 µm CMOS process. This circuit is 
able to self-start from voltages as low as 31 mV and to provide 
an output voltage of 5 V, with a maximum step-up ratio of 
~60. The minimum voltage is comparable to that reported in 
[33], but in this specific case, no magnetic component was 
used, given that the main purpose of the research is to avoid 
the insertion of any magnetic components. Moreover, through 
the exploitation of a higher Q-factor PT, with respect to [33], 
it was possible to modulate the voltage gain of the system in 
order to improve further the performances. 

The presented boost oscillators are not intended as 
stand-alone converters because of their poor efficiency. As 
shown in Fig. 2, their duty is to kick-start an energy 
autonomous system from a fully discharged state and to enable 
a more efficient power converter, once a sufficient voltage is 
achieved on the storage element. In fact, the presented circuits 
do not aim at extracting the maximum power from the TEG, 
which is the target of the main boost converter, but rather at 
working in proximity of the open circuit output voltage to 
reduce voltage drops that would compromise the gain of the 
amplifier stage, so as to minimize the operating voltage. Fig. 4 
depicts the numerically simulated I-V (current-voltage), I-P 
(current-power), R-P (resistance-power) and R-V (resistance-
voltage) characteristics of a TEG providing 100 mV in open 
circuit with an internal resistance RS = 10 Ω. In order to 
operate in the maximum power point (MPP), the boost 
oscillator should draw a current causing the output voltage of 
the TEG to be equal to half of its open-circuit voltage. 
However, in this condition, if the boost oscillator has a 
minimum operating voltage VIN,MIN, the TEG should provide 
an open circuit voltage equal to 2·VIN,MIN,. Hence, for these 
converters, the MPP operation is in contrast with the purpose 
of lowering the minimum activation voltage. On the other 
hand, biasing the TEG close to its open-circuit voltage will 
reduce the extracted power but will also ensure a higher 
voltage for supplying the kick-start converter. 

 The paper is organized as follows: Section I introduces the 
work, Section II presents the circuits, Section III deals with 
experimental validation, and Section IV concludes the paper.  

II. DESCRIPTION OF STEP-UP OSCILLATORS 

A. The PT 
Table I reports the electromechanical parameters of the 

Rosen-type PT used in our work, provided by Noliac (Fig. 5). 
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CIN and COUT are the PT input and output capacitance 

respectively. The electromechanical transduction is modeled 
through the branch composed by the inductance LM, the 
capacitor CM, and the resistance RM. The factor N represents 
the stress-ratio from input to output (the equivalent of the 
turns-ratio of a MT). Additional details concerning the 
modeling and behavior of PTs, can be found in [38]-[40].  

The voltage transfer function of a PT is that of a two-poles 
system with extremely high-quality factor (Q-factor) [33]: 

 , (1) 

where CM2 = CM ⸱N2CO/(CM ⸱N2CO) is the open-circuit 
mechanical capacitance, Q=ωs⸱LM / RM is the quality factor 
and ωs = (LM⸱CM2)-1/2 is the resonance pulsation. The resonance 
frequency can be defined as: fs = ωs / 2π. CO is the equivalent 
capacitance seen at the output capacitance, that is 
CO = COUT + CVD + CG; CVD accounts for the capacitive load 
effect of the VD around 0 V (due to the ultra-low voltage in 
input, the DC level of several nodes can be safely 
approximated to ground), whereas CG is the capacitive load 
effect of the CS or the CMOS inverter. 

As explained later, for CS-based step-up oscillators, it is 
possible to put an additional capacitance COPT in parallel to 
CIN. In this case, we define CIN2 =CIN + COPT. The 
anti-resonance frequency fp of the PT can be expressed as: 

  (2) 

The values of both fs and fp for the PT used in our work are 
reported in Table I. At both fs and fp the input impedance of a 

PT is approximately real, with the only difference that at fs the 
impedance is at its minimum, whereas at fp is at its maximum. 
Between fs and fp, the input impedance is inductive, whereas 
for frequencies much lower than fs and much higher than fp, 
such impedance is capacitive and dominated by CIN [33]. 

B. Step-up oscillator with CMOS inverter as input stage and 
output voltage monitor 

Fig. 6 depicts the schematic of the proposed step-up 
oscillator for ULV sources. Due to its capacitive behavior in 
DC, the PT has to be connected in parallel with the input 
inverting stage. Differently, if the PT is replaced with a MT in 
the circuit in Fig. 6, the connection node between M1 and M2 
(M_INV output) would be shorted to ground and the circuit 
does not oscillate. The ULVS (TEG/rectenna) is represented 
by an equivalent voltage source VIN and a series resistance RS. 

The mode of operation of the feedback loop is similar as the 
circuit presented in [33]. In this specific case, the CS is 
replaced by a CMOS inverter (M_INV) made up by 
complementary NatMOS transistors. A voltage monitor (VM) 
is connected to the storage capacitor CSTORE1 of 4.7 µF. The 
purpose of the hysteretic VM is to connect a load RLOAD to 
CSTORE1 when a certain voltage VH is sensed across CSTORE1, 
and to disconnect such load when VSTORE1 becomes lower than 
a threshold VL <VH. CPUMP is an external capacitor of 200 pF. 
The second load capacitor CSTORE2 was set to 100 nF. The 
resistor RP (~10MΩ, placed off-chip) placed between the input 
and output of M_INV is necessary to correctly polarize the 
stage in its high-gain region, as it is done in Pierce-type 
oscillators. The three series pn diodes DA, DB and DC 
connected at the gate of M1 have the function of clamping 
voltages higher than the maximum gate-source voltage VGS 
(1.8 V) allowed by the input transistors. The DESD diode 
clamps the negative peak of the oscillation at ~−0.5 V, hence 
the oscillation will have a positive DC offset. If DESD is 
replaced by three series diodes with same polarity, oscillating 
voltage would have ~0 V DC offset. It is possible to produce 
an oscillation with a negative DC offset as well, by replacing 
DA, DB and DC with a single diode and by replacing DESD with 
three series-connected diodes with the same polarity of DESD. 
The size of both M1 and M2 is W/L=4166, M1 and M2 have an 
interdigitated layout, with W and L being the width and 
channel length respectively. 

At the beginning of the oscillation, a small-signal analysis 
can be applied by linearizing the circuit around the bias point 
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Fig. 4: Characteristics R-V, R-P, I-P and I-V of a TEG providing 100 mV in 
open circuit with a series resistance of 10Ω. 

TABLE I 
ELECTRO-MECHANICAL PARAMETERS OF THE TWO-PORTS 

 BUTTERWORTH-VAN DYKE NETWORK OF THE ADOPTED SAMPLE. 
Mode CIN (nF) LM (µH) RM (Ω) CM (nF) N COUT (pF) fs (kHz) fp (kHz) 

1 136.65 635 0.21 14.7 55.6 17.35 58.8 61.23 
2 136.65 220.8 1.14 11.2 58.3 17.35 110.4 114.14 

 

 
Fig. 5: The PT prototype used in this experiment. 
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VIN/2 is the stage is designed to be symmetric with respect to 
VIN. In this case, the voltage gain of the CMOS inverter is 
given by: 

 , (3) 

where gm.n and gm.p are the transconductances of the nMOS and 
pMOS respectively, whereas  rout.n and rout.p are the output 
resistances of the transistors. The operator “//” corresponds to 
the parallel combination of two resistances (e.g. 
RA // RB = (RA-1+ RB -1)-1. It is worth remarking that while the 
DeplMOS or JFETs in the CS stage work in the triode region 
above threshold [33], the low threshold devices in the CMOS 
inverter work in deep subthreshold region, given that the 
gate-to-source voltage does not exceed few tens of mV, 
whereas the threshold voltage is considerably higher. 
Furthermore, in the subthreshold region the transconductance 
has an exponential behavior with respect to the gate-source 
voltage, rather than the conventional linear dependence. In the 
CMOS inverter, the devices work in subthreshold region, 
where the current is due to diffusion effects rather than drift 
effects (as in above-threshold conditions). This implies that 
the gm depends almost linearly on VIN for VIN<n·Vt, where 
Vt=kT/q is the thermal voltage (~26 mV) and n is a number 
depending on the channel length; differently the dependence 
of gm on VIN is much lower when VIN>n·Vt, because all the 
electrons diffusing from source are collected at the drain. By 
means of Spice simulations, we found that n·kT/q≈50 mV, 
hence we expect a maximum of the voltage step-up ratio 
around 50 mV. 

One of the most important advantages of a CMOS inverter 
stage compared to the conventional CS stage reported in [33], 
is that both transistors contribute to the voltage gain through 
their gm. Fig. 7 shows a picture of the fabricated die. The size 
of the presented boost oscillator, is 260 µm ´ 170 µm. 

Assuming that all blocks in Fig. 6 are unidirectional, then 
the return-ratio is a safe approximation of the loop gain.  
In order to find the loop gain T(s), it is necessary to find the 
voltage gains of the stages involved in the loop as well as the 
load effects.  

As explained in [33], due to its high Q-factor, at a 
frequency extremely close to fP the PT provides approximately 
π radians of phase shift, which combined with the additional π 
radians provided by the inverting input CMOS inverter stage, 
determine an overall phase shift of roughly 2π. This necessary 
(but not sufficient) condition is required by the Barkhausen 
phase criterion to achieve oscillation. Thus, it can be safely 
stated that the presented system oscillates at a frequency 

fOSC=ωOSC/2π extremely close to fP if a sufficient loop gain is 
provided (Barkhausen gain criterion). 

If a PT is able to vibrate at different modes, the prediction 
of the vibration mode from an AC linear analysis is not 
possible if the Barkhausen criteria are satisfied in more than a 
single frequency. As explained in [33], if the modes are 
separated by a factor two, as it happens in this case, the 
oscillation might start at the first mode, but the nonlinearities 
of the circuit will shift the oscillation to the second mode. 
Generally, when the Barkhausen criteria are satisfied in more 
than a frequency, the oscillation mode is conditioned by the 
shape of the non-linearity of the circuit. To cite an example, an 
abrupt saturation excited by a sinusoid of frequency f0 
produces a square-wave with only odd higher-order harmonics 
(3·f0, 5·f0, 7·f0 etc.). Such kind of non-linearity cannot excite 
the mode of the PT placed at 2·f0. To cite another example, the 
absolute value function instead, produces a DC component 
plus even harmonics of the fundamental mode (2·f0, 4·f0, 6·f0 
etc.). In order to predict the oscillation mode, when the 
Barkhausen criteria are satisfied in more than one frequency, a 
large-signal analysis is required. However, this goes beyond 
the scopes of the paper.   

Equation (1) with the substitution s = j2πf, evaluated at 
f = fP, assumes the form [32]: 

 . (4) 

Equation (4) suggests that the PT voltage gain at the 
anti-resonance frequency is independent from the Q-factor, in 
a first approximation.  

The input impedance of the PT at f = fP is equal to [33]: 

 . (5) 

From (5) we see that ZIN,PT is inversely proportional to RM or 
directly proportional to Q. 

In order to determine the loop gain, it is necessary to assess 
the load effect of the PT on the M_INV stage. This is equal to: 

 . (6) 

The loop gain T is then found by multiplying (3), (4) and 
(6), combined with (5). T is a monotonically increasing 
function of VIN, hence there exists a minimum value of VIN, 
VIN,min, which satisfies the Barkhausen gain criterion. The 
value of VIN,min is found by solving the relation |T(VIN,min)=1. 

In this specific case, we modeled the system as a phase-shift 
oscillator, because the PT is a two-port linear system. 
Nevertheless, it can be modeled also as a negative resistance 

( ) ( ) ( ), , , , ,/ /V INV IN m n m p out n out pA V g g r r@ - + ×

( ), 2 /V PT p IN OA f C N C@ - ×

( ) ( )

2

2 2
,

2 2 2 2

M M M
IN PT p M

M M IN IN IN

L C QCZ f R
R C C C C

æ ö
@ @ ç ÷+ è ø

( ) ( )
( )
,

,
, ,

IN PT p
V L p

IN PT p out INV

Z f
A f

Z f r+
!

Fig. 6: Schematic of the PT-based step-up oscillator with a CMOS inverter as 
input stage and an integrated voltage monitor (VM).  

 
Fig. 7: Picture of chip designed in 180nm CMOS. 
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quartz-based oscillator [41] [42], where the shunt capacitance 
of the quartz is missing. If the value of (6) is approximately 
equal to 1, then the circuit is better modeled by a phase-shift 
oscillator, because T does not depend on Q (and hence on RM 
as in quartz-based Pierce oscillators); otherwise if 
rout,INV >> ZIN,PT, then the circuit is better modeled by a 
negative-resistance oscillator. 

In Fig. 6, the VD is composed of two diode-connected 
n-channel MOSFETs M3 and M4 of W/L=80. 

The full schematic of the hysteretic voltage monitor VM is 
depicted in Fig. 8, whereas Fig. 9 reports a circuit simulation 
of the VM in typical process conditions. The duty of such 
circuit is to connect an external load RLOAD only when a 
sufficient voltage is available internally. The voltage level of 
VSTORE1 is scaled through a non-linear voltage divider 
(composed by M5, M6 and M7) and compared with the 
threshold of an inverter (INV in Fig. 8). In order to drain a 
negligible current from VSTORE1 in the order of few nA, several 
hundreds of MΩ would be necessary and would require a very 
large area, or off-chip resistors. For this reason, diode-reverse-
connected n-channel NatMOS were used instead in the 
aforementioned voltage divider. The NatMOS M5 (W/L=20, 
M6 (W/L=48) and M7 (W/L=10) act like a voltage divider 
made by non-linear resistors of resistance R5, R6 and R7 
respectively. M5, M6 and M7 have to be matched even if their 
body-source voltage is different, in order to have a better 
accuracy of the resistance ratios. We call VZ1 the gate (source) 
of transistor M5, and VZ2 the gate (source) of M6.  

In Fig. 9 it is possible to note that the circuit switches at 
VH = 1.55 V and VL=1 V. The graph can be divided in four 
different phases: A, B, C and D. Let us assume that during the 
initial ramp-up of VSTORE1 the voltage VF = 0 V (phase A). This 
means that VZ1 = VSTORE1, given that M8 is a pull-up transistor. 
However, VZ2 =VZ1 since R7>>R6, because M6 is much larger 
than M7 and the body effect of M6 can be neglected at the 
beginning. Thus, we have: 

 . (7) 

In (7) the subscript A indicates the first phase. We will use 
the symbol “¬” to indicate the logic NOT boolean operation. 

According to (7), VA = ¬VZ2 is forced to ground and CA 
(≅100 fF) is kept discharged. VB = ¬VA follows VSTORE1, while 
VC = VA is also low, hence the switch S1 (M13 W/L=2000, M14 
(W/L=2000) is open, and CSTORE2 is disconnected from 
CSTORE1. The switch S1 provides about 10 Ω of resistance when 
it is closed and driven by a controlling voltage of ⁓2 V.  

When VSTORE1 reaches 1.25 V (B phase) the body effect of 
M6 is not anymore negligible, hence a voltage drop between 
the drain and source of M6 occurs. By design, this leads to: 

  (8) 

where the subscript B refers to the values in this phase. Once 
again, we remark that R6 and R7 are non-linear resistances. At 
this point VZ2 saturates at about 1.2 V. By design, when 
VSTORE1 reaches VH = 1.55 V, the voltage difference 
VSTORE1 − VZ2 = 350 mV is sufficient to partially turn-on the 

p-channel MOS transistor M9 (W/L=7.35). The presence of 
M11 is necessary to unbalance the Current Starved Inverter 
(CSI) made by M9, M10 (W/L=3) and M11 (W/L=1): the logic 
threshold of CSI1 is shifted towards VSTORE1, as a matter of fact 
a voltage difference in the range of ≅	350 mV is required to 
switch the inverter. At this point, CA is charged at the current 
value of VSTORE1 and so is VF. Since VF goes high, M8 is 
turned-off, whereas S1 closes and connects CSTORE2 to VSTORE1. 

Since M8 is turned-off and since M6 is much larger than M5 
and M7, in the following phase (C) phase we have: 

 . (9) 

It is worth remarking that the relation linking VZ2, VZ1 with 
VSTORE1 is strictly non-linear. Nevertheless, both VZ1 and VZ2 

follow the variations of VSTORE1.  
In order to turn-off M9 a lower value of VSTORE1, compared 

to the value VH=1.55 V necessary to turn it on, is needed, 
given that the input of the inverter made by M9, M10 and M11 
(VZ2) is now tied at a lower voltage level. By design, when 
VSTORE1 reaches VL = 1 V (phase D), then the circuit switches 
again and CSTORE2 is detached from VSTORE1. In order to change 
the switching thresholds of the VM, it is necessary to act on 
the ratio between M6 and M7 for the high threshold VH, and on 
the ratio between M5 and M7 for the lower threshold VL. 
Acting on the dimensions of M11 is also possible. 

As mentioned at the beginning of the paper, the value of 
VIN,min for this circuit are −8 mV and +15 mV. Fig. 10 depicts 
the spice simulation of the circuit showing the start-up for 
positive values of VIN,min. A minimum value of 20 mV is 
necessary for oscillation with RS= 0.4 Ω. 

C. Step-up oscillator with common-source amplifying stage 
Figure 11 depicts the schematic of the proposed step-up 

oscillator for ultra-low voltage (ULV) sources made by an 
input inverting CS stage coupled in a feedback loop with a PT, 
along with the picture of the die whose dimensions are 
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Fig. 8: Schematic of the integrated hysteretic Voltage Monitor. 

Fig. 9: Spice simulation of the hysteretic voltage monitor. The A, B, C, D 
phases were highlighted.  
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600 µm ´ 600 µm including the pad frame. The circuit is an 
integrated version of the circuit based on discrete JFETs 
previously presented in [33], and is implemented in a 
STMicroelectronics 0.32 µm CMOS technology. Two 
DeplMOS build the input inverting CS stage, M1 is the 
amplifier transistor and M2 is the load transistor. In our 
specific case, M1 and M2 have equal sizes with an aspect ratio 
(W/L) = 150. Higher W/L ratios lead to higher 
transconductances while lowering the overall output 
resistance, hence (3) achieves saturation. However, bigger 
transistors increase the load capacitance at the PT output port, 
lowering the loop gain, given that the gate capacitance is 
proportional to W´L. COPT is a 400 nF capacitor necessary to 
further increase the loop gain, as explained in [33]. The VD 
rectifies and boosts the oscillation at the PT’s output node 
VOUT,PT. The diodes DS1 and DS2 in the VD are integrated 
Schottky diodes, whereas the resistance RG (~140MΩ, placed 
off-chip) is used to provide a ~0 V polarization at the gate of 
M1. The storage capacitor CSTORE is a 4.7 µF low-leakage 
polypropylene capacitor, whereas CPUMP is a ~100 pF 
integrated capacitor. The resistor RG must be high enough to 
not to provide noticeable load effects at the PT output node, 
given that PTs are very load-dependent devices [43], but at the 
same time it must be capable to polarize the gate around 0 V. 
Since PTs are very load dependent devices, RG can be lowered 
down to 100 MΩ, without producing noticeable load effects at 
the PT’s output port. Lower values can be used, but the value 
of VIN,min increases accordingly. 

By looking at (5) and (6), it is possible to note that a higher 
Q does not necessarily bring to a higher magnitude of T, 
because if Q→∞ then (6) asymptotically converges to 1, 
moreover the PT gain is independent on Q (see (4)). However, 
a higher Q PT gives the possibility to modulate ZIN,PT , if 

ZIN,PT >> rOUT,CS by inserting a capacitance COPT in parallel to 
the input port of the PT, increasing the value of (4), without 
affecting the value of (6). This is a main difference with 
respect to [33]: in our experiment, we used a PT with a Q 
almost double with respect to that used in [33]. As explained 
in [33] the value of |T(s=jωp)| can be expressed as: 

 , (10) 

where k, α are constants and Z1 is the output impedance of the 
previous stage (the CS in this specific case). If αQ/CIN2>>Z1, 
then ∂T/∂CIN2>0, hence CIN2 can be increased up to the value 
CIN2(MAX)=αQ/Z1. If CIN2> CIN2(MAX), then ∂T/∂CIN2<0: high 
Q-factors PTs, with low values of CIN are necessary in order to 
modulate its input impedance and voltage gain, hence the 
maximum value of COPT is: 

   (11) 

Equations (3), (4), (5) and (6) can be used to model the 
behavior of the circuit, in which the differential parameters of 
M_INV have to be replaced with those of the CS in order to 
find the minimum input voltage to trigger an oscillation. 

Considering the electromechanical parameters of the second 
mode reported in Table I, fOSC is found to be 108.1 kHz, with 
an estimated CG + CVD around 10 pF. 

The inverting voltage gain of the CS stage can be written as: 
 , (12) 

where gm1 = –k1⸱VIN is the transconductance of M1, the 
parameter k1 (A/V2) is the current gain factor of the transistor, 
rOUT,CS = rout1 // rout2 is the output resistance of the CS stage 
with rout1 and rout2 being the differential output resistances of 
M1 and M2 respectively. It is worth remarking that due to the 
very low voltages involved, the transistors are polarized in 
deep triode (linear) region. Since the devices are polarized in 
their linear region, the differential output resistance of each 
transistor equals the DC resistance seen from the source. The 
current drained from VIN is equal to VIN / (rout1+ rout2), when the 
oscillation is about to start. If M1 and M2 have the same size, 
then we may safely state that rout1 = rout2, hence the amplifying 
transistor M1 is polarized with a voltage VIN/2.  

The main difference between the CS stage made by 
DeplMOS (or JFETs) and the CMOS inverter stage is that the 
gain of the CS stage is proportional to VIN, for VIN up to 
several hundreds of mV, because the transistors operate above 
VTH whereas in the CMOS inverter stage, such linear 
dependence is hold for VIN up to few tens of mV, because the 
transistors operate much below VTH as explained before. 

III. EXPERIMENTAL RESULTS 
Measurements were performed in order to test the 

performances of the proposed circuits and to validate the 
effectiveness of the proposed approaches. 

A. Step-up oscillator with CMOS inverter as input stage and 
integrated voltage monitor 

A TTi EL302T Power Supply was used to emulate the TEG. 
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Fig. 10: Loop gain Bode-plots obtained through Spice simulation of the start-
up circuit when polarized by a positive input voltage.  VIN,min is around 20 mV. 

Fig. 11: Schematic of the PT-based boost oscillator with a common-source 
input stage. PT is the Piezoelectric Transformer, VD is the Voltage Doubler. 
The die also is shown. 



> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 
 

 

8 

A FLUKE45 digital Multimeter was used to measure the 
average current drawn by the circuit. In the ammeter 
configuration, at very low voltage levels down to few tens of 
mV, such ammeter presents about	 12 Ω of series resistance 
RS, more than one order of magnitude of some TEGs [44]. A 
Tektronix MSO 2024 Oscilloscope was used to visualize and 
sample the waveforms. Fig. 12 shows the schematic of the 
measurement set-up. A capacitor CP = 1.2 µF supplies the AC 
current while keeping the input voltage of the Circuit Under 
Test (CUT) at a constant level. The average drawn current can 
be measured through the ammeter.  

Fig. 13 depicts the measured unloaded DC transfer function 
of the main CMOS inverter of the boost oscillator made up by  
M1 and M2 (see Fig. 6). The inverter was designed to have the 
highest voltage gain around 0 V. The DC transfer function was 
obtained by applying in input a symmetric duty-cycle 
triangular waveform at 100 Hz of frequency with 15 mV of 
DC offset and 60 mV of peak-to-peak amplitude generated by 
a Keysight 33220A Function Generator. The supply voltage 
was set to 30 mV. The unloaded voltage gain of the stage is 
about –0.7 (V/V) around 0 V, being at the least one order of 
magnitude higher than that of a typical common source made 
with JFETs or DeplMOS [33].  

Fig. 14 depicts the measured characteristic of the hysteretic 
VM. The actual values of the threshold voltages are 
VH = 1.65 V and VL = 1.1 V. The capacitance CSTORE2 was set 
to 100 nF in order to minimize the charge-sharing effect 
between CSTORE1 and CSTORE2. The load connected to CSTORE2 
was RLOAD = 1 MΩ, roughly corresponding to the intrinsic 
consumption of recent energy harvesting circuits such as the 
one in [45]. The ΔVSTORE=150 mV in Fig. 14, depends on the 
fact that the boost oscillator is switched from an unloaded 
mode to a loaded mode (~1 MΩ). In addition, the value of the 
series resistance RS does not affect VIN,MIN given that at 15 mV 
the average current consumed by the circuit is only IIN ≅	5 μA, 
corresponding to an input impedance seen from the source 
equal to ~3 kΩ. The drained power from the source is 
PS = VIN,MIN × IIN = 75 nW. It is worth noting that as the TEG 
scales, RS increases. Since the presence of RS produces a 
voltage divider together with the input impedance of the 
oscillator, as rule of thumb, we might safely neglect the 
voltage drop on Rs if this resistance lower than 1/20 of the 
input impedance of the oscillator, otherwise the effects of such 
resistance need to be taken into account considering the 
effective voltage drop on it. 

Fig. 15 depicts a view of the start-up of the system achieved 
with a Peltier Cooler Multicomp MCPE1-03108NC-S [44] 
used as a TEG. One side of the TEG was put in contact with a 
cup containing hot water at ⁓60°C, whereas the other side was 
exposed to an environmental temperature of around 25°C.  No 
load was connected to CSTORE (buffered node). The system 
starts oscillating at VIN = 15 mV. VSTORE1 reaches about 
350 mV when VIN is about 25 mV. This start-up voltage is 
higher than the declared minimum start-up voltage of recent 
buck-boost converters like that in [45] or the TI bq25504 [46]. 
Moreover, we remark that at VIN = 15 mV with multistage 
charge-pumps or Villard/Greinacher rectifiers the output 
voltage VSTORE1 can be potentially increased even at such low 

input voltage levels [18] [19]. Concerning [46], it is worth 
remarking that the converter is able to harvest energy from 
sources down to 80 mV only once started, but the minimum 
input voltage from an off-state is 330 mV. Moreover, through 

Fig. 12: Schematic of the measurement set-up of the Circuits Under Test, used 
for both the designed circuits. 
 

Fig. 13: Measured unloaded DC Voltage transfer characteristic of the CMOS 
inverter input stage of PT-based step-up oscillator. 

 
Fig. 14: Start-up of the step-up oscillator with the CMOS inverter as input 
stage: input and output voltage, and characteristic of the VM. The two 
threshold voltages are respectively VH=1.65V and VL=1.1V. RLOAD=1MΩ.	

 

Fig. 15: tart-up of the step-up oscillator based on CMOS inverter obtained 
with a TEG Multicomp MCPE1-03108NC-S. The system starts oscillating at 
15mV. No-load connected on CSTORE2. 
 



> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 
 

 

9 

Spice Simulations we noted that, if the NatMOS are replaced 
with standard-VTH CMOS devices with same size and channel 
length, the minimum voltage to start an oscillation is around 
250 mV, hence using low-threshold devices is one of critical 
points of the presented solution. However, if the low-voltage 
source is able to provide output voltages higher in the range of 
250-300 mV, it might have more sense to implement a 
low-voltage ring oscillator driving a multi-stage charge pump.  

The presented system is able to work also if a negative TEG 
voltage is provided without any need to switch its polarity at 
the input of the voltage booster (see Fig. 16). This happens 
because the input inverter is made of low-threshold MOSFETs 
whose channel is still conducting when supplied by a small 
negative voltage.  

In this specific case, M_INV (see Fig. 8) has a different 
behavior: the signal from the input of M_INV to its output is 
experiences a ~0 degrees of phase shift. This happens because 
the transcondutances are negative: since the polarization of VIN 
is reversed, the current inside the transistors is reversed as 
well. The increase in the VGS injects more electrons in the 
channel that can be collected at the source, hence a positive 
ΔVGS produces a negative ΔIDS; hence according to (3) the gain 
of the stage is positive. The oscillation is triggered in the PT 
capacitive window at a frequency fOSC<fS, because in this 
window the phase shift of the PT voltage gain is ~0. 

 By looking at Fig. 16, we see the circuit start-up achieved 
with a negative TEG voltage: 800 mV at the VSTORE1 node are 
obtained when VIN = −50 mV. Moreover, the system oscillates 
at the first mode of the PT as depicted in Fig. 17: we are able 
to note also that the oscillation waveforms at the PT input and 
output port respectively are mostly in phase: an oscillation is 
maintained when VIN = −8 mV. However, in this condition, 
the oscillation has only 130 mV of peak-to peak amplitude.  

Fig. 18a depicts the measured average current IIN drained by 
the source as well as the measured voltage VSTORE1 for different 
values of VIN, whereas Fig. 18b depicts the asymptotic voltage 
step-up ratio and the oscillator input impedance ZIN,OSC seen 
from the source. A maximum voltage step-up ratio of ~17.5 is 
obtained around 40 mV.  

ZIN,OSC is in the range of few kΩ, meaning that the oscillator 
based on the CMOS inverter, differently from the version with 
the CS stage, is also suitable for more resistive power sources 
such as UHF rectennas [47]. As a demonstration of the 
statement, we performed an additional measurement with the 
power supply with a series resistor RS=3.3 kΩ, emulating a 
rectenna. In this case the circuit self-starts around VIN=50 mV, 
given that most of the voltage drop is located on RS. The 
circuit has an input impedance ZIN ≅ 1 kΩ, that is a value 
congruent with Fig. 18b. When VIN≅220 mV, the circuit is 
polarized with VIN2 ≅	50 mV, providing ~1 V at the node 
VSTORE1 (Fig. 19), with a drained current IIN≅	48 µA. 

 Concerning Fig. 18, it is worth noting that when VIN	≅ 150 
mV, the amplitude of the oscillation saturates due to the 
presence of the three protecting diodes DA, DB and DC (see 
Fig. 6) at the gate of the main inverter, hence the increase of 
VIN has almost no effect on the output voltage, given that the 
oscillation amplitude cannot increase. Moreover, for negative 

values of VIN, the maximum value of VSTORE1 is around 1.05 V, 
when VIN =−100 mV. However, VSTORE1 = 1 V is obtained 
when VIN =−80 mV. 

Fig. 16: Start-up of the step-up oscillator with a CMOS inverter input stage 
obtained with a TEG Multicomp MCPE1-03108NC-S for negative input 
voltages. The system starts oscillating at –8mV. A moving average was 
applied to VIN in order to remove the oscilloscope noise. 
 

Fig. 17: Input and output oscillation at the PT ports, for VIN ≅ −8 mV. The 
signals are almost in phase.	
 

Fig. 18 (a) VSTORE1 and average current IIN sourced from the TEG as a function 
of the TEG voltage; (b) oscillator Input Impedance ZIN,OSC and Voltage 
Step-Up ratio.  
 

Fig. 19 VSTORE1, VIN and VIN2  when a RS=3.3 kΩ. VSTORE1  ≅ 1 V when VIN ≅  
220 mV (emulated rectenna). 
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Fig. 20 depicts the behavior of the VM when a load RLOAD 
of approximately 120 kΩ is connected in parallel to CSTORE2 
(100 nF). This is a worst-case in terms of load conditions and 
it accounts for more complex circuits, e.g. the in-rush current 
of the conventional DC/DC of Fig. 2. As in Fig. 20, the law 
describing the voltage across CSTORE2 can be written as 
VSTORE2=1.7·exp(−Δt/RLOAD·CT) = 1.1V, hence the time 
interval Δt, between two consecutive actions of the VM is 
given by Δt=ln(1.7/1.1)·RLOADCT≅	 0.25s (Fig. 20 shows 
~0.3s). The capacitance CT = CSTORE1+ CSTORE2. In fact, the 
system is still able to sustain such worst-case load for about 
0.3 s before the VM detaches it from the boost oscillator. If 
higher stored energy is needed, CSTORE1 can be increased and 
Δt in (13) will increase accordingly. In a real application, this 
consumption represents the current drawn by the conventional 
power converter when it’s being turned on and before it has 
started extracting power. 

Fig. 21 depicts the oscillation at the PT input port (CMOS 
inverter output port) and PT output port (M_INV input port) 
obtained at VIN = 40mV. The phase difference is about –175°, 
meaning that the PT is working close fp, as explained in [33].   

Concerning the efficiency of the circuit, it is not possible to 
find the efficiency as a function of VIN at the node VSTORE1 

because the VM keeps the load disconnected from the boost 
oscillator. Moreover, the node VSTORE2 is connected to the load 
when VSTORE1≅	1.65 V occurring at VIN≅ 140 mV (see Fig. 
18a). The increase of VIN does not affect significantly the 
voltage at the node VSTORE1, because the oscillation amplitude 
saturates due to the presence of the protecting diodes (see 
Fig. 6). However, in Table II we report some measured 
efficiency values for different loads connected at the VSTORE2 
node. The letters B and C indicate the phases as in Fig. 9. 

B. Step-up oscillator with common-source amplifier stage 
  The measurements were performed according the set-up 

depicted in Fig. 12. The measured steady-state oscillation 
frequency is 103.7 kHz, whereas the estimated frequency from 
an AC analysis 108.1 kHz. The discrepancy is due to the fact 
that in the steady-state operation the load seen from the PT is 
different from the load seen at the beginning of the oscillation, 
that is the condition in which the oscillation frequency was 
estimated. Typical oscillation waveforms for the PT-based 
step-up oscillator with normally-on transistors at the PT input 
port (CS output port) and PT output port (CS input port) can 
be found in [33]. 

One thing worth of attention is that, although the 
current-voltage equations a n-type DeplMOS are identical to 
that of a n-type JFET (they both have a negative VTH, or 
“pinch-off” voltage), there is one intrinsic difference. In 
JFET-based oscillators such as the one in [33], the peak value 
of the oscillation at the gate-source voltage node cannot 
exceed ~0.5 V, otherwise the p-n junction between the gate 
and source of the JFET can be partially turned on, thus 
causing the loss of the transistor effect.  As a matter of fact, in 
[33], the oscillation in order to be sustained has a DC offset 
value much lower than 0V: this implies that the output 
oscillation falls below the pinch-off voltage of M1 and once it 

is in steady-state, the minimum voltage (or power) to sustain 
oscillation is considerably lower than the minimum voltage (or 
power) to start the oscillation (hysteretic behavior), because 
the input circuit behaves as an AB amplifier (the current is off 
during a portion of the oscillation period, see [33]). With 
DeplMOS, since there is not any upper boundary limit to the 
gate-source voltage, the oscillation has a ~0 V offset (see Fig. 
22) and it might slightly fall (or maybe will not fall at all) 
below the threshold voltage of the transistor (according to the 
oscillation amplitude which in turn depends on VIN): in this 
case the voltage (or power) required to start the oscillation is 
essentially the voltage (or power) to sustain the oscillation (no 
hysteretic behavior). In other words, a JFET-based oscillator 
as a higher robustness versus time variations of temperature 
gradients, compared to a DeplMOS-based oscillator.  

Fig. 22 shows the start-up of the circuit. VIN is slowly 
ramped up to 48 mV. Differently from the CS stage reported 
in [33], the oscillation has not any DC offset. The circuit starts 
oscillating at VIN ≅ 36 mV. In such conditions, with no load 
connected in parallel to CSTORE, VSTORE reaches about 2.7 V, 
corresponding to a stored energy in CSTORE equal to: 

Fig. 20: Behavior of the VM in step-up oscillator based on a CMOS inverter 
when a 120kΩ load is connected in parallel to CSTORE2. When VSTORE2 and 
VSTORE1 are short-circuited, they get discharged according to the discharging 
law of a RC circuit. 

Fig. 21: Oscillation waveforms at the PT output port (CMOS inverter input) 
and PT input port (CMOS inverter output), when VIN=40mV. The filtering 
effect of the PT is noticeable. 

TABLE II 
EFFICIENCY VALUES FOR DIFFERENT LOAD AT THE VSTORE2 NODE 

VIN 
(mV) 

IIN (B) 
(µA) 

PIN (B) 
(µW) 

IIN (C) 
(µA) 

PIN  (C) 
(µW) 

RLOAD 

(MΩ) 
VOUT  

(B/C) (V) 
POUT  

(C)(µW) 
Eff (C) 

(%) 
140 210 29.4 300µ 42 0.9 1.7 /1.5 2.5 6 
140 210 29.4 240µ 33.6 5 1.7/1.65 0.55 1.7 
140 210 29.4 220µ 30.8 10 1.7/1.68 0.28 0.9 
140 210 29.4 215µ 30.1 20 1.7/1.7 0.145 0.5 
140 210 29.4 212v 29.7 50 1.7/1.7 0.058 0.2 
140 210 29.4 ~210µ ~29.4 150 1.7/1.7 0.019 0.07 
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 . (13) 

The average current consumption of the circuit in steady 
state operation is approximately equal to 500 µA at 
VIN = 36 mV. As a consequence, the voltage drop on RS is 
equal to 6 mV. When the power supply (or TEG, see Fig. 23) 
is directly connected to the circuit, the start-up was found to 
be around 31 mV, which is a value compatible with the results 
obtained in [33] with the aid of an inductor, but we remark 
that in this case the insertion of any magnetic component was 
avoided, and that we exploited an additional capacitance COPT 
in parallel to the PT input port, to modulate the total loop gain, 
in accordance with (10).  

In this case, we used the aforementioned Peltier Cooler 
MCPE103108NC-S 18.8W [44]. This device has an internal 
resistance of 0.35 Ω leading to a negligible voltage drop. 
Fig. 23 depicts the start-up of the circuit achieved with the 
aforementioned Peltier device. As it can be noted, the start-up 
value is still found to be about 31 mV, confirming that lower 
values of RS yield lower activation voltages.  

Fig. 24 depicts the measured VSTORE obtained when 
VIN = VIN,MIN = 31 mV as a function of the load and also the 
power delivered to the load defined as PLOAD = VSTORE2/RLOAD. 
The maximum output power occurs at around 38 MΩ of load; 
however, once again the purpose of such boost circuit is not to 
maximize the output power, but minimizing the operating 
input voltage. This type of circuit is intended for driving loads 
in the range of 100 MΩ, like for example, an ultra-low power 
voltage monitor, or the gate of a power switch in a standard 
power converter, as it was done in [35]: once the main 
converter is turned on, the boost oscillator is switched-off. 

Fig. 25a depicts the measured current drawn from the 
source IIN: at input voltages around 70 mV, currents in the 
range of 1 mA are flowing from the source. Fig. 25a depicts 
also the asymptotic value of VSTORE as a function of the input 
voltage VIN. In Fig. 16, an equivalent RLOAD ≅	10 MΩ was 
connected, due to the oscilloscope probe. We remark that an 
ultra-low power VM presents a significantly higher load 
resistance (such as ~180 MΩ for the VM presented in this 
work) . Then, the obtained results should be intended as in a 
worst-case condition. Fig. 25b is strictly related to Fig. 25, and 
depicts both the Voltage step-up ratio reaching almost 60 at 
VIN = 85mV, whereas the average oscillator input impedance 
seen from the source is around 70 Ω, confirming that the 
devices are working in their deep triode region. 

Fig. 26 depicts the measured efficiency for two cases: a) the 
efficiency is measured for a single input voltage (VIN,MIN), and 
the RLOAD is varied from 10 MΩ up to 500 MΩ. The maximum 
efficiency is found for loads lower than 50 MΩ, however such 
circuit is intended for higher loads; b) the load is kept fixed at 
10 MΩ, and then VIN is varied from 35 mV to 85 mV: in this 
case, the efficiency increases as VIN increases, because the 
oscillation grows in amplitude and might switch-off the 
transistors. 

That the presented system is intended for start-up purposes, 
hence its efficiency is poor. In [35] the system was used to 
activate an inductor-based fixed-frequency boost DC/DC 
converter with efficiencies higher than 40% in the range of 
30-50 mV, for loads of 30 kΩ up to 60 kΩ. By comparison in 
[48], efficiencies up to ~60% with output power in the mW 

( )21 17μJ
2STORE STORE STOREE C V= @

Fig. 22: Start-up of the step-up circuit with a CS input stage and RS=12Ω. VIN 
is referred to the left y-axis, whereas VSTORE and VOUT,PT are referred to the 
right y-axis. The start-up occurs at VIN = 36mV. No load on VSTORE. 

Fig. 23: Start-up of the step-up converter with a CS input stage with a Peltier 
Cooler used as a TEG (MCPE1-03108NC-S). The start-up voltage is ~31mV.  

Fig. 24: VSTORE and PLOAD as a function of RLOAD for the step-up oscillator with 
a CS input stage. VSTORE is referred to the left y-axis, whereas PLOAD is referred 
to the right y-axis. Graph obtained with VIN = 31mV (power supply). 

Fig. 25 a) IIN and VSTORE for the circuit with a CS input stage with a worst case 
RLOAD ≅10MΩ placed between VSTORE and ground nodes. The current 
consumption ranges from ⁓0.5 mA up to 1.2 mA, whereas VSTORE ranges from 
250 mV up to 5 V when VIN varies from 35 to 85 mV. b) Input impedance 
ZIN,OSC and voltage Step-up ratio of the oscillator with a CS input stage.  
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range, are achieved exploiting a transformer-reuse technique. 
The presented topology in this work is fully compatible with a 
transformer-reuse technique, by using the same PT, after the 
start-up phase in a resonant power converter for microwatt 
applications. 

IV. CONCLUSIONS 
This work has presented two circuit topologies of ICs for 

EH purposes from ultra-low DC sources exploiting PTs for 
kick-starting without need of any battery.  

The circuit based on the CMOS inverter requires common 
low-VTH MOSFETs instead of negative-VTH MOSFETs used in 
the CS inverting stage and is able to work with double polarity 
input signals without the need of switching matrixes. As a 
matter of fact, start-up values down to +15 mV and −8 mV 
where measured, with maximum output voltages of 1.75 V for 
positive polarization (achieved at 140 mV), and 1.05 V 
(achieved at −100 mV). Moreover, the design of the system 
was completed through a VM consuming only 15 nW. 

 Another advantage is that the boost oscillator based on the 
CMOS inverter has higher input impedance, in the range of 
several kΩ, with respect to the inverting CS stages made up by 
DeplMOS polarized in their deep triode region. This lowers 
the average power consumed from the source and makes the 
circuit thus less sensitive to variations of the parasitic series 
resistance of the harvesting source. The higher input 
impedance makes this type of oscillator also suitable for 
harvesting from rectennas as well, given that typical 
equivalent output resistance of such harvesters is in the order 
of several kΩ as well. This assertion has been demonstrated 
with measurements performed with a 3.3 kΩ series resistance.  
The CS-based step-up oscillator is not suitable for rectennas 
because of its low input impedance (tens of Ω), that would 
lead the Rectenna working close to its short circuit condition. 

The circuit with the input stage made by a CS stage formed 
by two DeplMOS achieves a minimum start-up voltage of 
about 31 mV without using any magnetic components, and 
can be successfully supplied by a standard miniature Peltier 
Cooler used as a TEG. One of the advantages of this circuit is 
the use of integrated Schottky diodes in the rectifier, with 
lower voltage drops compared to conventional p-n diodes or 
diode-connected MOSFETs, and with higher voltages in the 

storage capacitor. Step-up ratios as high as 58 were obtained, 
when the input voltage is around 85 mV. On the other side, the 
main drawback is the average current drained by the source 
(around 1 mA at 70 mV of input voltage), which is reflected in 
a very low input impedance, between 60 Ω and 70 Ω, given 
that the transistors in CS stage are polarized in their deep 
triode region. The low oscillator input impedance seen from 
the source makes this circuit more sensitive to the parasitic 
series resistance of the energy harvesting transducer. This 
makes this particular implementation more suitable for TEG 
harvesters with output series resistances in the range of few 
Ohms. 

In the experiment, a discrete PT was used. However, the 
adopted PT was conceived to handle power levels in the order 
of several W. A tailored PT design for the voltage step-up 
application, possibly implemented with MEMS technologies 
for wafer-level of package-level integration, focused in 
shrinking its dimensions, might bring interesting results. 
Moreover, according to the electrodes layout and choice of 
operating mode (thickness or “33” mode, extensional or “31”, 
or both as it happens in Rosen-type PTs) depending on the 
aspect ratio of the PT, it is possible to design the frequency at 
which the system should oscillate. Such design should aim at 
implementing a PT capable of high voltage gains while 
handling powers in the range from few µW to few mW, which 
is the typical power managed in EH systems.  

REFERENCES 
 

[1] CATRENE, Energy Autonomous Systems: Future Trends in Devices, 
Technology, and Systems, 2009, ISBN: 978-88-904-399-0-2, 
https://pure.tue.nl/ws/files/3255966/675451.pdf. 

[2] M. Magno, S. Marinkovic, B. Srbinovski, E.M. Popovici, “Wake-up 
radio receiver based power minimization techniques for wireless 
sensor networks: A review”, Microelectr. Journ., Vol. 45, n. 12, 
(2014), pp. 1627–1633.  

[3] A. Wang, J. Kwong, A. Chandrakasan, “Out of Thin Air: Energy 
Scavenging and the Path to Ultralow-Voltage Operation”, IEEE Solid-
state Circ. Mag., Vol. 4 (2012), pp. 38-42. 

[4] M. Alhawari, B. Mohammad, H. Saleh, M. Ismail, "A survey of 
thermal energy harvesting techniques and interface circuitry", IEEE 
2013 Intern. Conf. Electron. Circ. and Systems (ICECS) pp. 381-384. 

[5] S. Bandyopadhyay, A. Chandrakasan, “Platform architecture for solar, 
thermal, and vibration energy combining with mppt and single 
inductor,” IEEE J. Sol. St. Circ. (JSSC), Vol. 47, n. 9, pp. 2199–2215 
(2012). 

[6] M. Dini, A. Romani, M. Filippi, V. Bottarel, G. Ricotti, M. Tartagni, 
“A Nanocurrent Power Management IC for Multiple Heterogeneous 
Energy Harvesting Sources”, IEEE Trans. Pow. Electron., Vol. 30, n. 10, 
pp. (2015), pp. 5665-5680. 

[7] J. Gilbert, F. Balouchi, “Comparison of energy harvesting systems for 
wireless sensor networks”, Int. J. Autom. Comput. Vol. 5, n.4, pp. 
334–347 (2008). 

[8] K. Finkenzeller. “RFID Handbook: Fundamentals and Applications in 
Contactless Smart Cards and Identification”, John Wiley & Sons, 
2003. 

[9] Laird technologies CP14 TEG module datasheet., 
http://cdn.lairdtech.com/home/brandworld/files/CP14,35,045,L1,W4.5
.pdf. 

[10] J.M. Damaschke, “Design of a low-input-voltage converter for 
thermoelectric generator”, IEEE Trans. Ind. Appl. Vol. 5, pp. 1203–
1207 (1997). 

[11] E. Macrelli, A. Romani, R.P. Paganelli, A. Camarda, M. Tartagni 
“Design of Low-Voltage Integrated Step-up Oscillators with 
Microtransformers for Energy Harvesting Applications”, IEEE Trans. 
Circ. and Syst.—I: Reg. Pap. (TCAS)., Vol. 62, n. 7, pp. 1747-1756 
(2015). 

 
Fig. 26: a) Efficiency of the system as a function of the load for a fixed VIN; b) 
efficiency of the system as a function of the input voltage for a fixed RLOAD.	

 



> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 
 

 

13 

[12] S.-E. Adami, V. Marian, N. Degrenne, C. Vollaire, B. Allard, F.Costa, 
“Self-powered ultra-low power DC-DC converter for RF energy 
harvesting”, IEEE Faible Tension Faible Consommation (FTFC), 
(2012). 

[13] Linear Technology Ultralow voltage step-up converter and power 
manager–LTC3108. url: 
http://cds.linear.com/docs/en/datasheet/3108fc.pdf. 

[14] D. Grgic, T. Ungan, M. Kostic, L.M. Reindl, “Ultra-low input voltage 
DC–DC converter for micro energy harvesting”, in: Proc. of 
PowerMEMS, pp. 265–268 (2009). 

[15] E.J. Carlson, K. Strunz, B.P. Otis, “A 20 mV input boost converter 
with efficient digital control for thermoelectric energy harvesting”, 
IEEE J. Solid-State Circ. Vol. 45, n. pp. 741–750 (2010). 

[16] I. Doms, P. Merken, R. Mertens, C. Van Hoof, “Integrated capacitive 
power-management circuit for thermal harvesters with output power 
10 to 1000µW”, IEEE Int. Solid-State Circ. Conf. (ISSCC) Dig. Tech. 
Pap. pp. 300–301 (2009). 

[17] Y.K.Ramadass, A.P. Chandrakasan, “A battery-less thermoelectric 
energy harvesting interface circuit with 35 mV startup voltage,” IEEE 
J. Solid-State Circ., Vol. 46, n. 1, pp. 333–341 (2011). 

[18] A. Shrivastava, N. E. Roberts, O. U. Khan, D. Wentzloff, B. H. 
Calhoun, “A 10 mV-Input Boost Converter With Inductor Peak 
Current Control and Zero Detection for Thermoelectric and Solar 
Energy Harvesting With 220 mV Cold-Start and 14.5 dBm, 915 MHz 
RF Kick-Start”, IEEE J. Solid-State Circ., Vol. 50, n. 8, pp. 1820-
1832 (2015). 

[19] A. Shrivastava, D. D. Wentzloff, B. H. Calhoun,” A 10mV-Input 
Boost Converter with Inductor Peak Current Control and Zero 
Detection for Thermoelectric Energy Harvesting”, IEEE Cust. Int. 
Circ. Conf. (CICC), (2014). 

[20] P.-H. Chen, K. Ishida, X. Zhang, Y. Okuma, Y. Ryu, M. Takamiya, T. 
Sakurai, “0.18-V input charge pump with forward body biasing in 
startup circuit using 65nm CMOS”, 2010 IEEE Custom Integr. Circ. 
Conf. (CICC) pp. 1–4. 

[21] J. Kim, P.K.T. Mok, C. Kim, “A 0.15V Input Energy Harvesting 
Charge Pump With Dynamic Body Biasing and Adaptive Dead-Time 
for Efficiency Improvement”, IEEE J. Solid-State Circ., Vol.50, n. 2, 
pp. 414–425 (2015). 

[22] P.-H. Chen, K. Ishida, K. Ikeuchi, X. Zhang, K. Honda, Y. Okuma, Y. 
Ryu, M.Takamiya, T. Sakurai, “Startup Techniques for 95mV Step-
Up Converter by Capacitor Pass-On Scheme and VTH-Tuned 
Oscillator With Fixed Charge Programming”, IEEE J. Solid-State 
Circ., Vol. 47, n. 45 pp. 1252–1260 (2012). 

[23] P.-S. Weng, H.-Y. Tang, P.-C. Ku, L.-H. Lu, “50 mV-Input Battery-
less Boost Converter for Thermal Energy Harvesting”, IEEE J. Solid-
State Circ., Vol. 48, n. 4, pp. 1031-1041 (2013). 

[24] S. Bandyopadhyay, P. P. Mercier, A. C. Lysaght, K. M. Stankovic, 
A.P. Chandrakasan, “A 1.1 nW Energy-Harvesting System with 544 
pW Quiescent Power for Next-Generation Implants”, IEEE J- Solid-
State Circ., Vol. 49, n. 12, pp. 2812-2824 (2014) 

[25] D. El-Damak, A. P. Chandrakasan, “A 10 nW–1 μW Power 
Management IC With Integrated Battery Management and Self-
Startup for Energy Harvesting Applications”, IEEE J. Solid-State 
Circ., Vol. 51, n. 4, pp. 943-954 (2016). 

[26] A. Camarda, E. Macrelli, A. Romani, and M. Tartagni, “Design 
optimization of integrated magnetic core inductors,” IEEE 
Trans.Magn., vol. 51, no. 7, Jul. 2015, Art. no. 8401010. 

[27] YK Teh, PKT Mok, "Design of Transformer-Based Boost Converter 
for High Internal Resistance Energy Harvesting Sources With 21 mV 
Self-Startup Voltage and 74% Power Efficiency," IEEE J. of Solid-
State Circuits Vol. 49,  n. 11, pp. 2694 - 2704. 

[28] E. Wells, “Comparing magnetic and piezoelectric transformers 
approaches in CCFL applications”, Texas Instruments Analog 
application journal. Available at: 
http://www.ti.com.cn/cn/lit/an/slyt125/slyt125.pdf. 

[29] J. Williams, J. Philips, G, Vaughn “Ultracompact LCD backlight 
inverters”, Linear Techology application note no. 81, September 1999. 
Available at: http://cds.linear.com/docs/en/application-note/an81f.pdf. 

[30] A. V. Carazo, “Piezoelectric converters for DC/DC and AC/DC 
applications”, Face Electronics, link: 
http://docs.faceco.com/FE/KH/PPDC05.pdf. 

[31] Y-P. Liu, D. Vasic, F. Costa, W-J. WU, D. Schwander, “Fixed 
frequency controlled Piezoelectric 10W DC/DC converter”, IEEE 
Energy Conv. Cong. and Exp. (ECCE), (2010), pp.  3030-3037. 

[32] A. Camarda, A. Romani, M. Tartagni, “Piezoelectric transformers for 
ultra-low voltage energy harvesting applications”, Procedia Eng. Vol. 
87 pp. 1521–1524 (2014). 

[33] A. Camarda, A. Romani, E. Macrelli, M. Tartagni, “A 32 mV/69 mV 
input voltage booster based on a piezoelectric transformer for energy 
harvesting applications”, Sens. Actuators A: Phys. (2015), Vol. 232, 
pp. 341-352 (2015). 

[34] T Martinez, G Pillonnet F Costa, "A 12 mV start-up converter using 
piezoelectric transformer for energy harvesting applications," J. of 
Physics: Conf. Series, Vol. 773, Conf. 1, 012028. 
http://dx.doi.org/10.1088/1742-6596/773/1/012028. 

[35] A. Romani, A. Camarda, A. Baldazzi, M. Tartagni, “A Micropower 
Energy Harvesting Circuit with Piezoelectric Transformer-Based 
Ultra-low Voltage Start-up”, IEEE Int. Symp. Low Pow. Electron. 
Des. (ISLPED), pp. 279-284 (2015). 

[36] F. Pigache, M. Pokorny, M. Cousineau, B. Nogarede, “Step-up 
voltage converter for mems actuators by piezoelectric transformers”, 
IEEE 35th Ann. Conf. Ind. Electron., (IECON) pp.889-894 (2009). 

[37]  M. Alhawari, B. Mohammad, H. Saleh, M. Ismail, “An Efficient 
Polarity Detection Technique for Thermoelectric Harvester in L-based 
Converters”. IEEE Trans. Circ. Syst I: reg. pap. (TCAS1), Vol. 64, n. 
3, pp. 705-716 (2016). 

[38] E. M. Syed, F.P. Dawson, E.S. Rogers, “Analysis and modeling of a 
Rosen Piezoelectric Transformer”, in: IEEE Power Electronics 
Specialists Conference (PESC), 2001. 32nd Annual, Vol. 4, pp. 1761- 
1766.  

[39] J. Yang, “Piezoelectric Transformer Structural Modeling – A review”, 
IEEE Trans. Ultrason. Ferroelectr. Freq. Control 54 (6) (2007), pp. 
1154-1170. 

[40] J. R. Philips “Piezoelectric technology: A Primer.”, 
http://www.eetimes.com/document.asp?doc_id=1255166. 

[41] E. Vittoz, M. G. R. Degrauwe, S. Bitz, "High-performance crystal 
oscillator circuits: Theory and application", IEEE J. Solid-State 
Circuits, vol. 23, no. 3, pp. 774-783, Jun. 1977. 

[42] A. Shrivastava, D. Akella Kamakshi and B. H. Calhoun, "A 1.5 nW, 
32.768 kHz XTAL oscillator operational from a 0.3 V supply," in 
IEEE J. of Solid-State Circuits, vol. 51, no. 3, pp. 686-696, March 
2016. 

[43] K.T. Chang, “Effects of load resistances on step-up voltage gains of 
Rosen-type piezoelectric transformers”, IEEE Int. Conf. Ind. Technol. 
pp. 1080–1085 (2005). 

[44] MCPE1-03108NC-S datasheet. 
http://www.farnell.com/datasheets/1955497.pdf?_ga=1.260689805.18
63510276.1476103482. 

[45] M. Dini, A. Romani, M. Filippi, and M. Tartagni, “A Nano-Current 
Power Management IC for Low Voltage Energy Harvesting,” IEEE 
Trans. Power Electron., vol. 31, no. 6, pp. 4292–4304, 2016. 

[46] Texas Instruments BQ25504 Datasheet. Link: 
http://www.ti.com/product/BQ25504/datasheet. 

[47] V. Marian, B. Allard, C. Vollaire, J. Verdier, “Strategy for Microwave 
Energy Harvesting From Ambient Field or a Feeding Source”, IEEE 
Trans. Power Electr.,Vol. 27, n. 11,  pp. 4481-4491. 

[48] J. P. Im, S. W. Wang, S. T. Ryu, and G. H. Cho, “A 40 mV 
transformer-reuse self-startup boost converter with MPPT control for 
thermoelectric energy harvesting,” IEEE J. Solid-State Circuits, vol. 
47, no. 12, pp. 3055–3067, Dec. 2013. 



> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 
 

 

14 

Antonio Camarda received the M.S. degree in 
Electronic Engineering from the Bari Polytechnic, 
Italy, in 2010. He has then been a SAP IT 
Consultant for a year and a half. In 2011 he joined 
the research lab University of Bologna –ST 
Microelectronics as a free-lance analog IC designer. 
In 2013 he was selected for the PhD program. In 
2015 he joined the Vienna University of Technology 
as visiting PhD student for the fabrication of MEMS 
piezoelectric transformers. He gained his PhD from 
the University of Bologna in 2016 with a 

dissertation in the More than Moore context, focused on the integration of 
both Magnetic and Piezoeletric devices together with the ICs. His research 
interests include modelling and design of piezoelectric devices, micro-power 
ICs, energy harvesting systems, ultra-low voltage start-up techniques and 
power conversion systems. 
 

Marco Tartagni received the M.S. and the Ph.D. 
degree in Electronics Engineering both from the 
University of Bologna (Italy). He joined the 
Electronics Engineering Department at the Caltech in 
1992 and in 1994. Since March 1995 he has been 
with the Electronics and Information Engineering 
Department, University of Bologna, as Associate 
Professor. From 1996 to 2001 he has been team 
leader of the joint STM and University of Bologna 
lab and, since 2014, member of the scientific 
committee. He has been local and European 

coordinator of several FP5-6-7 projects. He was co-recipient of the 2004 IEEE 
Van Vessem Award. He is co-author of more than 100 peer-reviewed 
scientific publications and holder of more than 20 US/WIPO patents. 

 
Aldo Romani received the Dr. Eng. degree in 
Electrical Engineering in 2001 and the Ph.D. degree 
in Electrical Engineering, Computer Science and 
Telecommunications in 2005 from the University of 
Bologna (Italy), where he currently serves as 
associate professor. He has been working on CMOS 
integrated sensors, applications of piezoelectric 
materials, and energy harvesting systems. He is a 
co-recipient of the 2004 Jan Van Vessem Award of 
the IEEE International Solid-State Circuits 
Conference and is author or co-author of more than 

60 international scientific publications. 
 


