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Abstract—This brief reports a compact and fully integrated
three-stage charge-pump (CP) scheme with a 1:10 step-up ratio
for energy-harvesting applications. To undertake a low-voltage
input (e.g., from thermoelectric or solar source), our CP scheme
features a differential bootstrapped ring-VCO generating six-
phase clock signals with a boosted swing. Driven by replicas of
these swing-boosted clock signals, the entailed number of CP
stages is reduced and a 1:10 step-up ratio can be achieved with
only a 3-stage CP, resulting in a higher PCE. Using the replicas
of the clock signals also reduces substantially the dependency of
the clock frequency on the load drivability. Fabricated in 65-nm
CMOS, a 0.87-V output voltage is measured at a 38.8% power
conversion efficiency, under a 500-kQ load and a 0.15-V input.
The chip area is 0.032 mm?.

Index Terms—Bootstrapped, CMOS, energy harvesting, charge
pump (CP), ring-VCO, reverse current, ultra-low voltage.

I. INTRODUCTION

NERGY harvesting is an essential feature of emerg-

ing smart sensors and Internet-of-Things (IoT) radios to
be power-autonomous [1]-[4]. Solar and thermoelectric are
promising energy sources but deliver deeply low output volt-
ages hindering their utility. To address it, recent efforts have
been focused on the fully-integrated DC-DC boost converters
that can undertake a tiny input voltage (Vji,), while offering
a high output voltage (Voy) and a high power conversion
efficiency (PCE).

In the literature, the inductive DC-DC converter facilitates
small Vi, (20 mV) operation, and demonstrates a high PCE by
using synchronous rectification in the discontinuous mode [5].
Yet, despite its high voltage conversion ratio (>20), it calls
for a large off-chip inductor (4.7 uH) impeding its integration
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level. Alternatively, a fully-integrated LC oscillator with an
on-chip transformer [4] can be exploited to boost up the clock
swing, reducing the startup voltage (85 mV), and startup time
owing to the high-frequency clock (138 MHz). Yet, the sili-
con area (1.8 mm?) and PCE (~0.057% at 1-MQ load) are
penalized. For the switched-capacitor DC-DC convertor [6], it
exhibits a high PCE (34% at 0.18-V V;,) by using an adaptive
circuit to optimize the dead-time automatically according to
the input voltage and dynamic body bias, but still, 6 off-chip
capacitors (10 nF each) are entailed. For the self-oscillating
doubler [7], it allows full integration by cascading themselves
to build the harvester with a reconfigurable overall conversion
ratio (9x to 23x). Also, its leakage-based frequency-control
delay element secures low idle power consumption (<3 nW)
over a wide range of output (5 nW to 5 uW). Yet, its PCE
falls significantly at low Vi, (0.25 V) due to the power loss
associated with the 4 cascaded stages.

This brief describes a fully-integrated 3-stage charge
pump (CP) scheme that measures only a 0.032-mm? chip
area in 65-nm CMOS, and a high PCE of 38.8% at
Vin = 0.15 V. The key technique is a differential bootstrapped
ring-VCO (BTRO) that can: 1) generate multi-phase clock sig-
nals with a boosted swing to reduce the required number of
stages of the CP for a certain step-up ratio; 2) significantly
reduce the dependency of the clock frequency on the load driv-
ability by creating replicas of the boosted clock signals, and
3) reduce the loss due to the reverse current for a better PCE.

II. TYPICAL AND PROPOSED CP SCHEMES

A fully-integrated DC-DC boost converter can be based on
a multi-stage passive CP scheme (e.g., 3 stages in Fig. 1),
which can deliver a high V,, to power-up or activate other
circuitries [6]. Even in ultra-scale CMOS technologies, it
is hard to power-up a ring-VCO-based clock generator at
Vin < 0.2 V due to the concern of leakage power versus the
threshold voltage. Also, to enhance the output drivability at
low voltage, clock buffers are normally necessitated. Yet, the
power dissipated by the clock buffers and the loss of the CP
elements substantially limit the voltage and power that can
be extracted from Vj,. To improve the PCE, this brief pro-
poses a CP scheme (Fig. 2) that features a 3-stage BTRO
that can offer a 6-phase clock with an enhanced output swing
(~3 x Vip, details later). The 6-phase clocks are evenly dis-
tributed across the 3 stage CP elements through a replica driver
D;, which shares the same bootstrapped capacitors with the
delay cell D; of the BTRO.

Bootstrap clocking has been developed in [8] and [9] in
a single-ended style. Our differential BTRO (Fig. 2) features
a 3-stage inverter delay cell; each consists of two voltage
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Fig. 1. A typical 3-stage CP scheme powered-up by a small input voltage
(Vin)- Clock buffers are normally required between the clock generator and
CP elements to decouple them and optimize the load drivability.
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Fig. 2. Proposed 3-stage CP scheme with a differential BTRO.

triplers featuring two pairs of differential outputs. One of
the pairs is for driving the delay cells, such that the oscil-
lation frequency of the BTRO can be optimized mainly for
the PCE. Whereas another pair can be optimized solely to
drive the CP elements. Ideally, the swing of the clock can
be tripled (—Vi, to 2Vj,), becoming adequate to switch the
transistors (triode region) even at a very low Vj,. In other
words, the inverter is inherently a voltage tripler. Besides, the
precharging transistors, Mp; and My, are controlled by one
of the differential inputs /n+, rather than the output Out+
that used in single-ended delay cell [8], [9]. In this way, the
reverse current through My and My, caused by the delay
between In- and Out+, can be reduced. Unlike [6] where each
CP element shares the same 2-phase clock, here the load at
each BTRO’s output is naturally balanced. Thus, the loading
associated with the CP elements can be fully absorbed by the
bootstrap capacitors in the BTRO.

Since the design target is to generate a 0.9-V V,y from
a 0.15-V Vi, at a 500-k2 loading resistor while maximiz-
ing the PCE, we choose a 3-stage CP scheme that can ideally
generate Vou = Vip + 3Vin + 3Vin + 3Vin = 10Vj, to guaran-
tee a 0.9-V V,,; when considering the voltage drops on both
capacitors and MOS transistors, issue to be discussed later.

IT1. DESIGN DETAILS AND OPTIMIZATION
A. PCE Optimization

This brief is implemented in 65-nm CMOS using general-
purpose low-threshold transistors (gpl/vt). The threshold volt-
age is —267 mV for PMOS and 347 mV for NMOS. The PCE
is defined by the ratio of the output dc power (Poyt,dc) to the
total input power (Pip),
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Fig. 3. The simulated PCE versus (a) the sizes of Mp| and M p and (b) the
size of M py for different sizes of Mp;.

Due to the limit of maximum channel length that can be
supported by the device model, the driver Dy (Fig. 2) consists
of several cascode NMOS and PMOS with an inversed size
ratio. For the driver D5, it utilizes the nominal PMOS-NMOS
topology. Here, the PCE is optimized at 0.15-V V;,. The ideal
clock swing from —150 to 300 mV helps to reduce the turn-
on resistance and leakage current of the transistors in Dj ;.
Thus, the voltage drop on the transistors at a non-zero output
current can be reduced, so as the conduction loss. Obviously,
there is a voltage drop on the bootstrap and CP capacitors due
to the output current. According to [10], the voltage drop is
given by

_ Tout
2fosc Cb ‘

Loyt 1s the output current, f,s is the oscillation frequency of
the BTRO; C}, denotes the bootstrap capacitor or CP capac-
itor. Fig. 3 depicts the simulation model. Cp serves as the
power-storage capacitor at the output, and its size can be cho-
sen to balance the startup time and output ripple requirements
(details in Section III-B). Excluding the charge sharing due to
the parasitic capacitors and leakage currents, the output DC
voltage can be calculated:

Vout = ]OVin - 3(Vmos + 3VL)' (3)

where Vi and 3Vy, are the total voltage drops on the tran-
sistors and on the capacitors Cpp, Cpp and C¢p in one stage
BTRO and CP element, respectively.

The power analysis of BTRO has been reported in [8],
where most of the power loss comes from the dynamic switch-
ing loss and leakage current loss. In the proposed scheme,
where the BTRO also forms part of the power transfer path,
finite output current results in an important conduction loss
term that must also be considered. Thus, the size of D, is cru-
cial to maximize the PCE. During the optimization, the sizes
of My, and the PMOS in inv, and inv, are the same, so as
the sizes of My; and the NMOS transistors in inv, and inv,.
The PMOS-NMOS ratio is 2:1. The insights can be obtained
by sweeping the sizes of Mp; and the PMOS transistor in
D> (M, p2) when all capacitors are set as 2.5 pF and the sizes
of transistors in D; and CP are fixed (Fig. 3). For a small
transistor size, Vios is relatively large, and the PCE is domi-
nated by the conduction loss and can be improved by upsizing
the transistors. On the other hand, if the transistor sizes are
enlarged, the PCE will be loaded down by the dynamic loss
due to the increased gate capacitance. It can also be observed
from Fig. 3 that the sizes of transistors in D, must be large to
reduce the conduction loss, but should not affect the PCE much
even when it is oversized from the optimal point. The same
observation applies for the transistors in the CP [Fig. 4(a)].

The choices of Cy, and fosc would affect Vg and thus the
PCE. If considering only the conduction loss, the proposed
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Fig. 4. The simulated PCE (a) versus the size of transistors in the CP
and (b) versus Cp, with other parameters maintained constant.
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Fig. 5. Simulated PCE versus fosc with optimized size of transistors in invp n
and D at different Cy,.

CP scheme can be modeled as a voltage source Vi = 10Vj,
in series with an output resistance R,y representing the total
conduction loss from the transistors and capacitors [10]. Then
the PCE only considering the conduction loss can be estimated
as PCE.q = RL/(RL 4+ Rout) = Vout/Vs. To reduce the con-
duction loss, a large Vo is preferable which can be achieved
by choosing a large foscCp product to reduce the voltage drop
VL on the capacitors according to (2) and (3). As shown in
Fig. 4(b), the simulated V,, and PCE increase with Cy but will
finally saturate, since the voltage drop Vs and the conduc-
tion loss of the transistors become dominant. The simulated
Vout 18 ~1.05 V when Vi, = 0.15 V and C, = 20 pF, result-
ing in a PCE.q of 70%. However, the simulated overall PCE
is degraded to 52% [Fig. 4(b)] due to the dynamic switching
loss. Generally, the dynamic switching loss can be reduced by
lowering fysc. For a certain Cy, as shown in Fig. 5, the dynamic
switching loss dominates at a high fosc while the conduction
loss dominates at a low fosc. Thus an optimal fisc exists which
results in a maximum PCE. Fig. 5 also depicts that the optimal
Josc can be reduced at a larger Cy, lowering both the dynamic
and leakage loss. Alternatively, the increased gate capacitor of
D leads to more dynamic switching loss, which makes the
improvement of PCE less effective when Cy is large. In this
brief, Cp, = 2.5 pF and fosc = 15.2 MHz are chosen to obtain
a high PCE with a reasonable chip area. The corresponding V1,
and Vyos are ~25 and ~107 mV. Fig. 6(a) plots the transient
waveforms of the critical nodes from pre-layout simulations.
The simulated Vi, oscillation frequency of the BTRO, and
PCE are 954 mV, 15.2 MHz and 47.3%, respectively.

To stem the reverse current loss, we use one of the dif-
ferential inputs In+, instead of the output Out+, to control
the precharging transistors Mp; and My;. From simulations
[Fig. 6(b)], the reverse current in Mp; is reduced signifi-
cantly with My controlled by In+, resulting in a 34% PCE
improvement.

B. Output Voltage Ripple and Startup Time

To elucidate the relationship between the voltage ripple and
clock phase, let us exam firstly the operation of a 2-phase
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Fig. 6.  Simulated transient (a) voltage waveforms at the critical nodes

and (b) current waveforms in Mp; with different control signals.

TABLE I
PCE VERSUS PARASITIC CAPACITORS AT DIFFERENT NODES
2.5pF Conditions Simulated PCE

25 fF at Nopn (Nop,n) 46.9%

MIM Capacitor
P 25 fF at Out,cp (Nep-) 43.4%
75 fF at Nbp,n (Nop,n) 45.7%

MOM Capacitor
75 fF at Out,cp (Nep+) 36.6%
Ideal Capacitor No Cp 47.3%
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Fig. 7. A 2-phase cross-coupled CP voltage doubler (left) and its output
voltage waveform with ideal switches (right).

voltage doubler (Fig. 7). Similar to [11], we assume that the
switches and all other conductive interconnects are ideal, and
the current flowing between the input and output sources,
and capacitors, are impulsive. As a result, the charge trans-
fer and redistribution occur immediately after the switches
are closed. Fig. 7 shows the waveform of the output volt-
age. When CLK, is high, according to the conservation of
charge, Cp1 (Vo1 — Vo2)+CL(Vo1 — Vo) = In(T/2). With
Cv1= Cp2 = Cv, the output voltage ripple can be expressed as:

IhyT

VR=Vo1 — Voo = ———m.
R ol 02 2(Cb+CL)

“)

According to (4), a high-frequency clock and a large Cy, aid
reducing the output ripple. The simulated output ripple is
shown in Fig. 6(a). The ripple frequency is twice of the BTRO
frequency. The output ripple Vg is only determined by the ris-
ing and falling edges of the differential outputs of the final
stage of the BTRO (i.e., Out=%, cp3), since each CP element
is only responsible for charging Cep, of its following one, ren-
dering the differential clocks only affect the output node of its
associated CP element. The simulated output ripple with dif-
ferent output capacitors is shown in Fig. 8. A large Cp. reduces
the ripple, but at the cost of a longer startup time (Fig. 14).
Thus a loading capacitor of ~30 pF is chosen, with an output
ripple < 1 mV.
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Fig. 8. Simulated output voltage ripple at different loading capacitors.

Fig. 9.
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Major parasitic capacitors inside the BTRO (left) and CP (right)

C. Farasitic Effects

The parasitic capacitors from the transistors and intercon-
nects should be minimized to reduce the power loss in each
switching period. The crucial parasitic capacitors of the BTRO
and CP elements are shown in Fig. 9. Comparatively, the
voltage swings at node N¢p+ and Out+, cp of the CP are
3 times of those at nodes of Nyp,(Nop,n). Thus, the PCE
of the entire CP scheme is affected mainly by the parasitic
capacitors at node Ncp+ and Outt, cp, as confirmed by sim-
ulations (Table I), in which the PCE of using MIM (~1%
parasitic capacitance), MOM (~3% parasitic capacitance) and
ideal capacitors are compared. Cp, at nodes of Np+ (Out=, cp)
degrades the PCE the most. Thus, the chosen MIM capacitors
in this brief can favor the PCE, while minimizing C, at nodes
of Nep+ (Out=, cp).

The body and source nodes of Mp; and M, are tied
together to make the parasitic diodes forward-biased when
Cop (Cvn) is charged, and reverse-biased when Cpp (Cpn)
is discharged [12], [13]. Also, such connection reduces their
threshold voltage. The same situation applies to the transis-
tors in the CP. The bodies of NMOS and PMOS transistors in
Dy and D; are connected to nodes Ny, and Npp, respectively.
Thus, M1, and the PMOS transistors in Dy and D3, My, and
the NMOS transistors in D; and D,, can be co-located in the
same deep n-well, respectively, to reduce the layout area.

IV. MEASUREMENT RESULTS

The 3—sta%e CP scheme is fabricated in 65-nm CMOS with
a 0.033-mm~ active area (Fig. 10) which is dominate by the
capacitors. The transistors in the deep n-well only occupy
an area of ~5%. Fig. 11 shows the measured PCE and Vi,
as a function of Vj, from 0.1 to 0.3 V at a 500-kQ2 load.
The maximum Vi, of ~0.33 V is limited by the maximum
Vgs(i.e., 3Vin = 1V) of transistors in Dy and D, to maintain
a long-term reliability. To avoid the reliability issue when the

Fig. 10. Chip micrograph of the fabricated 3-stage CP scheme.
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Fig. 12.  (a) Measured operating frequency of the BTRO with different

loading resistors; (b) Measured Vout and Pj, versus Vj, without loading
current.

input voltage of the thermoelectric or solar source is larger
than 0.33 V, we could compare the V,, with a desired volt-
age (e.g., 0.9 V) and adjust the loading current according to the
comparison result to keep Vour constant and Vg of transistors
in D; and D, below the maximum allowed value.

The simulation results at process corners are also plotted
for comparison. The measured PCE and V,, is consistent with
the simulation results in the TT corner. The circuit converts
a 0.17-V Vi, into a 1.15-V Vg, with a maximum PCE of
42.1%. For the targeted Vi, = 0.15 V, the PCE is 38.8%.
The PCE drops when Vi, > 0.18 V, owing to the increased
oscillation frequency of the BTRO. Fig. 12(a) depicts the mea-
sured oscillation frequency of BTRO versus Vi, at different
loading resistors. The frequency increases with Vj, at a slope
of ~2 MHz/10 mV. Thanks to the split-output driver of the
BTRO, the measured oscillation frequency at Vi, = 0.15V
only increases by 1 MHz (8.3%) when Ry is increased by
10x from 1 to 10 MS.

The measured Vi and Pj, versus Vi, without loading cur-
rent is plotted in Fig. 12(b). A minimum Vj, of ~80 mV can
be converted into a 0.322-V Vi, with a 148.8-nW total power
consumption. Thus, at the system level, the CP scheme can
act as a starter with an 80-mV Vj,. The measured dependence
of Voyu on the loading current at different Vj, is shown in
Fig. 13(a). Due to the limited pump capacitor of 2.5 pF, the
maximum output current is ~6 pA at a 0.2-V Vj,, while Vi
decreases from 1.67 to 0.73 V when the output current goes
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TABLE II
PERFORMANCE SUMMARY AND COMPARISON
ESSCIRC'14 [4] JSSC'14 7] JSSC'15 [6] This work
CMOS Process 65 nm 0.18 ym 0.13 ym 65 nm
No. of Stages and 5-stage CP with 4-stage 3-stage CP with dynamic 3-stage CP with
Key Technique passive clock boost self-oscillating doubler body bias and dead-time Differential BTRO
Conversion Ratio 1:31 1:(9t023) 1.4 1:10
Area 1.8 mm2 0.86 mm2 0.066 mm2 0.032 mm2
PCE 0.057% 38% @0.25V Vin 34% @0.18 V Vin 38.8% @0.15V Vi
e 50% @ 0.45V Vin 72.5% @045V Vi 45% @0.2V Vi
Pros Very small Vin Wl-ilcli%hozg)it%(:\fvger;/r;née High PCE @ large Vi, Small Vin, small area,
(85 mv) (5.1 to 5 pW) High lout (21 yA @ 0.18 V Vin) Moderate PCE @ small Vin
Area hungry , Low PCE @ small Vi,
Cons (2 x Transformers) Low PCE @ small Vi 6 off-chip capacitors LoW lou (1.74 A)
18 [0V =012V 014V +05105V"‘_0'16V ——018V +-0V] swing-boosted outputs to drive the CP elements, reducing the
16 j - number of stages of the CP, and the clock frequency depen-
4 KN 40 i a— . e . . S
14 \\N o a \ \ dency on the load drivability. Also, systematic device sizing
=12 "-\.\ E300-4 /V\/?\ 3 and consideration of the timing and parasitic effects render
3 10 b \ \ §20j AV \ \ a high PCE (38.8%) possible at a small input voltage (0.15 V)
0'; TIY\Vy b \ vl i I\ suitable for energy-harvesting applications.
ol i L
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(a) (b) [1] M. Tabesh, M. Rangwala, A. M. Niknejad, and A. Arbabian, “A power-
harvesting pad-less mm-sized 24/60GHz passive radio with on-chip
Fig. 13.  Measured (a) Vout and (b) PCE versus the loading current with antennas,” in [EEE Symp. VLSI Circuits Dig. Tech. Papers, Honolulu,

different Vj,.
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Fig. 14. Measured and simulated startup times versus Cr, at Vi, = 0.15 V.

up from 0.01 to 6 wA. The driving capability can be improved
by connecting several CP schemes in parallel to keep the same
PCE at the cost of chip area. At a Vi, of 0.1 V, the circuit
can still output a 0.79 V at a 0.1-¢A loading current.

Fig. 13 (b) shows the measured dependence of PCE on the
load currents at different V;i,. Optimized at Vi, = 0.15V, the
maximum PCE is 40.8% with a 1.5-¢A loading current. At
0.2-VVj,, the maximum PCE is increased to 45%.

The measured startup times for Vi to reach 90% of the
final voltage are 25 to 117 us over a range of 23.9 to 145.9-pF
CL (Fig. 14), which are consistent with the simulation results
in the TT corner. Table II gives the performance summary and
compares the work with the prior art. The proposed design has
the advantage of very small chip area and is fully integrated.
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