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Abstract. A 260 mV start-up charge pump and oscillator applying dynamic bulk-biasing (DBB) for step-up
converters in thermal energy harvesting is presented and validated through SPICE simulation. This DBB
employs a dynamic substrate control circuit (DSCC) directly controlled by the pump clock. It can dynamically
reduce sub-threshold leakages during off-state and increase conduction during on-state. This is necessary for
thermoelectric harvesters with output voltages of  300 mV. Performance of this DBB start-up circuit is
compared to those of conventional reverse and forward bulk-biasing charge pumps. According to simulated
results using the TSMC180 nm CMOS model, DBB reduces kick-start voltage to 225 mV. This proposed circuit
has a 1.44–52 better overall ﬁgure-of-merit (FOM) compared with conventional circuits at a supply voltage
of 260 mV. It can generate 50 lW of maximum power with an unregulated output of 2.5 V within 171 ls from
cold start-up. This overall improvement in speed, power and pumping efﬁciency facilitates battery-less solutions
in biomedical applications for wearable/implanted micro-devices.
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1. Introduction
Recent attention towards wireless energy-autonomous
applications, e.g. sensor nodes, wearable and
implantable electronics [1], is driving the development of
energy harvesting technology. Among transducers used,
thermoelectric generators (TEGs) are promising candidates
to convert temperature gradients (  1–5 K) from human
bodies to useful output voltages [2, 3]. However, portablesized TEGs [4] have an approximate temperature coefﬁcient of 50–100 mV/K [5], which translates to a low 50–
300 mV output voltage range. These voltage levels cannot
overcome the  500 mV voltage thresholds in a 180 nm
CMOS process. Hence, a separate start-up mechanism is
necessary to reduce initial start-up voltage requirements
while boosting voltages to practical levels of [500 mV.
This is crucial for energy-autonomous micro-systems with

*For correspondence

multi-stage converters that may be activated only after the
CMOS threshold is reached.
To date, many low-voltage (LV) start-up schemes have
been attempted. While recent developments achieved startup voltages as low as 35–80 mV, they are constrained by
limitations such as an 8-s pre-start-up time [1], reliance on
post-fabrication trimming [6], bulky off-chip inductors [7],
mechanical switches [8] and external power sources [9] as
well as start-up sequence requirements [10]. Start-up circuits with 150–320 mV ranges usually do not utilize
inductive elements. However, their work requires either
off-chip capacitors, complex clocking [11], leaky transistors [12] or rather high voltages at 320 mV with complex
interleaved inverters [13]. Most of these works have different design goals that do not allow fair evaluation and
comparison. From reported work, an optimum start-up
circuit therefore has reasonably low start-up voltages,
simplistic clocking and good efﬁciencies without the need
for external elements.
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Hence, an overall ﬁgure-of-merit (FOM) is used to
evaluate these design goals by systematically identifying
the main limiting factors in LV operation. Previously, four
main factors [14] were identiﬁed to address sub-threshold
start-up issues in CMOS-based charge pumps (CPs).
Among these strategies, threshold lowering, gate voltage
enhancement and power loss reduction were applied as
design goals in this implementation for an overall optimized performance.
This work reports a step-up converter with sub-threshold
start-up voltages without any complex mechanism, external
power source or special start-up circuitry. For the purpose
of LV energy harvesting applications, a dynamic substrate
control circuit (DSCC) is proposed to reduce voltage
threshold during start-up (active phases) while restricting
leakages (power losses) during the idle phases.
The subsequent sections are structured as follows. Section 2 compares the developed DSCC with conventional
start-up circuits. Section 3 illustrates the start-up solution
integrated with a step-up converter. Section 4 shows the
veriﬁcation results and their comparison to those of past
schemes. Finally, section 5 concludes this work.

switches are pump clock driven rather than diode-connected.
This eliminates the per-stage Si diode drop of  0.7 V.
Secondly, charge transfer to the load occurs in both complementary clock cycles instead of only one. This increases
pumping efﬁciency.
This CCCP with reverse bulk-biasing (RBB) is shown in
ﬁgure 1(a). All body (also bulk) terminals of MOSFETs are
source-connected to achieve zero body-effect. This effect
reduces voltage threshold, VTH , as given by expression (1):
VTH ¼ VT0 þ cð

2.1 CP start-up circuit
For the purpose of LV start-up, the conventional crosscoupled charge pump (CCCP) shown in ﬁgure 1(a) [15] is
chosen over Dickson voltage multipliers [16]. There are
two main reasons for this choice. Firstly, the cross-coupled

pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ pﬃﬃﬃﬃﬃﬃ
/S þ VSB  /S Þ:

ð1Þ

VT0 is the voltage threshold at zero body-effect, c is the
body-effect coefﬁcient and /S is the surface potential while
VSB is the source-bulk voltage [17]. However, two main
properties limit LV operation in this structure. First, all
MOSFET’s cannot operate in the sub-threshold region, due
to their cut-off operation at  500 mV. Second, very large
on-resistance, RON , expressed in Eq. (2) exists during heavy
loads [18]. This causes voltage drop, which reduces output
voltages.
RON ¼

2. Start-up circuit
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L
:
lCOX ðVGS  VTH ÞW

ð2Þ

To resolve these issues, forward bulk-biasing (FBB) can be
performed [12]. Also, for TEG-based applications with a
target input of  300 mV, further reduction in VTH is
necessary. Since these minute VTH values are within
MOSFET’s cut-off region, [12] achieves VTH reduction via
FBB (ﬁgure 1(b)) with later-stage voltages. This
scheme suffers from power leakages during idle phases.

Figure 1. Conventional cross-coupled charge pump with (a) RBB and (b) FBB.
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Hence, while pumping efﬁciency may rise, power efﬁciency
is reduced.
As mentioned in [14], the primary design strategies for
sub-threshold start-up CP require lowering of VTH ,
increasing gate source voltages, VGS , and reduction of
power losses by lowering switching, conduction and
reversion losses. Hence, the proposed TEG-based start-up
CP (ﬁgure 2(a)) uses a dynamic bulk-biasing (DBB)
scheme. This scheme balances both pumping and power
efﬁciency. Good pumping efﬁciency is achieved via
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reduced on-resistance and lower threshold during the active
state (on-state) while better power efﬁciency can be
achieved with less sub-threshold current leakages during
idle state (off-state) as expressed in (3):
#"
#
"
nkT
q
ð3Þ
:
ISUB ¼ ION  exp VGS  VTH 
q
nkT
The proposed DBB scheme is achieved with an auxiliary
stage and a DSCC performed on the main stages. The

Figure 2. Proposed two-stage cross-coupled charge pump with DBB.
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DSCC consists of two PMOS (ﬁgure 2(a)) with their gate
terminals controlled by the readily available pump clock
(without the need of extra signal generation). The upper and
lower terminal voltages swing between GND and Vd3 for
bulk voltages of main stage 1 while the bulk voltages of
main stage 2 have a rail-to-rail swing from VDBBinV to Vd3 .
This ensures a moderate threshold modulation of around
20%  VTH [13]. This also alternates the main stages
MOSFETs between the low leakage (off-state) and low
threshold (on-state) conduction path. Substrate terminals of
the DSCC are connected to the auxiliary output, Vd3 , so that
VBS is positive. This increases the threshold (reduces
leakages) in both PMOSs.
The auxiliary voltages are achieved via an extra stage
with MOSFETs sized at only 1.67% of the area overhead of
the ﬁrst two main branches. To further reduce start-up
voltages, PMOS gate terminals of the ﬁrst stage are directly
driven by the pump clock (dotted circle in ﬁgure 2(a)). The
clock signals CLK and CLKb are directly connected (ﬁgure 2(a)) to the CP’s bulk terminal as they are only slightly
overlapped. While the CCCP (ﬁgure 1(a)) cannot operate at
LVs due to a reverse-biased bulk terminal (causing high
VTH and high turn-on voltages), the FBB CP (ﬁgure 1(b))
lowers VTH at all times even when the MOS switches are
turned off. This causes reverse current leakages, which
reduces power efﬁciency.
The proposed DBB scheme implements a DSCC that
dynamically forward-biases and reverse-biases the respective MOSFETs during on- and off-states, respectively. The
operation of DSCC is as shown in ﬁgure 2(b). When CLK
is ‘‘low’’ and CLKb is ‘‘high’’, they cause Pb1 to turn off
and Pb2 to turn on. A conduction path between VDBBin and
the body terminals of P2 and N2 (top branch) is established.
Since VDBBin \Vd2 and VDBBin [ Vd1 , the source-bulk
voltages, Vbs (Vb – Vs ¼ VDBBin – Vd2 ) of P2 is a negative
value while the Vsb (Vs – Vb ¼ Vd1 – VDBBin ) of N2 is a
positive value. From (1), this renders P2’s bulk forwardbiased while N2’s bulk reverse-biased, thus effectively
easing turn-on for ‘‘on’’ switches (e.g. P2) and lowering
leakages for ‘‘off’’ switches (e.g. N2). The reversed operation is true for both of the opposite pump clock phases as
well.

2.2 Start-up ring oscillator
The proposed anti-phase clock generation circuit is shown
in ﬁgure 3(a). The platform combines the overall structure
from [13] and the ﬁve-stage sub-threshold start-up oscillator (ﬁgure 3(b)) from [1]. To address the three main challenges of start-up pump clocks [13], several modiﬁcations
were required. First, to enable sub-threshold start-up, bulk
terminals of all PMOS in the phase shifters were grounded
to achieve a negative VBS , which reduces VTH and eases
start-up. Similarly, buffers in ﬁgure 3(a) have both their
body terminals cross-connected for a self-generated DBB.
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The sub-threshold start-up oscillator (ﬁgure 3(b)) also has
all MOSFET body terminals dynamically biased from the
later stages. Phase shifters apply DBB only to the PMOS
due to their lower charge carrier mobility (which lowers
reverse leakages). Secondly, the transient response in
relation to larger rail-to-rail swings would also be effectively improved with a lower VTH drop. Lastly, the drive
strength of the pump clocks can be improved with suitable transistor sizing and buffering to drive larger loads
(pumping capacitors, CPUMP in this case). Similar to [13],
the NMOS enable signal, EN, may be designed to come
from a step-up converter’s output, whereby pump clocks
are enabled during start-up and disabled to conserve power
once the converter has sufﬁcient VOUT to power itself.

3. Start-up circuit with step-up converter
The overall proposed system architecture showing integration of the start-up circuit (from section 2) with the stepup converter is shown in ﬁgure 4. The pulse generator
circuit (ﬁgure 5(a)) consists of another sub-threshold ring
oscillator [1], a pulse width generator and several buffer
chains. The pulse generator’s PG signal drives the low-side
power NMOS, Npw , of the step-up converter (ﬁgure 5(b)).
In order to kick start the converter, a minimum start-up
voltage, VSU , of  500 mV is required from the start-up
circuit to power the pulse generator. This VSU of  500 mV
(PG signal) is required to drive Npw for a possible designated load of 20 lA at 2.5 V, 50 lW. The pulse width
generator (ﬁgure 5(a)) determines the duty cycle for the
speciﬁc design requirement. Capacitors or additional
inverters may be added to increase delay if desired. The
optimally sized buffer chain helps in providing sufﬁcient
drive signal for Npw .

4. Veriﬁcation results and analysis
4.1 Results and analysis of start-up CP
This section compares performances of all three start-up
CPs described in section 2 using SPICE simulation in
TSMC 180-nm CMOS process. Table 1 summarizes the
optimized parameters used for veriﬁcation purposes.
Characteristics of the proposed DBB start-up CP (ﬁgure 2(a)) are compared with the zero body-effect CCCP
design (ﬁgure 1(a)) and the FBB circuit (ﬁgure 1(b)).
Transient analysis was conducted on these CPs for supply voltages VIN  500 mV from the modelled TEG source
(CP60133). The output voltage, VOUT (also VSU ), of various CPs at VIN ¼ 300 mV is as shown in ﬁgure 6(a). The
proposed DBB has the highest VOUT reaching 770 mV in
140 ls. Under the same circumstances, the CCCP and FBB
reached 671 and 684 mV, respectively, in 240 ls.
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Figure 3. Pump clock generation circuit with sub-threshold start-up oscillator.

Figure 4. Proposed integrated architecture of the start-up circuit with step-up converter.
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Figure 5. Proposed pulse generator (for power MOS) and step-up converter.

Given the pumping efﬁciency (also VCE) as expressed
in (4) for linear CPs, all structures show rapid degradation
of VCE for VIN \200 mV (ﬁgure 6(b)). It is observed that
the proposed DBB has the best overall performance,
especially for VIN  350 mV while reaching VCE  90%
at 280 mV. The FBB performed slightly better between
200 and 250 mV due to lesser area overhead (no DSCCs)
but quickly degraded beyond 250 mV due to heavier FBB
leakages. The CCCP however shows better VCE beyond
400 mV, after the VTH is reached (from effective turn-on).
However, since the main function of a start-up CP is for
effective charge transfer during the start-up duration, the
proposed DBB is the most suited for its overall better VCE
performance throughout the lower supply ranges of  400
mV:

#
VOUT
%:
VCE ¼ 100
VIN ðN þ 1Þ
"

ð4Þ

The knee frequency, f knee , is an intrinsic CP property
that indicates the interface between complete and
incomplete charge sharing [19]. Incomplete charge
sharing (IOUT in saturation) happens when the pump
clock frequency, f CLK , rises beyond the CP’s pumping
capabilities. Figure 7(a) shows performances of these
CPs with varying f CLK . Although all three structures have
an f knee  100 kHz, the proposed DBB performs the best
with IOUT  1:4lA after f knee is reached. This is a 7% and
25% overall improvement from the FBB and CCCP
structures, respectively, for VIN ¼ 270 mV. Figure 7(b)
shows IOUT dependence on VIN . The proposed DBB has
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Table 1. Start-up charge pump parameters for veriﬁcation
purposes.
Parameters

Values

CMOS technology
180 nm
TEG voltage source (CP60133)
52.8 mV/K
Charge pump stages, NCP
2
Temperature, T
300 K
Ideal pump clock frequency, f CLK
100 kHz
168 pF
Load capacitor, COUT
168 pF
Pumping capacitors, CPUMP
Pumping capacitors in augmented stages, Cbt 0.4 pF
Transistors in core stages
4000/1 : 1790/1
(Wp/L : Wn/L)180 nm
(for both branches)
Transistors in augmented stages
66.7/1 : 29.9/1
(Wp/L : Wn/L)180
(for both branches)
Transistors in DSCC
4/1 : 4/1
(Wp/L : Wn/L)180 nm
(for both branches)

Figure 7. (a) Knee frequency comparisons between start-up CPs
at VIN ¼ 270 mV and (b) IOUT dependence on VIN at RL ¼ 50 kX
and f CLK ¼ 100 kHz.

Fig. 6. Simulated results at RL ¼ 500 kX, COUT ¼ 168 pF and
f CLK ¼ 100 kHz for (a) VOUT of charge pumps at VIN ¼ 300 mV
and (b) VCE for VIN between 100 and 500 mV.

the highest IOUT for a given VIN . The DBB has at least a
0.4 and 0.6 lA better IOUT capability as compared with
the CCCP and FBB, respectively, for VIN between 220
and 300 mV.

Figure 8(a) illustrates VOUT dependence of start-up CPs
on the load current, IOUT , requirement. At VIN ¼ 190 mV,
all topologies show decreasing VOUT with increasing IOUT
values. Overall, the proposed DBB records the highest
VOUT as compared with the CCCP and FBB structures.
There is a 2.5 (250%) enhancement of maximum IOUT
capabilities in the proposed DBB structure as compared
with the other structures at VOUT ¼ 500 mV (ﬁgure 8(a)).
This is due to CCCP’s ineffective switching (by partially
‘‘on’’ MOS switches) while the FBB incurs leakages even
during off-state of the MOS switches. The DBB design
however uses the DSCC to switch between FBB and RBB
to effectively reduce turn-on voltages (during on-state) and
lower leakages (during off-state), respectively. This results
in DBB’s enhanced power throughput.
Figure 8(b) shows the DBB structures VOUT dependence
on IOUT for various VIN values. Here, the minimum
required VIN is dependent on the start-up circuit (driver of
the converter). Since the necessary start-up values are
VOUT  500 mV and IOUTðAVGÞ  2lA, a minimum input
of 260 mV is required to meet this design speciﬁcation.
The power efﬁciency, gP (also PCE), is expressed as the
ratio of output power delivered to the load, POUT; to the
total input power consumed, PIN [20], and given as gP ð%Þ
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Figure 8. Simulated plot of VOUT dependence on IOUT for (a)
various start-up CPs at VIN ¼ 190 mV and (b) various VIN values
of the proposed DBB start-up CP.

¼ 100ðPOUT =PIN Þ ¼ 100ðVOUT  IOUT =VIN  IIN ). As
indicated in ﬁgure 9(a), the proposed DBB circuit has a 7%
PCE improvement at VIN ¼ 200 mV, while a 30% PCE
improvement is reached at VIN ¼ 500 mV when compared
with the FBB scheme. CCCP has an overall 5–7% lower
PCE compared with the proposed DBB structure.
Figure 9(b) shows PCE comparison among all three
start-up CPs at VIN ¼ 260 mV. Here, the CCCP (ﬁgure 1(a)) and FBB (ﬁgure 1(b)) exhibit inferior overall PCE
as compared with the DBB start-up CP. The CCCP performs almost on-par with the DBB during lighter load
conditions due to its lack of additional circuitry (DSCC and
augmented stages) present in the proposed structure, which
reduces power consumption.

4.2 Results and analysis of oscillator circuit
The proposed DBB, FBB and CCCP structures are designed
and tested utilizing the same sub-threshold pump clock
described in section 3 to form the start-up circuit. Figure 10(a) shows the simulated clock signals CLK and
CLKb from a TEG supply of 300 mV. Using the standard
180-nm CMOS model, all CPs have transient responses as
shown in ﬁgure 10(b). Overall, the proposed DBB circuit
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Fig. 9. PCE plot for start-up charge pumps at (a) various VIN
values and (b) VIN ¼ 260 mV.

has a much higher VOUT and faster ramp-up time, tRAMPðCPÞ ,
compared with the other two structures.
Hence, in an energy-constrained system with LV harvesters, a few parameters are identiﬁed as the CP FOM
(CPFOM ), which reﬂects the efﬁciency of the start-up circuit
structure as a whole. This is expressed in Eq. (5), with the
comparison data at VIN ¼ 300 mV summarized in table 2:
CPFOM ¼

PCE  VCE
:
Area  tRAMPðCPÞ

ð5Þ

The results show that the proposed start-up circuit has the
best CPFOM with 1.3 (130%) and 3.8 (380%) improvements over the FBB and CCCP structures, respectively.
While there is a general improvement in terms of tRAMPðCPÞ ,
VCE and PCE, a slight area gain is observed in terms of
transistor occupancy. This area is calculated based on
number of transistors in reference to the MOS sizes in the
main CP stage. Since the MOSFETs in the DSCC and the
auxiliary stage are generally much smaller, their extra area
occupancy is almost negligible. Consequently, the proposed
DBB has better power consumption and produces higher
VOUT for a more efﬁcient charge transfer at a given VIN .
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Figure 11. VBOUT for proposed integrated DBB circuit at
VIN ¼ 300 mV, RL ¼ 100 kX, COUT ¼ 168 pF and a generated
f CLK ¼ 144 kHz.

(ﬁgure 5) at the target requirement shown in ﬁgure 11. For
an overall comparison between all integrated start-up
structures, an overall circuit FOM is estimated using (6):
#
"
go %  VCE  CF
ð6Þ
:
FOM ¼ 100
Area  tRAMPðCPÞ  tSU

Fig. 10. Simulated results at VIN ¼ 300 mV, RL ¼ 100 kX,
COUT ¼ 168 pF and f CLK ¼ 144 kHz for (a) clock signals of the
proposed start-up circuit and (b) VOUT of three start-up circuits.
Table 2. Parametric comparison of start-up
VIN ¼ 300 mV, COUT ¼ 168 pF and RL ¼ 100 kX.
Parameters
PCE (%)
VCE (%)
CP area (trans. count)
TRAMPðCPÞ (ls)
CPFOM

CCCP
5.12
34.84
8.000
150
0.15

FBB

circuits

at

Proposed DBB
[this work]

10.42
54.34
8.067
160
0.44

10.69
56.16
8.068
131
0.57

4.3 Overall performance of start-up circuit
integrated with boost converter
This section veriﬁes that the proposed DBB can be used as
a start-up circuit for LV step-up converters. The simulated
dependence of boosted output voltage, VBOUT , on boosted
output current, IBOUT , of the converter integrated with the
proposed start-up circuit for various TEG supply values,
VIN , is shown in ﬁgure 11. It can be observed that the
converter can be boosted up from a 260 mV TEG supply
(dT ¼ 4:9 C) to a targeted VBOUT of 2.5 V for possible
applications with 20 lA and 50 lW requirements.
Comparison of the proposed start-up circuit with the CCCP and FBB integrated structures is shown in table 3. All
veriﬁcations were carried out using the step-up converter

This FOM considers several key parameters. They include
CP area, overall voltage conversion factor (CF), overall
start-up time (tSU ), tRAMPðCPÞ , CP’s VCE and end-to-end
power efﬁciency, go %. From table 3, it can be observed
that the proposed DBB garners the best FOM of 10.85,
which is 1.44 (144%) and 52 (520%) superior to the
FBB and CCCP structures, respectively.
Finally, to ensure reliability of the proposed DBB startup circuit, comparison of recently published work has been
summarized in table 4. The modiﬁed FOM, MFOM , equation
(7) is to account for differences in CMOS processes,
P ðlm), number of CP stages, N, as well as VCE of differing supply voltages, VCE%/Vs, in past literatures.
Although some structures may achieve lower start-up
voltages, they suffer drawbacks as described in section 1.
This proposed structure does not require external input
voltages or complex clocking structures for the circuits
initial start-up down to 225 mV. Hence, from table 4, the

Table 3. Comparison of integrated start-up structures at
VIN ¼ 260 mV.
Integrated start-up
Charge pumps
CP area (transistor count)
VBOUT (V)
Overall conversion factor (CF)
tSU (ls)
tRAMPðCPÞ (ls)
VOUT (V)
VCECP (%)
go %
FOM

CCCP
8.000
0.9231
3.55
357
158
0.4538
58.18
4.55
0.21

FBB
8.067
2.5529
9.82
176
111
0.4615
59.17
20.46
7.54

Proposed DBB
[this work]
8.068
2.5090
9.65
171
98
0.5077
65.09
23.36
10.85
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Table 4. Performance comparison.
[Ref.]
(proc.)

Start-up CP Mech.
(N-stage)

[12]
(65 nm)
[13]
(180 nm)
[11]
(130 nm)
This work
(180 nm)

FBB
(3-stage)
FBB
(6-stage)
DBB
(3-stage)
DBB
(2-stage)

VMIN
(VCE)
180 mV
(83.33%)
320 mV
(89%)
150 mV
(85.9% @ 0.18V)
225 mV
(65.09% @ 0.26V)

proposed solution has the highest overall FOM value of
MFOM at 9.66 after incorporating several key performance
parameters as speciﬁed in (7):
[4]

MFOM

PðlmÞ  VCE%=Vs  CF
¼
:
N  VMIN

ð7Þ

[5]

5. Conclusion
Using the DBB start-up scheme, no complex clocking
structure or start-up sequences were required to kick-start a
secondary step-up converter from a 225-mV TEG-based
supply. This is made possible with the DSCC that is
directly controlled by its own pump clock. The DSCC
dynamically alternates the CPs MOSFETs between lower
VTH in FBB-mode and lower leakages in RBB-mode. The
start-up circuit is simulated to be feasible for delivery of 2.5
V and 50 lW output power from a 260-mV TEG source
within 171 ls. Among all three simulated topologies, the
DBB structure constitutes a 1:44 and 52 better overall
FOM at 10.85 (see table 3) as compared with the FBB and
CCCP start-up methods, respectively. Hence, in comparison, the proposed start-up circuit may be more suited for
LV energy harvesting applications due to its overall optimized charge transferability, capacitance drivability and
pumping efﬁciency.
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