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Abstract. [In this paper, a novel bulk-driven cross-coupled
charge pump designed in standard 90 nm CMOS technology
is presented. The proposed charge pump is based on a dy-
namic threshold voltage inverter and is suitable for integrated
ultra-low voltage converters. Due to a latchup risk, bulk-
driven charge pumps can safely be used only in low-voltage
applications. For the input voltage below 200 mV and out-
put current of 1 uA, the proposed bulk-driven topology can
achieve about 10 % higher efficiency than the conventional
gate-driven cross-coupled charge pump. Therefore, it can be
effectively used in DC-DC converters, which are the basic
building blocks of on-chip energy harvesting systems with
ultra-low supply voltage.
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1. Introduction

Recent trends in the development of integrated systems
include the energy savings, total size reduction and the reli-
ability enhancement. The most effective way towards reduc-
tion of energy consumption is focusing on this parameter right
at the design phase of integrated electronic system develop-
ment. However, low power design might not be sufficient for
some applications. The other option is supplying the elec-
tronic system from alternative energy sources [1], [2]. Nev-
ertheless, renewable energy sources require voltage power
converters (DC/DC converters or AC/DC converters). The
role of a power converter is also the stabilization of variable
input voltage or generation of the required output voltage
value. Usually, linear and switching regulators are used for
the voltage stabilization. Additionally, some of switching
regulators can also convert the input voltage to a higher out-
put voltage value. One type of such switching regulators are
so-called Charge Pumps (CP), which are based on switched
capacitors technique.
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CP are widely used to generate voltages higher the nom-
inal supply range, e.g. in DC-DC converters and DC voltage
regulators or in EEPROMs, Flash memories to generate high
voltages for programming and erasing the floating gate [3].
These circuits are only made of capacitors and switches re-
alized with transistors (or diodes), thereby allowing direct
on-chip integration. Despite the fact that charge pumps have
relatively low efficiency and high area requirements, they
also find application in the power supplies of smart power
integrated circuits and systems [4].

From the design point of view, switches used in charge
pumps should have a low value of switch-on resistance in
order to achieve high efficiency. On the other hand, charge
pumps are usually designed using gate-driven MOS switches.
In such cases, the minimum input voltage of a CP is limited by
the threshold voltage of MOS transistors (Vi). To overcome
this limitation, it is necessary to look for new approaches
and topologies able to work with low input voltage. Bulk-
driven technique was introduced by Guzinski [5]. Recently,
this technique has been used for design of basic building
blocks of analog and digital integrated circuits (IC), e.g. op-
erational amplifier [6], [7], current mirrors [8], [9], current
converter [10], [11], operational transconductance amplifier
(OTA) [6], [12], voltage follower [13], [14], voltage to cur-
rent converter [15], voltage controlled oscillator [16], phase
locked loop (PLL) [17], etc.

In this paper, a cross-coupled CP based on the dynamic
threshold voltage CMOS inverter [18], [19] is presented. The
proposed topology, based on the bulk-driven technique, al-
lows the input voltage below the threshold voltage of MOS
transistors. Preliminary work in presented in Sec. 2. Analy-
sis of different types of CP topologies in terms of efficiency
and value of the output voltage is done in the Sec. 3. In the
Sec. 4, the proposed bulk-driven topology of cross-coupled
CP is presented and compared to the conventional gate-
driven cross-coupled CP described in [20], [21]. In this
section, an optimization process for proposed bulk-driven
charge pump in terms of chip area and current consumption
is described. Achieved results are presented in the Sec. 5.
In the last section, the efficiency of the proposed CP in terms
of the obtained results is discussed.

CIRCUITS
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2. Background

In electronic circuits, voltage converters are usually
used to ensure a stable (regulated) value as well as proper
polarity of the supply voltage. Actually, there are three ba-
sic types of voltage converters: linear voltage regulators,
charge pumps and switching regulators. Comparison of ba-
sic properties of different voltage converters are summarized
in Tab. 1 [22], [23].

Charge Switching
Property LDO Pump Regulator
Efficiency Poor Good Best
Cost Best Moderate Most expensive
Difficulty in design Easy Harder Most difficult
(PCB) Area Very small Small Large
Output ripple Very low Moderate Moderate
EMI Very low Low Moderate
Load capabilit Moderate Moderate Best

pabiity upto 150mA | upto250mA | uptoS00mA

Step up, Step up,
Transformation type Step down Step down, Step down,

Inverter, Inverter

Tab. 1. Comparison of voltage converters.

Linear voltage regulators are among the simplest and
affordable voltage regulators. From Tab. 1, it can be ob-
served that these regulators have poor efficiency. Thus, if
high efficiency and high output current are required, switch-
ing regulators represent more suitable alternative. However,
switching regulators consists of an inductor that requires con-
siderable chip area overhead, which makes these converters
not really proper for integration. Additionally, the quality
of on-chip inductors is relatively poor. Although charge
pumps have lower efficiency than the switching regulators,
they represent the better alternative for on-chip implementa-
tion because they do not required area-critical devices like
inductors. Output current of the charge pump can be ef-
fectively increased by sufficiently large capacitors. Conse-
quently, charge pumps are widely used in the supply part
of integrated systems. Comparison of published works in
terms of converter topology, input and output voltages and
efficiency are summarized in Tab. 2.

Since the selection of proper voltage converter depends
on the input source as well as its output impedance and out-
put voltage, many works based on the different approaches
can be found in the literature [24—34]. From Tab. 2, one can
observe that if the input voltage value is equal to or lower than
the threshold voltage of MOS transistor, in most cases, the
efficiency of a voltage converter will not be more than 65 %.
For a low value of the input voltage (about 50 mV), volt-
age converters based on the transformer or inductor is used.
On the other hand, if the input voltage is quite high (about
twice the Vi), voltage converters based on the charge pump
approach become more appropriate. For the input voltage
in the middle of this range, a combined voltage converter,
which exploits advantages of the approaches based on the
transformer and inductor voltage converters is employed. In
such an approach, the low input voltage is increases using
the inductor-based voltage converter first. Then, the out-

put voltage of the inductor converter feeds a charge pump
converter. In [28], a thermocell with the output voltage of
200 mV (AT = 5°C) was used as the input source. The con-
verter was designed in technology that offers transistors with
the ultra low threshold voltage of 100 mV, and therefore, an
external start-up source is not necessary. The first stage of
the converter was formed by a switching regulator to increase
the output voltage of thermocell, and a charge pump was used
as the second stage. In this case, the charge pump helps in-
crease the output voltage of the switching regulator. Taking
into account that the input voltage is already increased by the
switching regulator, the number of stages in the charge pump
can be significantly reduced.

The main advantage of switching regulators is ability
to transform a low input voltage to high value of the output
voltage with a minimum amount of loss. However, very low
value of the input voltage might cause start-up problems, and
therefore, the control and switching logic have to be supplied
from an external source. The switching converter concept
presented in [26] can work with a low input voltage (about
20mV) but for a proper functionality of the whole converter
with control circuity, its output voltage has to be at least
about 600mV. This problem can be solved using specific
technology, e.g. Carbon Nanotube Field Effect Transistor
(CNFET), which offers transistors with an ultra-low value of
the threshold voltage (Vin =~ E¢/2q) [25]. In [25], a charge
pump was used as a part of switching regulator to control
CNFETs.

As for charge pumps, the largest amount of loss is caused
by parasitic capacitance of the switched capacitor. Coeffi-
cient a represents a ratio between a value of parasitic capac-
itance and a value of the nominal switched capacitor. In or-
der to increase the charge pump efficiency, a poly-poly (PP)
capacitor may be replaced by metal-insulator-metal (MIM)
capacitor, since its parasitic capacitance is much smaller
(a = 3 %) than that of a poly capacitor (¢ = 20 %). In [33],
the input voltage is limited to 600 mV and this value is given
by the threshold voltage of transistors in used CMOS 350 nm
technology. On the other hand, in [30], [31] the input voltage
is about 150 mV because these converters are implemented
in 65 nm technology that offers transistors with a lower value
of the threshold voltage.

Since the charge pumps represent the most appropriate
solution for on-chip implementation of voltage converters,
it is necessary to develop new CP topologies that would be
less dependent on the threshold voltage of MOS devices in the
selected integration technology.

3. Analysis of Different Charge Pumps

The detailed analysis of the different charge pump
topologies (representing the most used charge pumps) was
performed through simulation and comparison of the fol-
lowing parameters: the output power, the output voltage,
the conversion efficiency and the silicon area in terms of the
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Converter topology Reference Input voltage Output voltage Efficiency Process
. . [24] 50 mV 1.8V 58 % 350 nm
inductive
[25] 100 mV 0.65 V 27 % CNFET
[26] 20 mV 1.0V 46 % 130 nm
[26] 100 mV 1.0V 75 % 130 nm
nductive + CP [27] 100 mV 09V 72% 65 nm
[28] 200 mV 12V 40 % 180 nm
[29] 200 mV 28V 63 % 350 nm
[30] 150 mV 0.85V 30-80 % 65 nm
[31] 180 mV 0.7V N/A 65 nm
CP [32] 450 mV 14V 58 % 130 nm
[33] 600 mV 20V 73 % 350 nm
Tab. 2. Selected converters - parameter comparison.
3,0 5
| Al B |c[DP]|E 5
25
Number of stages 4 4 4 4 4 ]
Max. Vou (V) 1.64 1.60 2.48 1.64 243 %2,0 B
Max. Pou (1W) 9 | 79 [2a7 | 9 | e g ]
Max. 17 (%) 26 | 27 | 40 [ 21 [ 18 $157
Vout@Max. 77/ Max.Vou (%) || 64.7 | 50.1 | 605 | 672 | 68.0 §1 0]
Viip@Max. 77 (%) 026 | 041 | 051 | 0.04 | 0.89 R
Number of transistors 5 5 16 16 18 0,5 -
Number of capacitors 4+1 4+1 8+1 8+1 8+1 E
A - Cockcroft-Walton charge pump 0.0 ; s T '2 e :
B - Dickson charge pump 10 10 10 10
C - Cross-coupled switched capacitors charge pump Output Current [pA]
D - Cross-coupled switched capacitors charge pump with only NMOS
E - Cockcroft-Walton charge pump with controlled charging 50
Tab. 3. Achieved parameters of analyzed charge pumps. 40
number of circuit elements. More detailed description of the Ea
analyzed CP topologies is presented in [35]. However, it is g
important to note that the selected CP topologies, designed S0 1
. . . = -
in 90 nm CMOS technology, were not optimized that enables weo
the relevant comparison of the CP topologie in terms of the 10 ]
area requirements and the output power. The size of all MOS
transistors and all capacitors including the output capacitors 03 - ; ; 2
10° 10' 102 10°

was identical in all topologies that were realized as four-stage
charge pumps. The input voltage (Vi,) was chosen so that its
value would be greater than the threshold voltage (Vy,) of
used transistors. Thus, for the input voltage as well as the
switching voltage (Vy), the value of 500 mV was used. This
voltage ensures that all transistors will work in the active
region.

In Tab. 3, the achieved parameters of the analyzed CPs
are presented, where the most important properties are sum-
marized and compared. Figure 1 shows the dependency of
the CP parameters on the value of the output current.

From the presented results, one could possibly draw
that in 90nm CMOS technology, the Cockcroft-Walton
charge pump and Dickson charge pump are compara-
ble with respect to the output voltage level and the con-
version efficiency. Another significant parameter is the
circuit size mainly given by the number of all circuit
components. It can be observed that the highest output

Output Current [pA]

== Cockcroft-Walton charge pump

=@— Dickson charge pump

== Cross-coupled switched capacitors charge pump

== Cross-coupled switched capacitors charge pump with only NMOS
== Cockcroft-Walton type charge pump with controlled charging

Fig. 1. Comparison of CP parameters.

voltage can be obtained by the cross-coupled switched ca-
pacitors charge pump and Cockcroft-Walton topology with
controlled charging, in which the number of used devices is
nearly the same. The main difference between all analyzed
topologies is the maximum efficiency and the output power
that can be possibly achieved. In applications that harvest
the power supply from alternative energy sources, the con-
version efficiency, of course, is the most important parameter.
Taking this priority into account, the cross-coupled switched
capacitors charge pump exhibits the maximum achievable
conversion efficiency of 40 %.
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From the preformed analysis, it can be concluded that
the cross-coupled switched capacitors charge pump repre-
sents an appropriate topology choice if high efficiency is
primarily targeted. Therefore, in the next section, the con-
ventional gate-driven cross-coupled charge pump as well as
proposed bulk-driven cross-coupled CP are described and
their properties are analyzed and compared.

4. Proposed Bulk-driven Charge Pump

4.1 Conventional Cross-coupled CP

Figure 2 shows a CMOS realization of the conven-
tional charge pump based on the cross-coupled voltage dou-
bler. This charge pump represents one of the highly efficient

Vo

DTL— ~~~~~~~~

in—T—

Fig. 2. Classical cross-coupled CP (one stage).
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Fig. 4. Cut-off frequency of dynamic Vj, inverter (Vpp =
200mV, Cjpad = 1 pF).

topologies that are implementable on-chip. Cross-coupled
charge pump uses both types of MOS transistors. The used
control method eliminates the voltage stress exerted on the
transistor’s gate oxide [35]. Voltage losses contain only the
voltage drop at the open transistors and the equivalent resis-
tance of the switched capacitors [20], [21].

4.2 Dynamic Vi MOS Inverter

As can be seen from Fig. 2, the cross-coupled charge
pump is based on two inverters connected across. The mini-
mum input switching voltage Viymin for this topology is, like
in the case of a CMOS inverter, twice the threshold voltage of
the MOS transistor used. Therefore, in order to use this topol-
ogy in the ultra low-voltage applications, some modifications
are needed. The possible solution how to decrease the value
of the minimum input switching voltage is to replace one of
transistors with a resistor that will create a pseudo-inverter.
Unfortunately, this increases the current consumption in an
unacceptable way for most of applications. Another possible
approach is based on shifting the threshold voltage of the
MOS transistor by connecting its bulk electrode to a fixed
potential, as depicted in Fig. 3(b). Nevertheless, this solution
will increase the leakage current significantly and therefore, it
is not suitable for low-power charge pump design. The proper
solution seems to be dynamic control of the substrate elec-
trode. Bulk dynamic threshold inverter (Fig. 3(c)) is based
on controlling the substrate electrode of NMOS and PMOS
transistors by the input signal [18], [19]. When the transis-
tor is turned off, the threshold voltage achieves its nominal
value and the leakage current is minimized. Otherwise, if the
transistor is turned on, the threshold voltage is decreased that
will cause the increase of the output current and switching
speed.

MOS inverter topology with dynamic Vi, shown in
Fig. 3(c), represents an appropriate building block for low
input voltage and low-power design of charge pumps. How-
ever, it is important to note that dynamic Vi MOS inverter
may be implemented only in twin-well CMOS process, where
PMOS and NMOS transistors may be placed in separated
wells. Since the dynamic Vi MOS inverter is based on the
bulk-driven approach, the maximum value of supply and in-
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put voltages should not exceed 0.6 V [18], [19]. Otherwise,
parasitic NPN and PNP bipolar transistors will turn on, which
with the high probability may cause latchup. These limita-
tions have to be taken into account if designing the charge
pump with dynamic Vi, MOS inverters.

In order to justify the employment of the dynamic Vi, in-
verter in charge pumps with low input voltage, the switching
performance of the inverter was investigated through sim-
ulation of the maximum frequency for different size of the
MOS transistors (Fig. 4). Obtained maximum frequency of
dynamic Vg, inverter was compared to the maximum fre-
quency of a conventional CMOS inverter for supply voltage
of 200mV and load capacitance of 1 pF. As can be seen
from the Fig. 4, cut-off frequency of dynamic Vi, inverter is
a bit higher than in the case of the conventional gate-driven
inverter. However, if we consider a lower load capacitance,
e.g. the input capacitance of DTMOS inverter, the cut-off
frequency can be even higher.

4.3 Bulk-driven Cross-coupled CP

The proposed bulk-driven charge pump designed in
90 nm CMOS technology is based on the cross-coupled topol-
ogy, where dynamic Vi MOS inverter was used (Fig. 5). All
limitations described in the previous section were taken into
account. The proposed charge pump can work with very low
input voltages, which is the main advantage of this topol-
ogy. On the other hand, an increased possibility of latchup
occurrence is the most significant drawback. Therefore, the
proposed bulk-driven cross-coupled charge pump is supposed
to be used only in low-voltage and low-power applications.

Theoretical value of the output voltage can be expressed

as follows:
R
-I (Ron + 7‘*)) (1)

C
Vou = Vin + N (V¢ o
tot

where

N is a number of stages used

Vin is the input voltage

Vout is the output voltage

V5 is the switching voltage

Ciy is the switching capacitance

Cio is sum of switching capacitance and parasitic capaci-

tance
Clot = Cin + Cs (2)

Iy is sum of output and leakage currents
I = low + I]eakage (3)

R is switch-on resistance of NMOS and PMOS transistor

Req is equivalent resistance of switching capacitor
1

fCot’

Req = “4)

M; My
imsu |
Cs ug

1

Fig. 5. Bulk-driven cross-coupled CP (one stage).

4.4 Design and Optimization of Proposed CP

In the design phase of analog integrated circuits, usually
the compromise between area and current consumption has
to be made. Such a compromise can be achieved, for exam-
ple, through the optimization process presented in [4], where
optimization of Dickson charge pump was presented. For
optimum design of the proposed bulk-driven cross-coupled
charge pump in terms of area and supply current, (1) has to

be rewritten as follows:
1 1
Vour = Vin + NVy—— = NILRopn —NIL—— (5
out in ) l+a L{Yon LCtotzf ( )
where f is the switching frequency and « is technology
parameter that expresses a ratio between parasitic (Cs) and
nominal capacitance (Ci,) of the selected capacitor that is
given by (6).
G

C (6)

It is important to note that term Cj, / Ci; from (1) can
be expressed using parameter « as follows:
Cn 1
Cot l+a’

a

(7

The optimization process targets finding an optimum
number of stages and an optimum value of the switching ca-
pacitor for the given input and output voltages, output current
and switching frequency. Thus, we first express the depen-
dence of the total area of charge pump on the selected design
parameters. The optimization process in terms of area and
total current consumption, presented in the next two sub-
sections, can be applied to both the classical cross-coupled
and also to the proposed bulk-driven cross-coupled charge

pump.

4.4.1 Area Optimization
The total area of the proposed charge pump can be ex-

pressed by (8):
Stot = Scap + Smos (®)

where S, is the area of all switched capacitors and Spos is
the total area of transistors. In order to simplify the optimiza-
tion process, in the most cases, the area of transistors can be
neglected since being much smaller than the area of switched
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capacitors. Thus, the total area is given by the following

equation:
Stot = Scap = kc2N Gy, 9

where k¢ is a coefficient that represents capacitance per area
and its unit is Fm~2. If we consider that & = 0, using (5) and
(9), one can get (10) that expresses the dependence of the CP
total area on selected design parameters

N? kel

Stot = . 10
ot Vin + N~V¢ = NILRon — Vou f {10

In order to obtain the optimum number of stages for
required parameters of the charge pump, (10) is derived with
respect to the number of CP stages. To find a local extrema,
the derivation of (10) with respect to the number of stages is
set equal to zero. How is presented in (11)

6St0t

ON ’

9 ( N2 kCIL)
VintNVy—N I Ron—Vou [f
AN =0 (1)
—2NAV + N*Veg kel
(=AV + NVq4)?

f - b
N (=2AV + NVeg) = 0.

There are two roots of (11), where the first oneis N = 0
that cannot be practically implemented. The second root rep-
resents an optimum number of CP stages with respect to area
and is given by (12):

AV
Nsopt = 2— 12
Sopt Ve T ( )
where AV is a difference between the required input and out-
put voltages of the proposed charge pump and V. is an ef-
fective value of the switching voltage, as expressed in (13).

AV = Vou — Vin
Vet = V¢ — ILRon
From (12), it can be observed that the optimum number
of CP stages should be two times higher than the required
voltage gain of the charge pump (which is given by ratio
of AV and V.g¢). Finally, using (10) and (9), the optimum
value of the switched capacitor can be obtained for required

parameters of the charge pump (14)

NSopt IL

—. (14)
Vin + NsoptVe — NsoptdLRon — Vout 2f

13)

Cin opt =

If we neglect the term NI Ry, in (10) and (14), for the
area optimization process, one can conclude that the total
area of the charge pump increases linearly with the load cur-
rent and quadratically with the number of stages. How is
presented in (10). On the other hand, the area overhead can
be reduced by increasing the switching frequency.

4.4.2 Current Consumption Optimization

A similar approach can be applied for optimization of
the charge pump in terms of current consumption. The total

current consumption Iypp of N-stage charge pump can be

expressed as:
Ivpp = (Ligeal + Ipar) (15)

where Iigeq1 is an ideal current delivered to the load from the
supply source, which can be defined as amount of charge
AQ that is passed across the CP stages during one period of
switching signal, descripted with (16). I, represents a cur-
rent that is needed for charging parasitic capacitances and is
given by (17). It is important to note that for simplified anal-
ysis, the losses between stages have not been considered.

A
Taeas = (N + 1)T—/% - (N+ DL (16)
A
Ipar =N——= a'NCmeV¢ (17

T/2

By combining (14), (15), (16) and (17), the dependence
of the total current consumption on the CP parameters can
be obtained, as expressed in (18). It can be seen that the
total current consumption depends neither on the value of
switched capacitors nor on the switching frequency. How-
ever, it is linearly dependent on the output current of a charge
pump

NZ
Vin + NVg — NIL Ry,

Kpp = ((N + 1) +a V¢) Ir.
_Vout

(18)

As in the previous case, derivation of (18) with respect
to the number of stages will give the optimum number of
stages with respect to the total current consumption. This is
expressed as follows:

(XV¢ Vet (ZV¢
AV 1 + Vet 1 + (IV¢ + Vest
N Topt = 3, v . (19)
Vet 1+ 2
Vet

The optimal number of stages is given by the
required voltage gain. Again, the value of the
switched capacitor can be obtained using (14).

5. Achieved Results

The proposed bulk-driven (BD) and classical gate-
driven (GD) cross-coupled charge pumps were designed and
analyzed, and the achieved parameters were compared. De-
sign was realized in 90 nm CMOS technology. The number
of stages and size of used transistors and capacitors in both
topologies were identical. Moreover, in both cases, values of
the input voltage Vi, and the switching voltage V; were equal.
Non-overlapping clock with frequency of 100 kHz was used.
NMOS transistors with channel dimensions (width/length) of
100 um/0.1 pm were used, while PMOS transistors were two
times larger. If considering the given dimensions of NMOS
and PMOS transistors, R, of one stage of the proposed BD
and conventional GD CP will be 675 Q and 1750 Q, respec-
tively.

In order to evaluate the accuracy of the output volt-
age calculation (based on (1)), the calculated output voltages
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Fig. 6. Output voltage vs. Switching capacitor (GD CP) (Vi, =
200mV, f = 100kHz, Ioy = 100nA, Ron = 1750 Q).
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Fig. 7. Output voltage vs. Switching capacitor (BD CP) (Vi, =
200mV, f = 100kHz, Ioy = 100nA, Ron = 650 Q).

were compared to the simulated values, and results for both
CP topologies are presented in Fig. 6 and Fig. 7. In the per-
formed simulations, an ideal current source was used as the
load of the charge pump in order to ensure a constant output
current at the CP output. In this experiment, the following
setup was used: Vi, = 200mV and I, = 100nA. From
Fig. 6, one can observe a certain difference between calcu-
lated (dashed curves) and achieved simulated (solid curves)
values. The reason is that the equation for the output voltage
calculation is based on static parameters and does not in-
clude dynamic behavior. Additionally, the input voltage Vi,
is lower than the threshold voltage of MOS devices. Thus, for
Vin > Vin, the relative error is smaller than 10 %. In the case
of the proposed BD cross-coupled CP (Fig. 7), expected and
achieved results are almost identical since use of the dynamic
threshold MOS inverter eliminates the impact of V;; value on
the calculation accuracy.

Comparison of results achieved for both topologies in
terms of the output current is depicted in Fig. 8, where
a good match of the output voltage is observed in the whole
considered range of the output current. One can also ob-
serve that with increasing output power, the voltage loss gets
higher for classical cross-coupled CP with respect to BD
topology (e.g. see for I, = 1pA). For four-stage charge
pumps (N = 4), the output voltage of 0.70V and 0.89V
is achieved for classical topology and BD topology, respec-
tively. It means that there is a difference of 189 mV for the

25
] —— N=1(CCP) —— N=1(BDCCP)
—o~ N=4(CCP) -a~ N =4 (BDCCP)
20 ] —— N=8(CCP) —— N =8 (BDCCP)
=
w
8154
G
>
z
210
g7
3 4
R
0,5
0,0 ; — ; — i —
10" 102 10° 104

Output Current [nA]

Fig. 8. Output voltage vs. Output current (Vi = 200mV,
f =100kHz, Cj, = 1nF).
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Fig. 9. Conversion efficiency vs. Output current (Vi, = 200mV,
f =100kHz, Cj, = 1 nF).

two solutions, which corresponds to loss of almost one stage.
This difference is even greater for eight-stage (N = 8) charge
pumps, i.e. the output voltage values are 1.17 V (classical
topology) and 1.57 V (bulk-driven) that makes the difference
of 400 mV. This corresponds to loss of about two stages of
the charge pump.

Figure 9 shows dependence of the efficiency of both
CP topologies on the output current for following parame-
ters: Vip = Vp = 200mV and f = 100kHz; Cj, = 1nF.
The best efficiency for the given parameters can be observed
for the output current of 1uA, where the new bulk-driven
cross-coupled charge pump achieves the efficiency of 80 %
in four-stage architecture (N = 1).

In the next step, we compared calculated and simu-
lated results, where optimization (described in Sec. 4.4) of
classical gate-driven (GD) cross-coupled and the proposed
BD charge pump in terms of the total area and current con-
sumption was performed. Table 4 presents results of area
optimization for both CP topologies and for different out-
put voltage values, where the switching frequency and the
output current was set to 100kHz and 1 pA, respectively.
It can be observed that the optimum number of stages for
the required output voltage is the same for both topolo-
gies. Therefore, switched capacitors as well as the total
area of charge pumps are similar in both cases too. Nev-
ertheless, the simulated output voltage of the proposed BD
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Vout [V] 0.5 1 15 2
Typ BD GD BD GD BD GD BD GD
N [-] 3 3 8 8 13 13 18 18
CnlpF1 | 75 | 78 | 75 | 78 | 75 | 78 75 78
Stot,

Y 0.11 | 012 | 029 | 031 | 047 | 050 | 0.65 | 0.69
[mm~]

VouSIM | 589 | 213 | 508 | 407 | 897 | 603 | 1195 | 799
[mV]

error

422 57.4 40.2 59.3 40.2 59.8 40.3 60.1
[ %e]

Tab. 4. Comparison of BD and GD charge pumps in terms of
area optimization.

Vout
0.5 1 1.5 2
[V]
Typ BD | GD | BD | GD BD GD BD GD
N [ 2 2 5 5 8 9 12 12
Cin 170 | 177 | 251 | 266 285 150 170 177
[pF]
S“"z 0.17 | 0.18 | 0.62 | 0.65 1.12 0.66 1.00 1.10
[mm~]
VousIM | 404 | 305 | 998 | 776 | 1501 | 1077 | 1902 | 1464
[mV]
error 32 | 210 | 02 | 224 | o1 28.2 4.9 26.8
[ Fe]

Tab. 5. Comparison of BD and GD charge pumps in terms of
current consumption optimization.

6-
5]
834
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1 —— BD
0_ -o— GD
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Number of stages [-]

Fig. 10. Output voltage vs. number of stages (Vi = 200mV,
f =100kHz, Ciy = 1nF, Loyt = 1 pA).

topology is higher despite the fact that the calculation error
is about 40 %. For the classical charge pump topology, the
calculation error of 60 % is reported.

Similarly, the optimization process in terms of the total
current consumption for both analyzed CP topologies and for
different output voltage was done, and the comparison of the
achieved results is summarized in Tab. 5.

As in the previous case, the optimum number of stages
as well as the value of switched capacitors and the total area
are similar for both topologies. The calculated number of CP
stages was rounded to an integer. To reduce the difference
(calculation error) between the theoretical and simulated val-
ues of the output voltage, the rounding up may be used, which
will cause a decrease of Cj, value and the total area (Syy) will
be affected as well.

1.2

1.0 3

0.8

04 ]

Output Voltage [V]
&
L1

0.2
7 —— BD
- GD

o}
10° 10t 10? 10° 10*
Frequency [kHz]

Fig. 11. Output voltage vs. switching frequency (Vi, = 200mV,
Cin = 1nF, Iyy = LpA, N =4).

1.0
08
s ]
806
S
2
04 ]
0.2 —— f=20kHz
1 o £=100 kHz
4 —— f =200 kHz
00 i 0 I vk
0 5 10 15 20 25

Time [ms]

(a) Gate-driven charge pump
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(b) Bulk-driven charge pump

Fig. 12. Start-up process of charge pumps (Vi; = 200mV,
Cin = 10F, Ioy = 1pA, N = 4).

Finally, the efficiency of the proposed BD charge pump
was investigated and achieved results compared to those of
a conventional GD cross-coupled topology. Such a com-
parison, presenting the output voltage of both topology for
different the number of stages, is depicted in Fig. 10. One
can observe that for high number of stages, the output volt-
age of the proposed BD charge pump is higher. Both CP
topologies exhibit the same trend of the output voltage vs
switching frequency curve. Particularly, both charge pumps
achieve approximately 97 % of the maximum output voltage
at the switching frequency of 100 kHz (Fig. 11).

Figure 12(a) and 12(b) show the start-up process of
4-stage GD and BD charge pump, respectively. As expected,



RADIOENGINEERING, VOL. 25, NO. 2, JUNE 2016

329

90
80 ] =~
2
g
£ 70
el
60
1—— BD
| —o— GD
so} - .
0 10 20 30

Number of stages [-]

Fig. 13. Efficiency vs. number of stages (Vin = 200mV,
f =100kHz, Ci, = 10F, Loy = 1 pA).

the slowest starting time is observed for the lowest switching
frequency (black line with a dots). Time needed to achieve
95 % of the maximum output voltage (at the switching fre-
quency of 100kHz) is 4.4ms and 3.4 ms for GD and BD
charge pump, respectively.

Figure 13 shows dependence of the efficiency of the
BD and GD cross-coupled charge pumps on the number of
stages. It can be observed that for a small number of stages,
the efficiency will be approximately similar for both topolo-
gies. However, for higher number of stages, the BD charge
pump exhibits higher efficiency (by up to 20 %).

6. Discussion and Conclusion

From the preformed analysis, it can be concluded that
using the proper design and optimization of the proposed
cross-coupled charge pump based on the bulk-driven ap-
proach, higher efficiency than in the case of GD cross-coupled
charge pump can be achieved.

As described in the previous section, the optimization
process and all general equations are valid for both topologies
and can be effectively used in design of cross-coupled CPs of
different topologies. However, the main difference between
compared topologies is in the switch-on resistance of one
stage. Figure 14 shows the dependence of one stage switch-
on resistance on dimensions of MOS transistors forming the
charge pumps. It is important to underline that one stage
of the proposed BD cross-coupled charge pump has about
three times lower switch-on resistance than one stage of the
conventional GD cross-coupled charge pump.

Optimizations of the designed charge pumps in terms of
the total area and current consumption have been performed
in order to evaluate the best achievable parameters. Opti-
mization process is based on the finding an optimal number
of stages for required parameters of the selected CP topology.
Simulation results of such an optimization in terms of area
indicated that when using the optimum number of stages,
the output voltage value will be lower by 50 % than in the
case of calculated results. The main reason is that in the
simulations, the ideal current source was connected to the
CP output. From Fig. 6 and Fig. 7, it can be observed that

1000 000
100 000 4

10000 -

Ron [Q]

1000

71— BD
1-0- GD

100

10 ' T 1o ' "7 1o0o
WA]

Fig. 14. Ry, vs. MOS transistor’s dimensions.

calculated dependence of the output voltage and the value of
switched capacitor slightly differ from those obtained by sim-
ulation. This causes certain inaccuracy in the optimization
process. On the other hand, it was shown that for the number
of stages above 10, the efficiency of the proposed BD cross-
coupled charge pump is about 20 % higher than in the case
of conventional cross-coupled charge pump. Here, it is im-
portant to note that during the comparison process, identical
chip area for both topologies was considered. However, if we
consider the same efficiency for both CP topologies, the total
area needed for one stage of the proposed BD charge pump
will be smaller by 38 %, where switched capacitors’ size is
reduced by 33 %, while MOS transistors can be smaller by
40 %o.

The proposed topology of cross-coupled charge pump
based on the DTMOS inverter can be effectively used
in battery-powered applications, where low supply voltage
value is expected. Cross-coupled charge pump based on
the bulk-driven approach has about 20 % higher efficiency
than GD cross-coupled charge pump. On the other hand,
some layout techniques have to be applied in order to prevent
latchup triggering. Nevertheless, the proposed BD cross-
coupled topology represents good choice for ultra low-voltage
and low-power systems and on-chip energy harvesters imple-
mented in nanoscale technologies.
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