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Technical article

3 Vinput, 70 V output, fully integrated hybrid charge pump

By Francesco Pulvirenti

Abstract

A novel integrated-circuit charge pump (CP) voltage multiplier conceived for high multiplying factors is proposed. The solution
exploits a mixed architecture, which merges both Cockcroft-Walton and Dickson topologies, by using on-chip 12 V poly-poly
capacitors and 3.3 V CMOS transistors, maximizing the output voltage at the minimum silicon size. The proposed CP has been
designed to supply a fully integrated driver for miniaturized motors in Micro Electro Mechanical Systems (MEMS) technology.

It is conceived to boost the power supply voltage to values higher than those that either Dickson (D), Fibonacci (F), Cockroft-
Walton (CW) or Serial-Parallel (SP) fully integrated CPs can generate in the selected technology process. Indeed, the output
voltage of the former two CPs is limited by voltage constraints of on-chip capacitors while the multiplication efficiency of the
latter two is impacted by high values of on-chip stray capacitors. Specifically, the target > 70 V output voltage has to be
internally generated starting from the provided minimum power-supply voltage of 3 V. Furthermore, a mathematical model is
proposed to evaluate the open load output voltage and the equivalent output resistance.

Index terms

Charge Pumps, Voltage Multipliers, Cockcroft-Walton CP, Dickson CP, Fibonacci CP, Serial-Parallel CP.
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1 Introduction

The first voltage multiplier was published by Schenkel in 1919 [1.] with discrete capacitors and valve diodes. A
few years later, in 1923, Marx filed a patent application [2.] describing a voltage multiplier based on Serial to
Parallel architecture implemented with discrete capacitors, very high value resistances and spark gap switches
for generating high surge voltages. In 1932, Cockcroft and Walton [3.] proposed a new voltage multiplier for
generating voltages greater than those achievable with the Schenkel circuit, up to several million volts, those
which could be easily handled by electromagnetic transformers for production of high velocity positive ions, using
capacitors with lower operative range.

In this type of application, however, the discrete capacitors can be made sufficiently large for efficient
multiplication and adequate current capability while on-chip capacitors have maximum values of a few hundred
pF and relatively high stray capacitances; as a result, initially, the mentioned CPs did not have broad application
in integrated circuits because they were very sensitive to the stray capacitances. Subsequently, in 1973, a CP
based on the Schenkel topology, that is quite insensitive to parasitic capacitances, was patented for the first time
in a monolithic form by Luscher [4.] who replaced the valves with MOS diodes. This circuit became very popular
with the article published by Dickson in 1976 [5.] and is better known as the Dickson multiplier. Another popular
CP using MOS switches was published by Ueno et al. in 1991 [6.], called the Fibonacci multiplier because the
generated output voltage is proportional to the Fibonacci sequence.

In the last three decades, on-chip CPs, mainly based on the Dickson architecture insensitive to the bottom stray
capacitance, have been widely used in smart power ICs for driving the output power transistors, in non-volatile
memory circuits for programming and erasing memory cells, and in low-voltage applications such as energy
harvesting [7.] - [10.].

On the other hand, as anticipated, the Cockcroft-Walton multiplier has been used for those applications where
high voltages are requested; more specifically, in converters with AC input for low-current applications and when a
high-voltage transformer winding is not convenient [11.] - [16.].
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Figure 1. Dickson (a), Cockcroft-Walton (b), Serial-Parallel (c) and Fibonacci (d) N-stage CPs.
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More recently, Serial-Parallel [17.] - [19.] and Fibonacci CPs [20.] - [25.] have been employed for lower voltage
applications in discrete and monolithic solutions, as well as new Hybrid CPs, based on a combination of
Cockcroft-Walton and Dickson architectures, described in [26.] - [28.]. Also notable is the new on-chip Hybrid

CP in which a configurable architecture of Cockcroft-Walton and Dickson stages have been devised for extremely
low-voltage applications [29.] - [30.].

In this paper, a novel charge pump to supply a fully integrated driver for miniaturized motors in MEMS technology
is proposed. In this application, the multiplied voltage gain and the voltage efficiency are key parameters, while
the power efficiency is not relevant due to the very low driving current, a few dozen pA, required to drive the
motors.

Unlike previous Hybrid CPs [19.], [26.] - [30.], where two different topologies are cascaded in series, the

proposed CP merges both Dickson and Cockcroft-Walton topologies and has a completely new arrangement

of the pumping capacitors which allows for the uniform distribution of the voltage on them, minimizing the stress
and maximizing the multiplication factors, otherwise unfeasible with previous CPs. Indeed, a 24-stage dual branch
CP, with each pumping capacitor of 25 pF, was designed and fabricated in 0.35-um STMicroelectronics BCD
process. It was demonstrated that, starting from a 3 V supply, an output voltage higher than 70 V can be achieved
by using medium-voltage on-chip capacitors and low-voltage CMOS transistors.
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The paper is organized as follows. Section 2 summarizes the most conventional CPs. Section 3 describes the
different configurations of the proposed CP, the working principle, and a comparison of the key parameters with
the most popular CPs. Section 4 illustrates the proposed CP including stray capacitors and demonstrates the
matching of the mathematical model with simulation results. Section 5 describes the physical implementation.
Section 6 shows the measurement results comparing the performance with previous works and highlighting the
pros and cons. Finally, Section 7 summarizes the author’s conclusions and Section Appendix A reports the
mathematical analysis.
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2 Most conventional charge pumps

The most popular CPs [30.] - [39.] with arbitrary N-stage are shown in Figure 1. They consist of N pumping
(coupling or flying) capacitors C that pump the charge from the input to the output, one storage capacitor Coyr
that stores the charge and makes stable the voltage at the output node Voyr, N + 1 diodes and, for the last two
CPs, 2N switches properly driven that transfer the charge in only one direction towards the output node.

Even though the Serial-Parallel and Fibonacci CPs are commonly described with switches only, here they are
drawn with diodes for uniformity with the other two CPs. The principle of operation, although well known, is
summarized below. For the Dickson and Cockcroft-Walton CPs the pumping capacitors, driven by two clocks in
anti-phase, are alternatively charged during each half period of the clock cycle. So, charge packets are pumped
through the diode chain boosting up the output node. For the Serial-Parallel CP the pumping capacitors are all
charged in parallel through the diodes and then connected in serial through the switches to transfer the charge to
the output node. For the Fibonacci CP the pumping capacitors are alternatively charged through the diodes and
connected among them through the switches to boost up the output node.

Figure 2 shows the simple equivalent circuit of a CP, where V( is the voltage generated in an open load condition,
and Royr is the equivalent output resistance.

Figure 2. CP equivalent circuit.
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From the equivalent circuit, the output voltage Vpy7 can be obtained.
Vout =Vo —Rout *lout (1

Parameters of Eq (1) are summarized below for all the above-mentioned CPs, while detailed mathematical
analyses are reported in Section Appendix A . Hence, the open load output voltage in ideal operating condition,
that happens when parasitic capacitances are negligible, is

Vin—(N+1)Vp+NVcg D,cw

Vin—(N+1)Vp+ NV Sp
Vo, igear=4 "INTMHDVDHNVIN @

N+1 N
VIN = (Zi 1 F- 1)VD tEi=1FViN F
where V) is the input voltage of the circuit,
Vck is the swing voltage of the clock signals,
Vp is the forward voltage drop of the diodes,

fis the clock or switching frequency,
Fjis the i-th element in the Fibonacci series.

Vo, idear Matches with results of Eq (7) reported in [5.] for Dickson CP without top stray capacitor, with results

of Eq(11) in [12.] for Serial-Parallel CP replacing diodes with switches, and with results of Eq (2) in [24.] for
Fibonacci CP replacing diodes with switches.

The equivalent output resistance calculated in ideal operating conditions and in Slow Switching Limit (SSL), that
occurs when the clock period is much longer than the time constant associated with the resistance of the diodes
and the capacitance of the pumping capacitors, is
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RouT, ideal Matches with results of Eq (8) reported in [5.] for Dickson CP without top stray capacitor, with results of
Eq(11) in [12.] for Serial-Parallel CP, and with results of Eq(39) in [25.] for Fibonacci CP.
It can be observed that, for Vck = Viy and N = 2, all CPs have the same V ;4.4 @and the same Royr, ideal -

As known, these CPs can be also implemented in a Dual Branch (DB) architecture with the advantage that
the voltage ripple on the output node, as well as the current peaks in the capacitors and diodes, are halved.
Moreover, if the value of the pumping capacitors is halved with respect to the Single Branch (SB) configuration,
the total amount of capacitance does not change since in the dual branch architecture there are 2N-C/2
capacitors, while in the single branch there are N-C capacitors. That said, it is known that for the Dickson,
Serial-Parallel and Fibonacci dual branch CPs the open load output voltage and the equivalent output resistance
remain the same as those reported in Eq (2) and Eq (3), while, for the dual branch Cockcroft-Walton CP, shown in
Figure 3, only RoyT, ideq Changes as given in

RouT, ideal = f.LCZ?L 1i% cw DB (4)
In fact, it is worth noting that the dual branch architecture is by construction completely symmetric and for this
reason Eq (4) is valid for both N even and odd. Moreover, for a given number N of stages, this architecture has a
double number of pumping capacitors per branch with the benefit that the voltage across each pumping capacitor
is halved compared to that of the single branch architecture. On the contrary, the equivalent output resistance is
much higher because it grows dramatically with the number of stacked pumping capacitors.

Figure 3. Cockcroft-Walton N-stage CP in a DB architecture
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As anticipated, on-chip CPs have relatively high values of stray capacitances, which impact the output voltage.
More specifically, top plate parasitic capacitors are only considered in the Dickson CP, as bottom plate stray
capacitors impact the current consumption only, because they load the clock lines. Instead, in the Cockcroft-
Walton, Serial-Parallel and Fibonacci CPs, both bottom plate and top plate parasitic capacitors have to be
considered. In his original paper, Dickson wrote that the Cockcroft-Walton CP has two main limitations:

1. Efficient multiplication occurs only if the pumping capacitors are much greater than the stray capacitors.
2.  The output impedance increases rapidly with the number of multiplying stages.

The first limit appears also evident from Eq (A9), where the influence of the top and bottom stray capacitors

on the output voltage grows rapidly with the power of N. In fact, as the pumping capacitors are connected in
series, it is hard to generate significantly high voltages if the number of multiplying stages is increased beyond a
critical limit, which typically consists of a few units, heavily dependent on the ratio between the stray and pumping
capacitors. The second item, according to Eq (A10), has a direct impact on the silicon size in a monolithic
integrated circuit implementation, since the total area of pumping capacitors of the Cockcroft-Walton CP increases
dramatically with the number of multiplying stages.

On the contrary, the Dickson CP, when implemented in a monolithic integrated circuit, in some circumstances

is not always feasible due to the well-known voltage limitations of on-chip capacitors. In fact, low-voltage MOS
capacitors, always available, limit the maximum voltage generated by the CP while high-voltage capacitors like
Metal Oxide Metal (MOM) are not so common and, when available, have very low specific value and cannot cover
large silicon areas because oxide defects cannot be screened out efficiently [40.].
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The Serial-Parallel CP, like the Cockcroft-Walton one, is another architecture sensitive to parasitic capacitances
as well as capable of using pumping capacitors with low-voltage stress ratings but both switches and diodes are
progressively subjected to high voltages getting closer to the output node.

The Fibonacci CP offers the highest possible boosting ratio for a given N and, with an equal area occupation,
it has similar performance in many aspects compared to the Dickson one in ideal operating conditions [32.].
However, it has the same limitation in that the voltage stress on pumping capacitors increases progressively
getting closer to the output node. Furthermore, like the Serial-Parallel CP, the switches and diodes are
progressively subjected to high voltages and the multiplication efficiency is heavily impacted by both top and
bottom stray capacitors.
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3 Proposed charge pump

To overcome the above mentioned limitations, a novel hybrid architecture which merges both Cockcroft-Walton
and Dickson CPs is proposed. Differently from the other Hybrid CPs, described in [19.] and [26.]-[30.], where two
different topologies are cascaded in series, this solution minimizes the stress on the pumping capacitors, thanks
to the uniform distribution of the voltage on them. For example, in [29.]-[30.] the voltage on the capacitors of

the Dickson stages grows as they get closer to the output node. The mix between the two topologies can be
freely chosen in such a way to select any kind of on-chip capacitors exploiting the maximum voltage capability.
Indeed, medium voltage on-chip capacitors, like Metal Insulator Metal (MIM) and Poly-Poly (P1P2) capacitors,
have very low stray capacitances and are usually present in many technology platforms. Different configurations
of the proposed novel architecture are shown in Figure 4.

Referring to the first option, that is, the single branch with diodes of Figure 4, the pumping capacitors are divided
into N/M clusters. In the first two clusters, the capacitors connected to the nodes from vy to vy, have the lower
terminal connected to the clock signals, like in the Dickson CP, and the higher terminal connected to the diode
chain, progressively towards the output. In the intermediate clusters, the pumping capacitors are stacked on the
previous ones, like in the Cockcroft-Walton CP; they have the lower terminal connected to the higher terminal
of the previous two clusters of capacitors and the higher terminal connected to the diode chain, progressively
towards the output. Similarly, in the last two clusters, the pumping capacitors are stacked on the previous ones,
having the lower terminal connected to the higher terminal of the previous two clusters of capacitors and the
higher terminal connected to the diode chain, progressively towards the output. To summarize, the pumping
capacitors belonging to their own cluster are in parallel like in the Dickson CP, while they appear stacked among
different clusters like in the Cockcroft-Walton CP.
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Figure 4. Proposed N-stage CP with diodes (a), with switches (b), Dual Branch with diodes (c), and Dual
Branch with switches (d).
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The operation is similar to the other CPs. In the first half clock period, when vk is low and vCKis high, the
pumping capacitors driven by vk are charged to a more positive voltage. They receive the charge packets
through the odd diodes from the pumping capacitors driven by vCK, which are contextually discharged. In this
phase, the first pumping capacitor is directly charged from the input voltage. In the second half clock period,
when vk is high and vCK'is low, the pumping capacitors driven by vk are discharged. They provide the charge
packets through the even diodes to the pumping capacitors driven by vCK, which are contextually charged to a
more positive voltage.

Referring to the first cluster of pumping capacitors driven by vk, it can be observed that the first pumping
capacitor is charged to V) - Vp, the third one is charged to V) + 2V ¢k - 3Vp, the fifth one is charged to V)y
+4Vck - 5Vp, and so on, up to the (2M - 1)-th pumping capacitor that is charged to Vjy + (2M - 2)-Vk - 2M

- 1)-Vp. Additionally, referring to the second cluster of pumping capacitors driven by vCK, it happens that the
second pumping capacitor is charged to Vy + Vi - 2Vp, the fourth one is charged to Vi + 3V - 4Vp, the
sixth one is charged to V)y + 5V ¢k - 6Vp, and so on, up to the 2M-th pumping capacitor that is charged to V)y
+(2M - 1)-Vck - 2M-Vp. The pumping capacitors from 2M + 1 to N are all charged to 2M-(V¢k - Vp); this is the
voltage across the two terminals of the capacitors. The output capacitor is charged to Vy + N-Vck - (N +1)-Vp as
reported in Eq (2) for the Dickson and Cockcroft-Walton CPs.

It is easy to demonstrate that the equivalent output resistance can be obtained as a combination of a 2M-stage
Dickson CP and an N/2M-stage Cockcroft-Walton one, as follows

N/2M 2

1
RouT,ideal = 7C ' ZMZL' =1 ()]

The proposed CP can be also implemented in a dual branch architecture, as shown in Figure 4c. The operation

is similar to that of the single chain architecture with only a difference related to the voltages across the

pumping capacitors, which are now halved. This happens because the architecture is, by construction, completely
symmetrical and, for a given N-stage, the number of pumping capacitors is doubled. Also, in this configuration
RouT can be obtained as a combination of an M-stage Dickson CP and an N/M-stage Cockcroft-Walton one, as
follows

1 N/M 2
Rout,ideal = 7¢ " MXi = 1t (6)

Equations Eq(5) and Eq(6) are respectively valid for N multiple of 2M and N multiple of M, and of course in SSL
operating condition. Furthermore, it can be noted that for M = N/2 and M = N the proposed CP, respectively in the
single and dual branch architectures, becomes the Dickson CP as well as both Eq (5) and Eq (6) corresponding
to Eq (3), (D), while for M = 2 and M = 1 it becomes the Cockcroft-Walton one as well as Eq (5) corresponding to
Eq (3), (CW N even) and Eq (6) corresponding to Eq (4).

In a fully monolithic approach, CPs are normally implemented with MOS transistors arranged in several different
circuit topologies. They can be either n-channel or p-channel MOS transistors as long as they are properly driven.
For this reason, the diodes are replaced with switches as shown in Figure 4b and Figure 4d for single and

dual branch architectures. In this design, assuming the voltage drop on the switches is negligible, it is easy to
demonstrate that Roy7 remains the same as that expressed in Eq (5) and Eq (6), while V¢ simplifies to

Vo=ViN+NVcg (7)

Table 1. Charge pump key parameters comparison in ideal conditions

Sing Dual Branch
Cockcroft- Dual Branch Serial- Equal cap Scaled cap Branch D —
Walton Ccw Parallel Fibonacci Fibona. [32] Proposed gp
CcP
Max. voltage on X . . . .
capacitors N-Vin 2Vin Vin Vin Fn'Vin Fn'Vin 2M-Vin M-V
Max. voltage on
switches Vin Vin Vin Vour Vour Vour Vin Vin
Ideal voltage gain N+1 N+1 N+1 N+1 Fn+2 Fn+2 N+1 N+1
G=VoVin 25 25 25 25 21 () 21 (1) 25 25
N/2 . . n 2 N/2M . N/M.
Ideal eq. output fﬂc 22:i é 1l2 Z£V= 112 f_NC Zl=—1Fl Z?= 1Fi ZMZL' i 1 12 MZL' i 112
resistance Royt fC fc fCn fc fc fc
15k0 812kQ 3062 kO 18KQ g5k 125KQ O 70kQ 228 kQ
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Sing

Cockcroft- Dual Branch Equal cap Scaled cap Branch
Walton cw Fibonacci Fibona. [32] Proposed

CP

Dual Branch
Proposed
CP

e VA2 g, S ar g2 st
ratio: —N -~ N N N
1
C1/Cr.pickson 54 204 1)@ 467 151
1. n=6
2. N=20

Key elements to be considered for proper design of CP architectures, for a given multiplication voltage gain, are
the voltage ratings of the pumping capacitors, the output resistance and the silicon area occupation related to
the total capacitance. Table 1 summarizes the factors mentioned for the proposed CP in single and dual branch
architecture in comparison with the most popular CPs, given the following assumptions:

. All the architectures are designed with ideal switches and ideal capacitors with unlimited voltage breakdown,
without diodes and with Vi = V.

. N = 24 stages, except for the Fibonacci CPs. As known, the voltage gain of the Fibonacci CP corresponds
to the Fibonacci sequence and, for a fair comparison, G = 21 has been selected because it is the closest
voltage gain to 25. G = 21 is obtained with n = 6 stages for the Fibonacci CP and N = 20 stages for the other
CPs.

. The ideal output resistance is calculated at the clock frequency f = 32 MHz and pumping capacitors C
= 50 pF for SB and C = 25 pF for DB, except for Fibonacci CPs where in the first option the pumping
capacitors are N/n = 20/6 bigger than the Dickson’s and in the second option the pumping capacitors are
scaled according to [32] with the last pumping capacitor equal to the Dickson’s.

. The total capacitance ratio is calculated assuming the same output resistance and voltage gain G = 25,
except for the Fibonacci CPs where G = 21.

. The parameter M = 4 has been here arbitrarily set; in the next section the setting criteria is explained.

From this comparison it can be observed that the Dickson, Serial-Parallel and Fibonacci CPs have ideally lower
output resistance and smaller area occupation than the Cockcroft-Walton and the proposed Hybrid CPs. For
instance, assuming unlimited voltage capability of the pumping capacitors, the area occupation of a 24-stage dual
branch Cockcroft-Walton CP is 204 times bigger than the Dickson’s, as well as the area occupation of a 24-stage
proposed dual branch Hybrid CP being 15.1 times bigger than the Dickson’s. On the contrary, the Dickson and
Fibonacci CPs require high-voltage capacitors, which obviously in a real case, occupy much larger silicon areas
and in many technologies are not available, while high-voltage switches in the Fibonacci and Serial-Parallel CPs
limit the switching frequency more than one magnitude order. In fact, applying the switching frequency used in
[19.] the equivalent output resistance of the Serial-Parallel CP becomes 192 kQ, which is higher than that of the
proposed Hybrid CP with single branch architecture.

In conclusion, the proposed architecture has the advantage to minimize the silicon area and the equivalent output

resistance, thanks to the following characteristics:

. Flexile configuration to adapt the mix of the stages at any capacitor available in technology platforms,
exploiting it at the highest voltage capability. No high-voltage capacitors are required unlike in the Dickson
and Fibonacci CPs.

. Use of low-voltage CMOS, which are compact and allow for operation at the highest switching frequency. No
high-voltage transistors are required unlike in the Serial-Parallel and Fibonacci CPs.

. Lower impact of parasitic capacitances which allow to obtain higher multiplication gain versus the Cockcroft-
Walton CP. This point is thoroughly analyzed in the next section.
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4 Proposed charge pump with stray capacitors

Parasitic capacitances have relevant impact on performance trade-off; for this reason, the proposed architecture
with stray capacitors is here analyzed. For the purpose of brevity, only the single branch with switches is shown in

Figure 5.
Figure 5. Proposed N-stage CP with stray capacitors
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The open load output voltage and the equivalent output resistance for both single branch and dual branch
architectures can be obtained as a combination of the Cockcroft-Walton and Dickson CPs and are summarized
below, while the detailed mathematical analysis is reported in Section Appendix A .
N/2M i 1
ViN+ 2MY: L i=1———= VcK SB
IN 21_1 Hj_ll"’“SV(]) CK
vo= N/M 1 @
ViNt MY L= 11—V DB
IN Zl_lnj_ll_l_asv(l) CK

1 N/2Mi N/2M—j+1
R =
our 1 N/M N/M—j+1 B ®

e MES1) = 1T oy

with agy () = Csy () /C, asp(j) = Csr(j)/C, where Cgy(j) and Csr(j), explicated respectively in (A5) and (AB),
represent the contribution of top and bottom plate stray capacitors. If stray capacitors are negligible, Vo and Royr
are respectively simplified in Eq (7), Eq (5) and Eq (6).

A specific embodiment can be obtained by using the bottom stray capacitors as pumping elements [30.] as shown
in Figure 6.
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Figure 6. Proposed N-stage CP with bottom stray capacitors exploited as charge-pumping elements
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In this implementation, these capacitors realize a Dickson topology, which works in parallel to the main CP, so that
the multiplication efficiency is improved. Of course, this solution introduces other parasitic capacitors connected
to the bottom terminal of the stray capacitors which, nevertheless, do not have any impact on the output voltage
because they only load the clock lines. The open load output voltage is summarized below
N/M -1
_ N/M i e X=; K
VO—VIN+M2i:1Hj=1 N/M —1 -
1+p Y= ~ktW/M—j+1r

Ve (10)

It is easy to demonstrate that the equivalent output resistance is the same as Eq (9, DB). Furthermore, it can be
observed that setting to zero the top stray capacitor Cr, which is normally negligible, Eq (10) becomes equal to
Eq (7).

To demonstrate the effectiveness of the mathematical model, the graphs of Figure 7 show the comparison
between the theoretical calculation and the simulation results of Vp in Eq (8, DB) and Royrin Eq (9, DB) for the
proposed CP in dual branch architecture. The comparison is presented for N = 16 and 24 with different values of
M:1,4,6,8,12, 16 and 24.

The circuitries have been simulated with ELDO™ simulator in CADENCE™ framework, with ideal switches, V)y
=3V, f=32MHz, C=25pF, g=6% and 7= 0.1%. The value of the last two parameters is typical of a P1P2
capacitor.

It can be observed that the open load output voltage increases as M grows, while the equivalent output resistance
decreases. This is obvious because, as previously asserted, for M = 1 the architecture becomes the Cockcroft-
Walton CP, where the parasitic capacitances have an increasing impact on the open load output voltage and N
has an increasing impact on the output resistance, while for M = 16 (or 24) the architecture becomes the Dickson
CP, where V reaches the maximum value and Rpy7 reaches the minimum value. In summary, the mathematical
model shows a good accuracy and matching with simulation results.
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Figure 7. Modeled and simulated VO and ROUT of the proposed CP with 16 and 24 stages for different M
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5 Implementation of the proposed charge pump

A specific embodiment of the proposed CP in dual branch architecture using MOS transistors in latched
configuration and bottom stray capacitors as pumping elements is shown in Figure 8.

Figure 8. Proposed 24-stage CP with MOS transistors in latched topology and bottom stray capacitors
exploited as pumping elements
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The use of four MOS transistors in latched configuration per each multiplying stage was filed as a patent
application by Pulvirenti and Gariboldi in August 1994 [41.] and then published in [42.] and [43.]. This embodiment
was later diffused in the literature under the name “latched charge pump”. As the operation is well described in the
above documents and also in many other papers [8.]-[10.], [34.] it is not further explained here.

As anticipated in the abstract, the proposed CP has been designed to supply a fully integrated driver for
miniaturized motors in MEMS technology, where the required 70 V voltage must be internally generated starting
from the provided power supply of 3 V. Considering the ratio between the output and input voltages 23.3, the CP
is expected to have almost 24 stages. The technology chosen for this project is the STMicroelectronics BCD in
0.35 um lithography with 3.3 V CMOS transistors and 12 V P1P2 capacitor. In this work, M has been set to 4; it
is obtained by dividing the maximum voltage capability of the P1P2 capacitor by the power supply voltage, that is
12/3, so that the maximum voltage on the pumping capacitors (that is 4-3 V) never exceeds the operating value,
thatis 12 V.

To target the specified output resistance of 130 kQ, each pumping capacitor has the value of C = 25 pF.
Furthermore, as in this technology the bottom stray capacitors are isolated from the substrate, hence they have
been used as pumping elements, contributing to pumping the charge. Their value is 6% of the 12 V poly-poly
capacitance.

To verify the functionality and the simulation results, a test chip has been fabricated as shown in Figure 9.
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Implementation of the proposed charge pump

Figure 9. Layout and die photograph of the proposed Charge Pump with N=24 stages and M=4

To better recognize the blocks, which in the silicon are covered by the metal layers, the layout image has been
also enclosed. It consists of the following 3 blocks, the charge pump with 24 latch cells in the middle, 24 pumping
capacitors on the left and 24 pumping capacitors on the right, the buffer stage in the bottom-center, which

drives the pumping capacitors, and the ESD protection in the bottom-right, which protects the output voltage rail.
Furthermore, it is possible to distinguish four pads, from left to right: Clock, IN, Ground and OUT. The die size is
1.3x 1.6 mm2.
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6 Experimental results

A first set of measurements has been performed applying a variable current sink to the output node with a
power-supply voltage of 3.0 V and clock frequency of 32 MHz. The waveforms of the output voltage versus time
for different load current values up to 40 pA are shown in Figure 10a.

A specific setting has been arranged to measure the open load output voltage as the probe used in the
measurement has an impedance of 10 MQ; this would have charged the output node with a current of 7.3

PA. Therefore, a voltage generator and an amperemeter, connected between the output of the CP and the power
supply, have been used. Consequently, the open load output voltage has been acquired increasing the voltage on
the generator until the amperemeter has indicated zero current.

A second set of measurements has been performed changing the clock frequency from 4 to 32 MHz with a
power-supply of 3.0 V and a load current of 10 pA. The waveforms of the output voltage versus time for different
clock frequency values are shown in Figure 10b. Although the circuit has been dimensioned for a power-supply of
3.0 V and a clock frequency of 32 MHz, it was observed to start operating at the minimum power-supply voltage
of 1.1V, generating a multiplied voltage of nearly 26 V; furthermore, the full operation was verified up to 64 MHz.
It was not possible to test the multiplier at higher frequency, because of test bench limitations.

Figure 10. Output voltage for different output load current values (a) and different clock frequency values

(b)
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From these curves Vp and Ryt can be extracted; their value, respectively 73.5 V and 130 kQ, is very close to
that obtained with the mathematical model 74.3 V and 128 kQ. The small discrepancy is due to the fact that, in
addition to the approximation described in the Appendix, the intrinsic current consumption generated by the cross
conduction of the MOS switches is not considered.

The measured 10%—-90% rise time from zero to the open load multiplied voltage, with a 1.5 nF capacitive load, is
approximately 800 ps, while the voltage ripple in steady-state condition is around 1 mV at 10 pA load current.
Figure 11 shows the power efficiency measured at a switching frequency of 16 MHz and 32 MHz, at an input
voltage of 2.0 V, 2.5 V and 3.0 V, and for different load current up to 160 pA. It also includes the driver losses. It
can be observed that the maximum efficiency of 42% is obtained at V=3V, f= 16 MHz and /oyt = 80 pA.
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Figure 11. Measured conversion efficiency of the proposed CP at 16 MHz and 32 MHz switching frequency
for different output load current
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A comparison of the main parameters among the known CPs is shown in Table 2. The maximum output voltage
varies significantly for the different architectures, according to the number of stages, mainly due to technology
limitations or application requirements. In comparison to other implementations, the proposed CP shows a better
performance trade-off. More specifically, it offers the best voltage conversion efficiency and, considering the very
high gain, a good power efficiency and a good output resistance, for a given silicon area.

Table 2. Charge pump key parameters comparison in real implementations

Tonolo 5-Dickson 5-Fibonacci Cross-Coupled x 4- 3-Dickson + 3- 4-Dickson x 6-
pology Serial Parallel Cockcroft -Walton Cockcroft -Walton
Tech lithography 0.18 ym 0.11 ym 0.13 ym 0.18 ym 0.35 um
Ideal gain 6 13 9 7 25
Input voltage Vjy 1.8V 24V 3.1V 1.0V 3.0V
MOM Discrete 5V MIM MIM+MOS 12V P1P2
Pumping capacitors C
2.5 pF 47 nF 30/15 pF 6/12 pF 25 pF
Switching frequency f 100 MHz 50 kHz 20/2.5 MHz 20 MHz 32 MHz
Open load output voltage Vo 101V 30V 26V 6.5V 73.5V
Equivalent output
8.9kQ 5.3kQ 120 kQ 2.9kQ 130 kQ
resistance Royrt
Voltage conversion efficiency
) 93.5% 96.1% 93.1% 92.8% 98.0%
Vo-real | Vo-ideal
Max. power conversion
efficiency Pour! Py 50% 83.4% 42% 58% 42%
CP total silicon net area - - 0.086 mm? 0.5 mm? 1.4 mm2
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7 Conclusion

A novel integrated-circuit charge pump conceived to supply drivers for miniaturized motors in MEMS technology
has been presented. This charge pump is intended for high multiplying factors and is based on a mixed
architecture, which merges both Dickson and Cockcroft-Walton topologies, exploiting medium voltage on-chip
capacitors and low-voltage CMOS transistors.

The experimental results have shown that a 24-stage dual branch CP, with each pumping capacitor of 25 pF,
can generate an output voltage higher than 70 V starting from a power supply of 3.0 V. In comparison to
other implementations known in the literature, the proposed CP shows a better performance trade-off, such
as the best voltage conversion efficiency and, considering the very high gain, a good power efficiency and a
good output resistance, for a given silicon area. Furthermore, it allows a reduction of the equivalent output
resistance maintaining the same area occupation or, alternatively, an area reduction for the same equivalent
output resistance, as compared to a conventional Cockcroft-Walton charge pump.

Theoretical analysis of different configurations, with either diodes or MOS transistors, in single and dual
branch architectures, also including stray capacitors, has been developed and described, which closely agrees
with simulation and measurement results. The test chip has been fabricated in the STMicroelectronics BCD
technology, with 0.35 pm lithography, 3.3 V CMOS transistors and a 12 V poly-poly capacitor.
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Appendix A

Referring to the voltage multipliers described in Sec. Il, the multiplied output voltage Voyr1 can be computed
assuming the pumping capacitors and the diodes are ideally all equal. Also, Coyr is assumed to be much bigger
than the pumping capacitors, hence in steady-state condition Vo7 can be considered a constant DC voltage with
small superimposed voltage ripple. Furthermore, the calculation is done in SSL.

For an arbitrary N-stage Dickson Multiplier the voltages at the intermediate nodes in steady-state condition are
reported below. They have three contributions: the first one is the voltage level to which the pumping capacitors
are charged when the clock signal is low; the second one, proportional to the clock amplitude V¢, is the

voltage step to which the pumping capacitors are boosted when the clock signal is switched high; while the last
contribution is the voltage drop caused by the output load current /oy

C A
vi=ViNn=-Vp+ TCTVCK—%

¢ A0 A1
vi=vi_1—-Vp+ C+CTVCK—C+QCTLZZ,3,...N (A1)

Vour =vN—"Vp
where V) is the input voltage of the circuit,
Vck is the swing voltage of the clock signals,
Vp is the forward voltage drop of the diodes,
AQ is the charge transferred in a clock period,
Cris the top plate stray capacitance.
The multiplied output voltage Voyt can be easily obtained by solving the equations set (A1) and is given by

(A2)
V =Vin—|IN+1)V +—C NV __Ae N
our =VIn b+ crepNVek —Trop

where the first three addends represent the open load output voltage, while the last one represents the voltage
drop on the equivalent output resistance.

The charge transferred AQ is directly proportional to the clock period or inversely proportional to the clock
frequency f; hence, it can be written as AQ = Ioy7/f. Moreover, the top plate stray capacitor Ct can be specified
as a fraction of the pumping capacitor Cr = a7-C. So, Eq (A2) can be rewritten as follows

(A3)
c
Vo=Vin— (N + 1)VD + T(XTNVCK

-1 1
Rovur =77 1% a7V (A4)

Unlike the Dickson multiplier, the computation for an arbitrary N-stage Cockcroft-Walton multiplier gives different
results depending on whether the architecture is single or dual. For this purpose, the following calculations are
focused on the dual branch configuration and then extended to the single one. Thus, the value of pumping
capacitors is halved with respect to the single branch configuration so that the total amount of capacitance

does not change. Furthermore, the precise computation including both bottom and top plate stray capacitors is
complex, for this reason the following simplifications are applied.

The first simplification comes from the fact that generally the parasitic capacitors are much smaller than the
pumping ones, so that each pumping capacitor in series with the stray capacitor can be approximated as a short.
Consequently, the equivalent parasitic capacitance loading the i-th node can be calculated by making the parallel
of the cascading N - i + 1 stray capacitors. Hence, the voltage at the i-th node is obtained from the voltage at

the previous node with a capacitive partitioning between the i-th pumping capacitor and the corresponding stray
capacitor defined as follows:

Csy(j) = (N—=j)-(Cp+CT) +CT (A5)
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Figure 12. Parasitic capacitors in an N-stage Cockroft-Walton CP basic configuration (a) rearranged in a
linearly growing series (b) and connected in parallel (c)
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Regarding the second approximation, looking at Figure 12, the parasitic capacitors of circuit (a) can be arranged
in a linearly growing series having same capacitive value (b) and then connected in parallel with the pumping
capacitors (c).

Of course, the voltage distribution across the intermediate nodes of the stray and pumping capacitors series is
not equal and the discrepancy grows with their ratio. Hence, the charge delivered from the i-th node is provided
by the parallel of the i-th pumping capacitor and the corresponding stray capacitors defined in Eq (A6), while the
voltage at the related node is obtained from the voltage at the previous node subtracting the drop caused by the

charge transferred.
CSR( ) —(CB"'CT) legz_}k+N-CT (AB)

Figure 13(a) shows the clock signal attenuation caused by the stray capacitors. It can be observed that the
voltage attenuation grows with the value of these capacitors, therefore they have a detrimental impact on it.
Figure 13(b) shows the voltage drop caused by the output load current. In this case it can be noted that the stray
capacitors have a positive effect on the voltage drop because they provide part of the charge delivered to the
output.
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Figure 13. Clock signal attenuation caused by stray capacitors (a) and voltage drop caused by the output

load current (b) in a Cockcroft-Walton CP
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The voltages at the intermediate nodes in steady-state condition have the same three contributions described for
the previous CP

c Vo — N 40Q
C+ Cop() CK T CTrcgpM

vi=ViN—-Vp+

A7 (N—j+1)-AQ

. L. C i
V= vi= 1 VDl = 1Ty Ok T 2 = 1T )

Vour=vN—-"VD
In this case, bottom and top plate stray capacitors have been considered because both impact the output voltage,
which can be obtained by solving the equations set Eq (A7).
- _ N Lo C .
Vour =Vin =W+ DVp+ Zi=1llj=1¢057¢0 Vex

N i N—j+1

where the first three addends represent the open load output voltage, while the last one represents the voltage
drop on the equivalent output resistance. Then, specifying the charge transferred as AQ = Ioy7/f and the stray
capacitors as a fraction of the pumping capacitor Eq (A8) can be rewritten as follows

N o 1
Vo=ViN—(N+1)Vp+ Zi=1H}'=11+aSV(j)'VCK (A9)

DN i Nojtl
ROUT—f.CZL=1Z]:11+aSR(j) (A10)

with agy(j) = Csy(j)/C and agr(j) = Csr(j)/C ; they are zero if stray capacitors are negligible.

As anticipated, in a Cockcroft-Walton dual branch architecture, there are N pumping capacitors in series on both
branches. Differently, in the single branch architecture, with N even, the pumping capacitors in series are N/2 on
both sides, while, with N odd, the pumping capacitors in series are (N + 1)/2 on one side and (N - 1)/2 on the
opposite side. Hence, for a single chain configuration Vo and Royrt become
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N
ViN—(N+1)Vp + 221 1 Hij = 1H+SV(J)VCK
N even
Yo=\vy-+1vp+ z,N%Hi.:l;, (A11)
i=1 'Y 1+ agsy(j)
N-1
+Zi=21 Hb:lﬁ.ﬂ/(]) Ve N odd
N .
f_LC-ZZizz 12} = 1% N even
Rour = LZNTHEL N—j+1 (A12)
FCl#i=1%=1T+asr()
N-1 :
+3, 2 Z}=1% N odd

Assuming Vck = V), it can be noted that, in a single branch architecture, the pumping capacitors are charged to
2(Vin - Vp), except for the first one which is charged up to Vjy - Vp, while in a dual branch architecture, as the
number of stacked capacitors is doubled, they are charged up to V) - Vp. A drawback of this is that, for a given
N-stage, the equivalent output resistance is much higher than that of a single branch configuration.

In those designs where the bottom stray capacitors are used as charge pumping elements, like the architecture of
Figure 6, they realize a Dickson topology which works in parallel to the main CP. Following the same reasoning of
Figure 12, the bottom stray capacitors can be connected in parallel with the pumping capacitors. Of course, this
also is an approximation because the voltage distribution across the intermediate nodes of the stray and pumping
capacitors series is not perfectly equal since the capacitors in the two series are differently distributed.

N—-1
C+CB'Ek=jk N-AQ

vi=VIN—Vp+ — CK~
c+cg SN ZTk+n-cp C+Csr(1)

C+Cp-SRk

c+cp-Si=jk+(N-j+1)-c,

vi=vi_1-Vp+ Ilj=1 “Vek (A13)
(N—j+1)-AQ

_yi
J =10+ Csp()

Vour =vN—Vp

The voltages at the intermediate nodes in steady-state condition are here calculated considering that the bottom
stray capacitors, properly distributed, go in parallel with the pumping capacitors. Then, Voy7 can be easily
obtained by resolving the equations set Eq (A13)

Vour =Vin— (N +1)Vp
C+Cp TRk

C+CB-Z§{V;]1k+(N—j+1)-CT

N .
+Xi=11lj=1 Vek

(A14)
Finally, specifying the charge transferred as AQ = Ioy7/f and the stray capacitors as a fraction of the pumping
capacitor Eq (A14) can be rewritten as follows

Vo=Viyn—(N+1)Vp
(A15)
14+p SRk
1+B-21,y;]1k+(N—j+1)T K
It is easy to demonstrate that the equivalent output resistance is the same as Eq (A10).

N i
+2i=1Ilj=1
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