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Abstract

This dissertation presents a novel CMOS charge pump circuits (CPCs) utilizing the
pumping gain increase (PGI) circuits and the exponential-gain structure with high voltage
transfer efficiency to generate boosted output voltages. By employing the PGI circuits, the
threshold voltage problem of the MOSFET-used as a switch is solved and the limitation of the
diode-configured output stage is remowved. Thus the boosted output voltage increases more
linearly versus the pumping stage number. For the further application of the PGI circuits, an
exponential-gain structure is also presented. By using this structure, fewer voltage pump
stages are needed to obtain the required output voltage. For 1.5 V supply voltage operation,
the simulation and experimental results show that the proposed designs would have good
pumping efficiency with a low input supply such as one battery cell.

In addition, thorough analysis and a complete equivalent model of the PGI circuit with a
resistive load are proposed. Based on the simple analytical model, the characteristics of the
PGI circuit can be approximately predicted and the simple equations, which are useful for a
pencil and paper design with an acceptable safety margin, can also be found for planning the
desired circuit performance in the steady state. Furthermore, an optimized method of the PGI
circuit for a resistive load is developed in terms of the stage number and the ratio between

pump capacitors as optimization criterions. For 1.5 V supply voltage operation, reliability and
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accuracy are demonstrated by comparisons between SPICE simulations of the PGI circuit and
the corresponding results from the equivalent model. The model also has been validated by
means of measurement taken from a test chip, and typically the relative errors are lower than
5 %. Finally, although the derivation of the model was based on PGI circuits, the design
strategy can also be equally valid for any other improved CPC designs which are able to
eliminate voltage drops within the inner stages and the output stage.

Finally, a design procedure of a charge pump regulator based on the equivalent model is
illustrated with a design example. The presented charge pump regulator adopts the automatic
pumping frequency scheme including a voltage-controlled oscillator, a charge pump circuit,
an error detector, and a compensator. By employing the equivalent model, this regulator with
a frequency compensation scheme can be implemented and all of the characteristics can be
designed through manual and/or computer analysis. The final regulator provides a negative
feedback to the pump operation and would insure the-output voltage against the variations of
loading conditions. From the design.-€xample, the accuracy has been demonstrated by
comparing the simulation results between the-equivalent regulator model and the practical
regulator. The primary advantage of this modeling approach is the ease by which the regulator
system can be analyzed. This permits that a fast charge pump regulator design would work in

practice.
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Chapter 1

Introduction

1.1 Motivation

In recent years, progress has been made towards small, inexpensive, and mobile equip-
ments. The new-generation portables require the use of a single Li-ion cell (i.e. 3.6V normally)
or batteries (1.5 V — 3 V) for system power. The growing portable equipment market has
created a strong demand for DC/DC' converters which can fit the size of the equipment. In
addition, in portable mixed-made systems where the power consumption is critical, the
converters that can operate in low Supply voltage environments are very desirable and crucial.

In view of the device level, dimensions of transistors have been scaled down toward the
nanometer region and supply voltages for CMOS integrated circuits have been continuously
reduced due to the reliability and power consumption issues. Lower supply voltages result in
lower power consumptions so that chip designs migrate to the lower voltage level. Unfor-
tunately, reducing the supply voltage does not offer similar benefits for analog circuits. In
order to save the chip area or have the high-speed performance, some circuits are fabricated in
advanced low-voltage processes but supplied by higher voltage levels. Besides, some other
peripheral components or ICs in an electronic system are still operated in higher voltage
environments, such as 3.3 V or 5 V. Thus, a voltage generator circuit, which can operate with
a low supply voltage, is demanded to generate a higher voltage than the supply voltage for

mixed-voltage operations.



Charge pump circuit (CPC) is a kind of voltage generators and has been shown to be an
effective technology to provide the solution for above demands to convert an input voltage
upward to a higher one with either a positive or a reverse polarity on a chip. Since charge
pump circuits use capacitors as energy storage devices instead of magnetic components, the
converters are amenable to compact and lower cost designs without electromagnetic
interference (EMI) problems. For low power designs, the capacitors needed by charge pump
circuits could be small enough to be fabricated in integrated circuits. Thus, charge pump
circuits are suitable for portable systems with only one battery as its power supply and for
low-voltage chip design. With the continued shrinking of handheld devices such as cell
phones, PDAs, pagers and laptops, the use of charge pump converters is becoming more

attractive over inductive based structures.

1.2 Applications of Integrated-:Charge Pump Circuits

Generally, integrated charge pump circuits are used to provide output voltages higher than
the power supply. They have been extensively applied in nonvolatile memories for many
years, such as Electrically Erasable Programmable Read Only Memory (EEPROM) and flash
memory that require a high voltage to program the floating-gate devices for rewriting data
[1]-[14]. Recent development of low voltage circuit design, charge pump circuits can also be
adopted to power ICs and analog switch circuits, such as switched-capacitor filters and A/D
converters, for generating high voltages to control MOS gates at high or low level in order to

perform “ON” or “OFF” operations [15]-[16].

1.2.1 EEPROM and Flash Memory

For electrical re-programmability in floating-gate devices, EEPROMs and flash memories



depend on a technology mechanism referred to “Fowler-Nordheim (F-N) tunneling” or “cold
electron tunneling”. The effect of tunneling allows electrons to pass through the energy barrier
at the silicon-silicon dioxide (Si-SiO,) interface at a lower energy than the 3.2 eV required
passing over this energy barrier. Based on the F-N tunneling mechanism, the floating gate
tunneling oxide cell was developed by Intel and has been one of the most common EEPROM
cell [8]-[9]. As shown in Fig. 1.1, a basic cell of an EEPROM contains a select transistor and
a double polysilicon storage transistor with a floating polysilicon gate isolated in silicon
dioxide capacitively coupled to a second polysilicon control gate which is stacked above it. A
thin dielectric layer between the floating gate and the source enables the flow of electrons into

and from the floating gate during program/erase operations, by means of F-N tunneling.
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Fig. 1.1 (a) Circuit symbol and (b) cross section of a basic EEPROM cell [8].



In the program mode, a positive high voltage is applied to the control gate of the cell, while
the drain is floating and both the source and the substrate are grounded. The floating gate is
charged negatively with electrons tunneling from the source through the thin oxide. The
stored negative charge on the floating gate shifts the threshold voltage of the transistor toward
the positive value. In a subsequent program operation, the transistor will not conduct channel
current so that the transistor will be “off”. Fig. 1.2(a) shows the floating gate transistor during
programming. The erase operation removes electrons from the floating gate by applying a
positive high voltage at the source, while the drain is floating and both the control gate and
the substrate are grounded. As shown in Fig. 1.2(b), electrons tunnel from the floating gate to
the source leaving the floating gate relatively more positively charged. Thus, the threshold
voltage is shifted in the negative direction. During subsequent erase operation, the channel
current would flow so that the transistor will be *en”. Fig. 1.3 shows the shift in the ip—vgs
characteristic of a floating-gate transistor as a.result of programming or erasing. To read the
content of the memory cell, a suitable voltage ves, employed mainly by the supply voltage,

somewhere between the low and high threshold-voltages (V1o and V1) can be applied.
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Fig. 1.2 (a) Program configuration and (b) erase configuration of a double polysilicon
storage transistor in a basic EEPROM cell [10].




~

]
[
P

Erase State Program State

I

AVT = -6/ CFC

Drain Current

| d |
Vo
Sense Threshold

[
-

VGs

Fig. 1.3: Illustrating the shift in the ip —vgs characteristic of a floating-gate transistor as a
result of programming or erasing [11].

In the conventional scheme, F-N tunneling erase has been achieved by raising the source
junction to a positive high voltage and grounding the control gate. The source junction is
formed to be a double diffusion:structure-in order to-obtain a high breakdown voltage. The
deeply formed drain junction prevents channel-length scaling, which is required for
high-density memory cells. The negative-gate-biased source erase scheme can overcome this
problem by applying a negative voltage to the control gate to obtain F-N tunneling. The
source voltage necessary for F-N tunneling can be reduced to the supply voltage Vpp. Fig. 1.4
shows a conventional double diffusion structure compared with the negative-gate-biased

source erase scheme, which has the benefit of scaling down the channel length.
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Fig. 1.4 Negative-gate-biased source erase scheme [1].



Due to the two-transistor type cell, byte-write and byte-erase abilities are accomplished by
the EEPROM. However, a major disadvantage of the EEPROM is in a large size of the
two-transistor memory cell and that has kept the cost high. Flash memory is a direct derivate
of the one-transistor cell EPROM (Erasable Programmable Read Only Memory). It resulted
from innovative cell designs and improved technology that allowed the one-transistor cell
EPROM to be reprogrammed electrically in the system. Many of the flash memory cells that
have developed use the split gate concept in which the separate select and storage transistor
gates of the EEPROM are merged into a single device with the channel region shared by the
two gates [10]-[12]. Thus, the flash memory has a smaller chip size and a higher density
compared to EEPROM. However, unlike EEPROMSs with byte-write and byte erase abilities,
the flash memory only can be programmed or erased by section.

No matter which nonvolatile memory scheme is-used, a high voltage with either a positive
or a reverse polarity to obtain F=N_tunneling is critical in a floating gate structure. As these
voltages can be provided externally ior‘generated within the device, memory chips can be
divided into double-supply and single-supply devices. In the former case, one supply pin (Vpp)
is used for the general-purpose supply, and the other pin (Vpp) is devoted to program/erase
operations (obviously, Vep is higher than Vpp). In the latter case, only the Vpp pin is present,
and all other voltages are generated on-chip.

The charge pump circuit is a common on-chip voltage generation for producing any voltage
between ground and the power supply on a memory chip [13]-[14]. Furthermore, it is also
possible to generate high voltages that are below ground and above the power supply value
for creating F-N tunneling. A block diagram of a common flash EEPROM is shown in Fig.
1.5. In this figure, charge pump circuits not only generate large positive and negative voltages
(Vw) of up to 20 V for programming and erasing but also provide medium voltage (Vp) of
around 5 V to control the operation mode. Since Vy and Vp are generally applied to the control

gate and the source junction, respectively, the drivability of the Vy generator can be set lower



than the Vp one. In addition, a reference voltage is needed to control Vi and Vp to achieve the
required stable value which must be guaranteed for accurate read/write/erase operation of the

memory cell.
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Fig. 1.5 Block diagram.of a comman flash EEPROM [14].

1.2.2 Switch Capacitor System

Switched-capacitor (SC) technique is an efficient way of implementing analog functions in
CMOS technology due to its intrinsic resolution and accuracy. The elements required for the
realization of SC circuits are capacitors, switches, and op amplifiers. However, the supply
voltage reduction of modern ICs due to technology scaling has a drastic impact on
switched-capacitor circuit performance. This is not only due to dynamic range reduction but
also because, below a certain supply voltage, switches cannot be driven by adequate overdrive,
and their switch-on condition cannot be easily guaranteed over acceptable signal ranges [17].
Thus, conventional CMOS transmission gates may no longer be adequate or even functional
as analog switches if the signal swing of the switch control is kept between the nominal

supply voltages.



Recently, switched-capacitor circuits at very low supply voltages could only be realized
either in a special process with extra low threshold voltage (V) of transistors or by using an
on-chip voltage multiplier, which generates higher switch control voltages to drive critical
switches. The voltage multiplier needed for SC designs is often derived from the EEPROM
technology by means of using charge pump circuits and the structure of high voltage
generator. For example, as shown in Fig. 1.6, a common high voltage generator consists of
five circuit blocks: the charge pump circuit (CPC), the low-pass filter (LPF), the high voltage
sensor (HVS), the voltage-controlled oscillator (VCO), and the non-overlapped clock buffer
(NOCB). A negative feedback loop is formed to stabilize the output voltage Vi n and the
pump ability is adjusted by the frequency of non-overlapped clocks. The voltage sensor can
detect Voun and transfer it to a voltage V. for controlling the voltage-controlled oscillator. If
Vourn 1S less than the desired value, the voltage V. generated by HVS is fed to VCO for
increasing the frequency of non-overlapped .clocks-through NOCB. Thus, Voun Will be
pumped to the desired value. Otherwise, the clock frequency is decreased for pushing down

Voutn to the desired lower value [18]-[21].
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Fig. 1.6  Architecture of a common high voltage generator.



Fig. 1.7 illustrates the example of a low-voltage switched capacitor system. The signal
paths are fully differential to maximize noise immunity against disturbances from supplies
and substrate when digital circuits and switch circuits are on the same chip. The analog signal
paths operate directly between the two main power supply lines Vpp and Vss. To maximize
SNR, a signal swing extending near the supply voltages is necessary. The analog switches are
implemented with NMOS transistors so that an on-chip high-voltage generator is used to

generate the high-voltage Vyy required to completely turn on the NMOS switches.
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Fig. 1.7 An example for low-voltage switched-capacitor system [18].

1.3 Contributions of the Dissertation

A charge pump styled voltage generator utilizing the exponential-folds structure and the
pumping gain increase (PGI) circuits with high voltage transfer efficiency is proposed. PGI
circuits used in the linear DC/DC converter are proposed to solve the threshold voltage
problem and the limitation of the diode-configured output stage so that the boosted output
voltage increases more linearly versus the pumping stage number. With the exponential-folds

structure, fewer voltage pump stages are needed to obtain the higher output voltage and



further improve the voltage pumping gain. Especially, this design still has good efficiency
with a low input supply voltage such as one battery cell.

In addition, a complete equivalent model of high efficiency PGI circuits with a resistive
load and the corresponding thorough analysis are proposed. Based on this analytical model,
characteristics of PGI circuits can be approximately predicted and several handy equations,
which are useful for a pencil-and-paper design, can also be found for planning the desired
circuit to achieve good enough performance with an acceptable accuracy tolerance in the
steady state. In addition, an optimized design method for PGI circuits with a resistive load is
developed in terms of the total number of gain stages in the design and the ratio between
pump capacitors.

Furthermore, since the proposed model provides a good substitute for a practical PGI
circuit for mathematical analysis. By using this equivalent model, a feedback control scheme
of the charge pump regulator can-be.easily planned, for adjusting operation to obtain a desired
output voltage under different conditions._A.design procedure of a charge pump regulator is
presented by an example to describe’and demonstrate the feasibility.

Briefly, the thesis illustrates several solutions of charge pump designs, so that charge pump
styled voltage generators for varied low-voltage applications with good enough performance

can be obtained easily.
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1.4 Organization

The thesis is organized into six chapters.

Chapter 1 is the introduction and indicates the most popular application about charge pump
styled voltage generators. Chapter 2 introduces previous studies and explains their features
and limitations. The survey focus on some typical circuit topologies in charge pumps. Chapter
3 presents the pumping gain increase circuits dealing with the augmented threshold voltage
problem in the pump stages and depicts a new idea of exponential-folds structure to obtain a
higher output voltage with fewer voltage pump stages. Chapter 4 illustrates an equivalent
model of PGI circuits for a pencil-and-paper design. Characteristics of PGI circuits can be
designed effectively through this model to achieve good enough performance with an
acceptable accuracy tolerance in the steady state. Chapter 5 depicts a design procedure with
consideration of the equivalent model to_plan.a.charge pump regulator. A design example is
used to describe and demonstrate the feasibility. Chapter 6 summarizes the main results of this

dissertation. Then, some suggestions for future works.are also addressed in this chapter.
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Chapter 2

A Survey of Previous Charge Pump
Circuits

2.1 Introduction

In modern mixed-mode circuit designs, low-voltage and small-size voltage generators have
been extensively required. Charge pump circuits (CPCs) can provide an effective technology
required to meet these demands=to.convert the voltage upward to a higher one with either a
positive or a reverse polarity. Since CPCs-use-capacitors as energy storage devices instead of
magnetic components, the voltage generators have no electromagnetic interference (EMI)
problems and are amenable to compact and lower cost designs. For low power designs, the
capacitors required by CPCs can be small enough to be fabricated in integrated circuits.

Most charge pumps are based on the circuit proposed by Dickson that uses diode-connected
MOSFETs as charge transfer devices [22]-[25]. In this design, the maximum output voltage is
limited by the threshold voltage V; loss problem of the diode-connected MOSFETs due to the
body effect. When more pump stages are employed for producing higher pumping voltages,
the body effect will be getting more serious. Therefore, the voltage pumping gain will be
further reduced and the pumping efficiency will be highly degraded.

In recent years, several modifications of the Dickson CPC have been proposed to alleviate
the augmented threshold voltage problem. It is possible to use process topology to reduce the

body effect problems [1], [26]-[29]. Without making alterations in process, several attempts

12



have been made to alleviate the V, loss problem by circuit topologies. The four-phase pulse
CPC is the favorable style in the electronics market [1], [30], [31]. However, this circuit uses
a more complicated timing control scheme. Some designs use isolated body techniques [6],
[32], but these techniques require extra cost due to utilization of triple-well technology that
increases the layout and process complexity. Additional gate biasing circuits used to
dynamically control the transfer devices are also popular in charge pump designs [33], [34].
Nevertheless, the pumping gain is still degraded by the V; loss problem in some of these
circuits [33]-[36]. In addition, another voltage drop problem also exists at the output stage and
degrades the total pumping efficiency further. In this chapter, some typical topologies based

on Dicksons CPC will be introduced and discussed.

2.2 Dickson Charge Pump Circuit

2.2.1 Dickson CPC

The N-stage positive Dickson €CPC-using-pn-junction diodes as the charge transfer devices
is shown in Fig. 2.1 [22]. The voltage at each node is pumped by the charge transferred along
the diode chain as the coupling capacitors are successively charged and discharged during
each half of the clock cycle. Since voltages in the diode chain are not reset after each pump

cycle, the average potentials of all nodes increase progressively from the input to the output.

DN DO Vout

V% T ] B I R I L

T [ | 1

Fig. 2.1 An N-stage positive Dickson charge pumps implemented by pump capacitors
in parallel with diode chain [22].
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In this structure, C and C are pump capacitors and stray capacitors, respectively, and Dy, is
the pn-junction diode in the n-th stage. The supply voltage is Vpp and the circuit is driven by
two anti-phase clock signals clk and clk with amplitude V¢ which is usually equal to Vpp.
When clk is high and clk is low, the diodes of even stages are forward bias and transfer
charges to the succeeding pump capacitors. Similarly, when clk is low and clk is high, the
diodes of odd stages are forward bias and transfer charges to the succeeding pump capacitors.
After several cycles of pump operations, the output voltage of this charge pump circuit shown
in Fig. 2.1 can be pumped high by charges pushed from the power supply to the output node
stage by stage.

Using the steady-state analysis from the simple model of the Dickson charge pump [22] —
[24], the voltage fluctuation AV, 4iode in the n-th stage associated with the voltage division

resulting from a clock coupling capacitance C and a.stray capacitance Cs can be expressed as

C |
AV . = VvV, ———%___\/. 2.1
n,diode (C + CS ] clk f (C + CS) diode ( )

where f is the clock frequency, |, 18the.output-current, and Vgioge is the turn-on voltage of the
pn-junction diode (the forward bias diode voltage or the diode cutoff voltage). In (2.1), the
first term is the common expression of the voltage swing occurring at each pump node
contributed by the clock source, clk or clk , through the associated pump capacitor C. The
second term is shown the voltage drop due to loy. If Cs and Iy are small enough and C is
large enough, C and Iy, can be ignored from (2.1). Since V. is usually the same as the
normal power supply voltage Vpp, the voltage fluctuation of each pump node can be simply

expressed as

AV, =V

n,diode = Veclk

-V

diode

= VDD _Vdiode (2.2)

Thus, AV giode can be regarded as the pumping gain of the n-th stage. In each stage, the

necessary condition for the boost function of the charge pump circuit is that AV, gioge must be
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larger than zero. With the condition that Vgiege and AV giode are constants, the total pumping

voltage in an N-stage Dickson charge pump circuit with a load can be obtained as

C .
Vou =Vop =N (Avn,diodc ) _Vdiodc,DO =N H C+C jvclk _f(C——IiC) ~Viiode } _Vdiodc,DO

(2.3)

Hence, the output voltage of the N-stage diode charge pump circuit can be expressed as

C .,
Vout =VDD _Vdiodc,DO +N K C+ Cs Jvclk _f(C—;CS) _Vdiodcj| . (2.4)

where V is the output voltage, Vpp is the input supply voltage, V. is the voltage amplitude

of the pump clock signals, Vgioqe 18 the voltage drop of a forward bias diode, N is the total
stage number, |y, isthe output current loading, and f is the frequency of the driving clock
signals.

Through the similar structures Fig. 2.2 shows the N-stage negative Dickson charge pump
circuit using pn-junction diodes as the charge transfer devices. As the above description, the
output voltage of the N-stage charge pump. ecircuit without output loading current can be

expressed as

C
Vout = _N |:(C + C jvclk _Vdiodc j| +Vdiodc (25)

Fig. 2.2 An N-stage negative Dickson charge pumps implemented by pump capacitors
in parallel with diode chain.
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However, it is difficult to implement isolated diodes in the common silicon substrate. In the
past, some nonvolatile memory products were developed in a p-well process in which the
whole substrate could be brought to the high programming voltage such that the drain-to-
p-well junction of the NMOS transistor can be used as diode. However, this is unacceptable if
the high voltage is generated on chip [24]. In other words, the charge pump circuit with
diodes shown in Fig. 2.1 and Fig. 2.2 can not be easily fabricated into the standard CMOS
process. Therefore, in the MOSFET technology, diode-connected transistors are being
substituted for the diode chain and are used to transfer the charge in one direction. Fig. 2.3
shows the N-stage Dickson charge pump circuit implemented by pump capacitors in parallel

with diode-connected MOSFETs.

Fig. 2.3 An N-stage Dickson charge pumps implemented by pump capacitors in
parallel with diode-connected MOSFETs.

When the diode-connected MOSFET is forward bias, the drain-source voltage drop (Vgs)
across the NMOS-diode is identical to its threshold voltage Vi,. Neglecting the body effect,
the voltage fluctuation AV, of the n-th pump stage and the output voltage of the N-stage

Dickson charge pump circuit have been derived as

C [,
AVn =[C+C jvclk - f(C-liC )_th,MDn (26)

and
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C .
Vout :VDD _Vm,MDO +N {[ C+ Cs jvclk _f(C—-liCS) _th,MDn (2.7)

where Vi, mpn denotes the threshold voltage of the n-th diode-connected MOSFET MDn.

2.2.2 Equivalent Model of the Dickson CPC
From (2.7), an extremely simple equivalent circuit for the Dickson charge pump is shown

in Fig. 2.4 and the output voltage can be derived as

Vou =Veg = Reglou (2.8)
where
C+C,
N

Req :m (210)

In (2.8), V¢q and Req are the equivalent opén-circuit output voltage and the equivalent output
series resistance, respectively [23][25]. There will be a voltage ripple at the output due to the

discharging of the output capacitance Cg by the resistive load Ry.

N

) T Vout
L OL L
T 71

Fig. 2.4 Equivalent model of the Dickson charge pump.

In deriving this model for the voltage multiplier, it has been assumed that all of the pump
capacitors are completely charged and discharged with the same drain-source voltage drop
across each diode-connected MOSFET. Thus, the output voltage keeps increasing with

increasing stage number and theoretically any pump voltage can be generated.
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In practice this is not the case due to the undesirable characteristic of the diode-connected
MOSFET, such as internal series resistance and the body effect. Since the model is based on
the approximation of the uniform threshold voltage, the error introduced by this approxi-
mation will of course be generated. This results in unequal voltage drops across each pump

stage and a nonlinear manner with load current [23]-[25].

2.2.3 Limitation of the Dickson CPC

In a standard CMOS process, all NMOS transistors have a common body at p-substrate so
that the body potentials V,, will be equalized. Thus, the problem of body effect cannot be
disregard in charge pump circuits based on diode-connected MOSFETs. In Fig. 2.3, since the
substrate terminal is grounded, the common body potential V, is equal to zero. Thus, different
source-substrate voltages (V) are applied to diode-connected MOSFETs and cause different
threshold voltages on NMOS transistors. The deépendence of the threshold voltage on the

source-substrate voltage is expressed as

Vt:VT0+Y’|:\/Vbs+2¢f _\/2¢fi| (2.11)
where Vo is the threshold voltage for Vs = 0 V, ¢, is the band bending in the substrate

needed to invert the silicon surface, and y denotes the body effect coefficient.

In (2.11), it can be seen that as the node voltage of each stage increases by the charge pump,
the increased reverse-biased source-substrate junction voltage will increase the threshold
voltage of the NMOS transistor due to the body effect. Thus, from (2.6) to (2.10), the voltage
fluctuation AV, of each pump stage is not a constant because Vi, mpn 1s enlarged by the body
effect, which increases as more pump stages are used. The increased threshold voltage Vi,

results in the degradation of AV, and that can be given as

AV, > AV, >-eeneees > AV, _, > AV, (2.12)
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The maximum voltage drop occurs in the output stage, referred to Vi, mpo, because the most
serious body effect occurs on MDO due to a large build up of V. Thus, the pumping
efficiency of the succeeding stage will be less than that of the forestages.

When more pumping stages are used, the V; augmentation problem will be more serious
and will result in the degradation of the output voltage [6], [32]-[36]. It can be obvious that if
more cascaded pump stages are added in, Vi, mpn in the last pump stage and Vi, mpo in the
output stage will increase. Once AVY in the last stage reduces to zero, V,, Will start to saturate.
In other words, if the total pump stage number N is increased further, the pumping efficiency
of the Dickson charge pump circuit is degraded and the maximum output voltage is limited.
Thus, the output voltage cannot be maintained as a linear function of the number of stages and
the pumping efficiency will be highly degraded-as the number of stages increases further.

In the low-voltage system where Vpp and Vg are small, since the threshold voltage cannot
be scaled down as the scaling trend of-the supply voltage, the V; augmentation problem makes
a great impact on the final pump voltage and the pumping gain will be further reduced [6],
[31]-[33]. The loss of pumping gain also results in an increased power loss [35]. This low
efficiency restricts the application of the Dickson charge pump structure to low supply voltage

systems.

2.3 Improved Charge Pump Circuits based on Process Topology

Several modified charge pump circuits based on the Dickson structure were reported to
enhance the pumping efficiency [1], [6], [23]-[36]. Based on process techniques, several
attempts have been made to implement fully isolated p-n junction diodes in the Dickson

charge pump circuit shown in Fig. 2.1 [1], [26]-[29]. Besides, in the case of using MOS-
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diodes as transfer devices, some processes make use of ion implantations to adjust the
threshold voltage of the transistor to the desired value and to improve the punch-through

feature of transistors.

2.3.1 Normal Transfer Device

Traditionally, a p'/n-well diode with the grounded p-substrate as shown in Fig. 2.5 is a kind
of p-n junction diodes in the standard CMOS process; nevertheless, an undesired parasitic p-n
junction exists between the n-well and the grounded p-type substrate. If the voltage on the
cathode of the p'/n-well diode is larger than the junction breakdown voltage between the
n-well and the grounded p-substrate, the charge on the cathode will leak to ground through
this parasitic p-n junction. Besides, it can also be found that the p'/n-well diode exhibits a
vertical parasitic bipolar transistor, which is in partresponsible for leakage currents.

-P

Fig. 2.5 Cross-section of an p'/n-well diode created on an n-well using p” and n"

diffusions with the grounded p-substrate.

A diode-connected NMOS transistor, whose gate and drain are connected, with the
grounded p-substrate is another kind of p-n junction diodes in the standard CMOS process as
shown in Fig. 2.6(a). Similarly, an undesired p-n junction parasitizes between the n" region
(source/drain) and the grounded p-type substrate. If the voltage on the cathode or anode of the
transistor is larger than the junction breakdown voltage between the n" region and the

grounded p-type substrate, the charge will also leak to ground through this parasitic junction.
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It is also found in this structure that the lateral parasitic bipolar transistor would result in

leakage currents.
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Fig. 2.6 Cross-section of an diode-connected NMOS transistor with the grounded
p-substrate. (a) Standard NMOS transistor. (b) High voltage NMOS transistor.

Another high breakdown voltage structure of an NMOS transistor is that the source and
drain regions are surrounded by separate n-wells shown in Fig. 2.6(b). The n-well is lower
doped than conventional n-diffusions thus allowing-the possibility of a higher breakdown
voltage. Using this power NMOS to substitute for a standard NMOS in diode-connected style,
it can be seen that higher breakdown veltages of the power NMOS will reduce the limitation
from undesired junctions. However, the layout is atypical in that the active layer was added
beneath the gate in order to achieve thin oxide in the gate to n-well overlap region.

Consequently, while above normal transfer devices are used in the Dickson charge pump
circuit, the maximum output voltage and the pumping efficiency will be limited by the
breakdown voltage of the undesired junction. In addition, parasitic devices are in part

responsible for leakage currents.

2.3.2 Utilizing Body Diode as the Transfer Device
The implementation of silicon-on-insulator (SOI) MOSFET body diodes in place of typical
transfer devices reduces the voltage drop across each stage and increases the voltage effi-

ciency of the charge pump [27]. In an SOI process, each MOSFET body is isolated from
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neighboring transistors due to the buried oxide (BOX) layer. The cross section of an n-channel
SOI transistor is shown in Fig. 2.7, and the two p-n junctions of this structure form a

back-to-back diode configuration as indicated in the drawing.

Source Gate Drain
N P N
1 N
N %

Buried Oxide
Silicon Substrate

O
Body

Fig. 2.7 Cross-section of an SOI n-channel device for body diode connection.

For body diode implementation, the floating-body of the n-channel is connected to the
drain, thus shorting the junction-from the p-type body to the n-type drain. Hence, only one
diode exists between the gate-drain-body connection and the source. In this configuration, the
gate-drain-body connection will serve as the anode and the source as the cathode. Fig. 2.8
shows the two-dimensional structure of an SOI NMOS body-diode under gate-drain-body
connection. The vertical white line represents the p-n junction of the body diode, where the
right side is the anode or p-type region of the NMOS structure and the left side is the cathode
or n-type source region.

The build-in voltage across this silicon body diode is approximately 0.4 V. Comparing with
the transfer device realized by transistors in the diode-connected style, using body diodes can
prevent the augmented threshold voltage problem as the pump stage number increases.
Furthermore, since the device is isolated to others by the insulation layer in the SOI CMOS
process, charge pump circuits realized by the body diode can pump the output voltage higher

without the limitation of parasitic p-n junctions, such as the breakdown voltage of undesired
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junctions or leakage currents. However, the voltage pumping gain per stage is still reduced by
the build-in voltage of the body diode, and the SOI CMOS process is more expensive than the

common bulk CMOS process.

028 024 02 016 012 008 004 0 0.04 -0.08

0.25 03 0.35 0.4 0.45 0.5 0.55 0.6 065

Fig. 2.8 2-D structurerof-an:SOI' NMOS body-diode [27].

2.3.3 Utilizing Polysilicon Diode as'the Transfer Device

In the past, it is difficult to implement fully 1solated p-n-junction diodes in the common
silicon substrate. In the recent sub-quarter-micron standard CMOS process with shallow
trench isolation (STI) [37], the polysilicon diode, which is fully isolated from the silicon
substrate, can be implemented and applied in the charge pump circuit [28].

As shown in Fig. 2.9, the polysilicon diode can be realized on the polysilicon layer in the
recent STI process which has separated doping impurities for PMOS and NMOS gates. The
STI layer is located above the silicon substrate. The intrinsic polysilicon layer is deposited on
the STI layer, and then the p-type and n-type impurities are doped into the intrinsic
polysilicon layer to form the PMOS gate and the NMOS gate, respectively. An extra un-doped
(intrinsic) polysilicon region (i) can be inserted between the p-type and n-type doped

polysilicon regions. The length L. of the un-doped region can be used to adjust the -V
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characteristic of the polysilicon diode.

P-type N-type
Polysilicon L . Polysilicon
Silicide Blocking
: Le -

P | N

Shallow Trench Isolation (STI)

Silicon Substrate

Fig. 2.9 Schematic cross section of the polysilicon diode.

Because the polysilicon diode is implemented on the STI layer, it is isolated from the
silicon substrate. Charges on the anode and the cathode of the polysilicon diode would not
leak to the silicon substrate. In additionjithe parasitic capacitance of the polysilicon diode
formed on the STI layer has been studied in"[38], which is smaller than those of traditional
p'/n-well junction diodes and MOS: diodes. Therefore, the polysilicon diode can be applied to
the charge pump circuit without the ‘limitation of parasitic junctions for achieving better

pumping efficiency.

2.3.4 Utilizing Triple-Well Technique

Triple-well technology has become popular for charge pump circuit fabrication as it allows
easier handling of the negative voltages necessary when the negative-gate erase technology is
adopted. With this kind of technology shown in Fig. 2.10, p-well/n” junction diodes can be
used with no risk of charge injection into the substrate, since the p-well region is isolated from
the p-substrate by a reverse-biased n-well. In addition, when the triple-well process is used,
the gate-drain connection for a MOS diode, which implements a charge transfer device, can

also be applied with isolation. Therefore, based on the triple-well technology, p-well/n"
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junction diodes or MOS diodes applied to the charge pump circuit would reduce the leakage
current from parasitic junctions.

However, if the triple-well p-well/n” junction diode is used, the pumping voltage per stage
is still reduced by the build-in voltage. If the triple-well MOS diode is applied, the V;
augmentation problem still exists and the pumping efficiency of the succeeding stage is still

less than that of the forestage.

Gate Source

P-Substrate

Fig. 2.10 Schematic cross:section of the NMOS-transfer device in triple-well process.

2.4 Improved Charge Pump Circuits based on Circuit Topology

Besides process topologies, several modifications based on circuit topologies were used to
enhance the pumping efficiency [6], [29]-[34]. Normally, these circuit topologies employ
additional control circuits or multiple timing control scheme of pump clocks to reduce the V;

loss problem without making alterations in process.

2.4.1 Floating-Well Technique
Fig. 2.11 shows the floating-well technique using PMOS diodes as charge transfer devices
[6]. The floating-well technique can be utilized to eliminate the body effect issue on diode-

connected PMOS transistors in the Dickson charge pump circuit.
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Fig. 2.11 Floating-well charge pump circuit using PMOS diodes as charge transfer devices.

For proper operations with floating-well condition, PMOS transistors are used with their
body (n-well) floating as shown in Fig. 2.12(a), and Fig. 2.12(b) shows the internal signals.
During the first phase (clk is high and clk is low), V, is high and the transistor M, is off.
Meanwhile, V. is at its low level and the transistor My is turned on for transferring charges

from C;, to Cp;. The n-well potential of My, denoted to Vy,ny 1s initially set to

VW,n+l :Vn _Vbuilt-in (2 14)

where Vpii-in 1s the built-in potential of pJr t0-n-well diode and V, can be considered as the
source voltage of Mpy;. From (2.14), Vigs.0f M4y 1s given as

Voo = Vi — Vi = Vhuilt-in (2.15)
Thus, the threshold voltage could be fixed due to a constant Vg, in the conducting PMOS
diode.

In addition, at the beginning of charge transfer, Vg, of Mpy; is equal to Vpi-in (> 0 V),
which means the effective threshold voltage (Vy,) of the PMOS transistor is even slightly
lower than the body-effect free threshold voltage (V1po). Thus, the Vi augmentation problem
can be reduced, and the output voltage would be higher than that of the conventional Dickson
CPC. Furthermore, the same floating-well concept also can be utilized for NMOS transistors,

but it requires the triple-well process to fabricate NMOS diodes in a separated pocket p-well.
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Fig. 2.12 (a) Vertical structure and (b) internal signals of the floating-well charge pumps.

Utilizing floating-well technique in charge pump circuits exhibits the output characteristic
similar to that of a charge pump circuit with an ideal diode chain. The pumping efficiency
would be increased rather than the traditional CPC with MOS diode configuration limited by
the V; augmentation problem. In addition, the floating-well charge pump circuit can generate
enough voltages even at a supply voltage less than 2.0 V. However, the voltage pumping gain

per stage is still reduced by the threshold voltage.
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2.4.2 Adaptive Body Technique

The adaptive body technique mitigates the limitation of the varying threshold voltage
encountered in the basic Dickson design. The main idea is to control the body of the
MOSFET as an active terminal to avoid the problem associated with the threshold voltage
increase in charge transfer MOSFETSs [32]. By adjusting the body voltage, V, and Vy, of the
transistor used as a switch in each pump stage are kept constant. With no threshold voltage
increase, a higher output voltage can be obtained.

Fig. 2.13 shows the charge transfer block (CTB) with two auxiliary MOSFETs to dynami-
cally bias the body terminal of the diode-connected MOSFET through the schematic and the
cross-section view. For each charge transfer block, two auxiliary MOSFETs and one charge

transfer MOSFET share the body separated from the body of other blocks.

Charge Transfer Block (CTB)

I
1
clk
clk
1
Bl
N+ P+

Source Side Charge Transfer Drain Side
Auxilizry MOSFET MOSFET Auxilizry MOSFET

N-Well

P-Substrate

Fig. 2.13 Schematics and cross-section of a charge transfer block.
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A multi-stage charge pump circuit using the adaptive body connected technique is shown in
Fig. 2.14. The body voltage of the n-th charge-transfer MOSFET M,, is set by the source-side
auxiliary transistor MSy, and the drain-side auxiliary transistor MDj, in the n-th charge transfer
block. When clk is low and clk is high, M, is ON and MS, turns on. Then, the source and
the body of M, are connected through MS,, so that the body potential is approximately equal
to the potential of the source of M,. In this way, since no reverse bias exists between the
source and the body of the charge-transfer MOSFET, the threshold voltage of M, stays with
V1po (threshold voltage for Vg, = 0 V) during the charge transfer state preventing the V;
augmentation problem. In the same clock state, Mp_; is OFF and MDy_; turns on so that the
drain and the body of the (n-1)th charge transfer MOSFET are connected to prevent the body
from floating. When clk is high and clk is low, the pump operates in opposite manners as

that of the previous state.

the (n-2)th CTB the (n-1)th CTB the (n)th CTB the (n+1)th CTB
L [ [
______ Msn-2 r_]Mn»Z _ MSn-1 |_—|Mn-1 . MSn |_—| Mn _ Msn+1 |_—| Mn+1 L
EF—I-—. EF_I'.\—. EF_I'.\—. EF_/'—\—_
MDh.» MDn4 MD, MDi+1
ok— 4 1 Dl BE
1 |

clk

Fig. 2.14 A multi-stage charge pump circuit using the adaptive body connected technique.

Based on this technique, the body voltage of the charge-transfer MOSFET keeps track of
higher value of the source or the drain voltage at each clock state by auxiliary MOSFETs.
Since the source-body voltage in each CTB stage no longer increases, the threshold voltage
will remain relatively constant throughout the chain. Therefore, the problem of increasing
threshold voltages can be minimized, and the charge pump equation becomes identical to that
of an ideal-diode Dickson CPC as (2.4).

However, this adaptive body connected technique increases the parasitic capacitance at
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each pumping node due to a large bulk-to-well pn-junction capacitance, so pump capacitances
have to be enlarged. The auxiliary MOSFETs used to dynamically control the body terminal
of the diode-connected MOSFET may also generate the substrate current in the floating-well

device.

2.4.3 Four-Phase Technique

The four-phase charge pump circuit is the favorable style in the electronics market. Using
special four-phase clocks, the gain degradation due to threshold voltage can be alleviated [1],
[30], [31], [39]. Fig. 2.15 shows the schematic and the clock timing diagram of an example of
the four-phase charge pump circuit. C; and C, are pump capacitors, and M1 and M2 are
charge transfer transistors with their gates driven by clocks through Cs; and Cy,. Ms1 and Ms2
are transistors used to precharge the gates of Ml.and M2, respectively. Instead of NMOS
transistors in the conventional charge pump circuit, PMOS transistors are adopted for all of
charge transfer transistors and precharging transistors. In addition, a individual n-well of

PMOS transistor is employed in each unit stage for isolation.

Vop
1% stage 2" stage n" stage
MO @ M1 . @ M2 N Mh
i 1 il
i . i
J Ms1 Ms2 _ Msn
Ci=— =—F/—Cgqy Co— T Cs2 Co=— =/ Cq
C|k1 D N N { N N
- S — -
ckd O = ®
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Fig. 2.15 The four-phase charge pump circuit. (a) Circuit structure. (b) Clock timing

diagram.

The operation of this four-phase charge pump circuit in steady state is explained according

to Fig. 2.16 as follows:

l.

In Fig. 2.16-A and the phase (6) in Fig. 2.15(b), before clkl is activated, node nl is

precharged to V, -V,

tn 2

where Vy, issthe threshold voltage of NMOS diode MO. At this

moment, clk2 is high and:the voltage of node 2 can be pumped to 3V, -V, —AV,

¢
where AVy is the voltage drop due.to.the output load. As a result of this bias condition,
M1 is OFF since Ms1 turns on to cennect the gate of M1 and the output node n2.

In Fig. 2.16-B and the phase (1) in Fig. 2.15(b), after clk2 falls and clk1 goes high, node
n2 and the gate of M1 falls down to 2V, -V, —AV,, and node nl is pulled up to

2V

DD

Vv

tn

through C,. In this transition, Ms1 is shut off, which makes the gate of M1 as
a high-impedance node.

In Fig. 2.16-C and the phase (2) in Fig. 2.15(b), the subsequent transition in clk3
decreases the gate voltage of M1. Assuming that the potential of clk3 and the gate of M1
are low enough to conduct M1 completely, the voltage of node n2 can be charged up to

2V,, —V,, without the voltage drop of the transfer device.

t

The operation of M1 during the phase (6)-(1)-(2) in Fig. 2.15(b) shows analogy to the

operation of M2 during the phase (3)-(4)-(5) in Fig. 2.15(b).
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Fig. 2.16 Operation of the four-phase charge pump circuit.

To further eliminate the threshold voltage drop, the gate control voltage of the charge
transfer transistor may be decreased below 0 V by bootstrapped clock generators. In addition,
the bootstrapped circuit can efficiently enhance the output pull-down speed. Based on this
four-phase clock cycle with low enough levels of clk3 and clk4, the voltage drop across each
stage can be eliminated and the maximum pump voltage in each stage of this circuit is Vpp.

Although four-phase clock generators are often applied in charge pump circuits to improve
pumping efficiency, more complicated timing control schemes must be used and the complex

clock generator would consume more power.
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2.4.4 Gate Bias Technique

Extra gate biasing circuits are used to dynamically control the main charge pump circuit, so
that the pumping efficiency of the main charge pump circuit can be enhanced. The new charge
pump (NCP2) design [33], shown in Fig. 2.17, utilizes the pass transistors MNx and MPx to
dynamically control the charge transfer switch (CTS). The boosted gate control voltage of
each CTS is assigned from the succeeding stage to backward control the charge transfer
switch, so that the transfer device can be turned on completely as an ideal switch without

suffering the limitation of threshold voltage.

1 1 1 1 L
VDD MD1 MD2 MD3 MD4 MDO
Vout
MS1 MS2 MS3 WS4 | mbs
1T T T T I
A 7L 1 1L 1L 1| L Co
MN1  MP1 MN2 MP2 WN3 mps | | (VN4 MP4 1
C1 T c2 ;’L\ C3I~ C4 = Cc5 ;I:
clk :
clk

Fig. 2.17 NCP2 circuit.

In Fig. 2.17, when clk is low and clk is high, the pass transistor MN1 is OFF and MP1 is
ON, so it can be considered that the gate of MS1 and the node 2 are connected. Since clk is
high, the voltage of node 2 is pumped to high level (3Vpp). Therefore, by this high voltage of
node 2 from succeeding stage, the charge transfer switch MS1 would be completely turned on
to transfer charges from the power supply Vpp to Ci. When clk is high and clk is low, the
voltage on node 1 can be pumped as high as 2Vpp to turn on MN1 and to turn off MP1. Thus,
the gate voltage of MS1 would be at its low level as the supply voltage, and MSI1 can be

completely turned off to prevent charges back to the power supply.
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The operation of the other CTS’s is similar to that of MS1 mentioned above. Because the
CTS’s can be completely turned on or turned off by the dynamic control circuit, the voltage
pumping gain has been further improved. However, Vi, still unavoidably grows along with the
increasing body effect resulted from increasing pumping voltage presenting at each terminal
of CTS. Until the switch control voltage can’t be greater than the increased Vy,, the boosted
output voltage will arrive at the saturation level. Especially, NCP2 uses diode-connected
transistor MDO as the output stage to prevent the reverse leakage current from the output load.
Since the largest Vi, occurs at MDO, there will be a large voltage drop in the output stage.

Another example of gate biasing technique is shown in Fig. 2.18. The bottom part under the
dash line is the main pumping circuit, and the body control transistors (MB1 to MB5) of this
main pump circuit are connected on the substrates of major charge transfer switches (MS1 to
MSS5). MBx are turned on or off stmultancously with MSx, so that the voltage Vg, is

approximately zero in each charge transfer switch and-the body effect can be eliminated.

Extra Gate Bias Circuit
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Fig. 2.18 Charge pump circuit with extra gate bias circuits.
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The part above the dash line is the extra gate bias circuit pumped simultaneously with the
main circuit. The extra gate bias circuit has more pumping stage number than the main charge
pump circuit and provides boosted gate control voltage of the charge transfer switch (MS1 to
MSS5). Assuming that the boosted gate control voltage is pumped higher than the increased
threshold voltage, the major charge transfer switch would turn on completely without the
threshold voltage limitation. Especially, the voltage drop across the output stage can also be
reduced by this technique. Therefore, the pumping efficiency can be improved.

Although the pumping efficiency of this circuit is better than that of NCP2 design, this
structure may lead to a problem of reverse charge sharing when a large output current is
applied. In addition, this technique consumes extra power and occupies larger silicon area
than others because of complex extra biasing circuits. The manufacture of floating body of
NMOS transistor requires triple-well technology for isolation, but triple-well technology is
not included in the standard CMOS' process, where -all NMOS transistors have a common

body.

2.5 Summary

The Dickson charge pump circuit and several modifications, widely used in memories and
switched-capacitor systems, have been presented and discussed in this chapter. From the
topologies of different processes, several isolated transfer devices can be obtained with no
risk of charge injection into the substrate since the parasitic junction can be eliminated by
isolations. Thus, pump circuits can achieve better pump efficiency easily. However, the
build-in voltage of the diode still results in the voltage drop in each pump stage, and the V;
augmentation problem still exists while using diode connected transistors as transfer devices.
Moreover, some of these topologies adopt atypical CMOS processes which increase the

layout and process complexity and require extra cost on fabrication.
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The primary advantage of using circuit topologies to solve the V; augmentation problem is
that the pump design can be fabricated in the standard CMOS process. Through some control
scheme such as gate bias circuits, body control circuits, and multi-phase control methods, the
voltage pumping gain has been further improved. However, these complex circuits would

result in complicated layout, occupy larger silicon area, and consume extra power.
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Chapter 3

High Efficiency MOS Charge Pumps
Based on Exponential-Gain Structure
with Pumping Gain Increase Circuits

3.1 Introduction

In the previous chapter, the charge pump €Circuit realized with transistors in the diode-
connected style was reported by-Dickson. Due to the body effect, the pump efficiency of the
Dickson charge pump circuit is degraded as‘the stage number increases. Several approaches
for improving the pumping efficiency ‘have focused on solving this threshold voltage
augmentation problem.

Generally, charge pump circuits based on Dickson structure are linear growing pump
circuits, so they need many pumping stages to generate a high output voltage. As long as the
voltage drop across each stage does not be removed completely especially at the output stage,
the voltage gain cannot be maintained to keep the output voltage being proportional to the
pump stage number and the pumping efficiency would decrease as the pump stage number
increases. Thus, more pumping stages have to be used to obtain the required high output
voltage.

This study presents a series of new charge pump circuits that offer high pumping gain in the

inner stage and a very low voltage drop at the output stage. In practice, the output voltage of
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the proposed pump circuits is almost perfectly proportional to the pumping stage number. In
Section 3.2, the configuration and operating principle of the proposed circuits denoted by
pumping gain increase (PGI) circuits will be described, and the performance improvement is
verified by both simulation and measurement results. In Section 3.3, the exponential-gain
architecture for reducing the stage number and simplifying the complexity of the circuit is
proposed. With i cascaded voltage multipliers, each supporting a gain of n, the pumping
output voltage can be increased by a factor of 7’ by using the exponential-gain pump structure.
Therefore, this new idea can even operate with a lower supply voltage and also offers a better
voltage gain and a higher output voltage. The output voltage can reach over 10 V easily while
the regular supply voltage is 1.5 V, so the topology can operate with only one battery supply.
Measurements taken from test chips that were fabricated using a standard 0.35-um CMOS

technology with a common NMOS body are also demonstrated in the article.

3.2 Pumping Gain Increase;Circuit

Charge pump circuits always suffer from increased drain-source voltage drop (Vys) across
every charge transfer MOS switch where Vs is affected by the augmented threshold voltage.
The pumping efficiency becomes worse as the stage number of CPC increases. The pumping
gain increase circuits detailed in this section are being proposed to increase the total pumping
efficiency by solving the voltage drop problems in the inner charge transfer switches (CTS’s)

and the isolated switch of the output stage.
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3.2.1 PGI-1 Circuit

The pumping gain increase circuit develops from the NCP2 circuit which utilizes dynamic
CTS’s to assign the gate control input of each transfer switch to the higher voltage level
provided by the next pump stage. However, with the increasing pump voltage at the source
terminal of each charge transfer switch, the threshold voltage 74 still unavoidably grows along
with the increased source-body voltage (V). In the last CTS, there is no succeeding stage to
generate any higher voltage level. When the pump stage number increases to a value such that
the gate control voltage (V) of the last CTS cannot exceed the increased V;, the limited gate
control voltage would cause undesired operations in last few stages and the pumping output
voltage will arrive at the saturation level. Although CTS’s in inner stages have high transfer
efficiency, but ones in last few stages would have low transfer efficiency. In addition, NCP2
uses an NMOS-diode in the output'stage to prevent reverse charge injection from the output
node, so that a large voltage will-be dropped across the diode due to the augmented threshold
voltage problem.

Instead of using the diode-configured MOS switch at the output stage in NCP2, a pumping
gain increase circuit denoted by PGI-1 is proposed. Fig. 3.1 shows a charge pump circuit built
by a three-stage NCP2 circuit with a PGI-1 circuit at the back. The objective is to increase the
voltage level of the switch control signal in the last pump stage and to eliminate the voltage
drop across the output stage. The main idea is similar to the circuit shown in Fig. 2.18
introducing the extra gate bias circuit to the main charge pumps. In PGI-1 circuit, only a small
auxiliary CTS is added to provide a high voltage level, which is larger than the increased
threshold voltage, to drive the last CTS and the output switch, so that all pump stages

including of the output one would have perfect pumping performance.
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Fig. 3.1 A three-stage NCP2 using PGI-1 as its output stage.

The operation of the PGI-1 circuit is explained as follows. In Fig. 3.1, clk and clk are
out-of-phase and have the same yoltage amplitude* ). The MOS diode (MDx) is used to
establish initial voltages. When clk'is low and clk is high, the voltage ¥, and V4 of nodes 2
and 4 are raised to higher potential levels..In-the ideal case, the gate-source voltage of MP1

and MP3 can be obtained as

‘I/gs,MPl‘ = ‘VS,MPB‘ =2V (3.1

g

It 2r, >V

tp0

(3.2)

where Vi 1s the threshold voltage of PMOS transistor for Vg, = 0, then MP1 and MP3 would

be turned on, causing the gate-source voltage of MS1 and MS3 as

Vgs,MSl = Vgs,Mss =2V, (3.3)
Assuming that
2Vclk > I/t11,MS3~ > an,MSl (34)

the switches MS1 and MS3 will be turned on completely by the raising voltage 7, and Vi,

respectively. In this period, MN1 and MN3 are always OFF since the gate-source voltages are
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both zero. Thus, the pump capacitors C; and C; will be charged through MS1 and MS3,
causing the voltage V; and V3 of nodes 1 and 3 being pulled up to Vpp and (Vppt2Vei),
respectively. Simultaneously, C. is further charged through MDC.

On the other hand, since V, and V4 are raised to higher potential levels, the gate-source

voltage of MN2 and MNO can be obtained as

Vgs,MNz = Vgs,MNo =2V, (3.5)
Assuming that
2chlk > I/tn,MNO > I/tn,MNZ (36)

then MN2 and MNO would be turned on, causing MS2, MSA, and MSO being turned off by
the lower voltage V; and V3 to prevent reverse charge injection.

Similarly, when clk is high and clkis low; the voltages V', V'3 and Vs are raised to higher
potential levels. The high voltage=¥; leads the preceding switch MS2 to be turned on to charge
C,. Simultaneously, MSO and MSA are turned on, sinee V4 is low and V5 is high. Thus, C, and
C, are charged through MDA/MSA and MDO/MSQO, respectively. If the control voltage level
of MSO is high enough to overcome the augmented Vi, mso, MSO can be turned on and the
pump efficiency of the output stage can be kept as high as that of the forestages.

The choice between an NMOS diode and a PMOS diode for MDC is an important design
issue of PGI-1. Although PGI-1 can eliminate the V4 drop in the output stage, the V;, increase
still exists and affects the internal charge transfer devices, especially when MDC is an NMOS
diode. For the case of an NMOS diode based MDC, the pumping voltage in the circuit can be
expressed as follows:

(1) When clk is high and clk is low,

VC

a

=Ve; + Vo (3.7)
where C; >> C, and V¢, and Vs are the voltages across C, and Cs, respectively.

(2) When clk is low and clk is high,
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Vee = (VCa +V o ) - Vds,MDC (3.8)

where C, > C, and V¢, are the voltages across C..

From (3.7), a complete conduction of MSA is needed to obtain higher V¢, which is
established by (Ves+Vek). From (3.8), the corresponding gate control voltage of MS3 and
MSA for conduction is provided by (Ve,+Vex) and (Veo+Vek), respectively, where Ve, is
established by [(Ve,t+Vek) — Vasmpc]. To turn on MSO and MSA and to give perfect pumping
efficiency in the output stage, Vesmso and Vgsmsa must be high enough to conquer their

threshold voltages. Thus, the lower-bound condition for turning on MSO and MSA must be

satisfied:
Vesnmso = (Vcc Vi )= Vou > Viwiso (3.9-a)
Vemsa = (Vee t V)= Veu > Viamsa (3.9-b)

If no load is applied to the output, V¢, will be the same as V,,: and the lower bounds of MSO
and MSA will have the same value. Substituting (3.8) into (3.9), the lower-bound condition

for turning on MSO can be obtained as

VS,MSO =2V, - Vds,MDC > th,MSO (3.10)

g C

In (3.10), the threshold voltage depends on the body effect and can be obtained by

_m) (3.11)

where Vi, is the threshold voltage with Vg, =0. The Fermi level ¢f and the parameter y are

Vio =Viwo +V( ‘2¢f +Vy,

constant values if the process characteristics are fixed. From (3.11), it can be seen that the
increasing Vg mso results in increasing the value of Vi, mso. Similarly, if MDC is an NMOS
diode, a large Vysmpc Will occur due to a large Ve, mpc. From (3.10), since the only constant is

V., the formula of the lower-bound condition for turning on MSO can be changed as

2Vclk > I/tn,MSO + I/ds,MDC (3 12)
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When the sum of augmented Vi, mso and Vgsmpc 1s larger than 2V, MSO and MSA will not
turn on and V,, will start to saturate.

With the aid of (3.11) and (3.12), the approximate value of the output saturation voltage can
be graphically determined from Fig. 3.2. Line-1 is the threshold voltage of MSO (Vinmso)
with respect to various V. In the proposed circuit, all the bodies of NMOS transistors are
connected to ground. Since the source of MSO is connected to the output terminal in PGI-1,
Vout 1s equivalent to Vg, mso. Thus, Vinmso can be obtained by substituting Vo, to (3.11) and
that produces Line-1. When MDC is an NMOS diode, Vg mso can be calculated from (3.10)
once Vgsmpc 1s known. However, Vg mpc should be determined by its subthreshold voltage,
which is smaller than Vi, mpc. To obtain Vysmpc, SPICE simulation results were used to sketch
Line-2. Line-3, which indicates Vg mso, Was obtained by calculating (3.10) with Ve value and
Line-2. Thus, the intersection of Line-1 and Line-3-gives the critical value of Vgsmso = Vinmso-
The intersection at point 1 shows.that the saturation peint of V. is about 4 V while Vg = 1.5
V. Thus, if more than two pump-stages-arc used.in PGI-1 circuit with MDC of NMOS diode
and Vpp = Vo = 1.5V, Vo will start to-saturate-around 4 V.

An alternative design employed to solve the saturation problem uses a P-MOSFET, based
on an N-well/P-substrate, for the MDC in the modified PGI-1. The body of the PMOS is
connected to its output side so that the MDC operates as a forward-biased PN junction diode
in the charging periods of C.. This PMOS diode can be easily implemented with a standard
CMOS process. Base on the PMOS-diode MDC, the simulation result shows that the Vs mpc
voltage drop is fixed to a small value about 0.5 V and the PMOS-diode MDC no longer has
the augmented V problem. Thus, the saturation voltage of V,, can be increased further
according to (3.10), which denotes that Vys mpc is about 0.5 V. However, the MSO switch still
affects the saturation effect. From the intersection at point 2 in Fig. 3.2, the saturated output

voltage has been increased to about 8.8 V where both Vpp and Ve are 1.5 V.
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Fig. 3.2 The graphical solution for obtaining the output saturation voltage in PGI-1
circuit, shown in Fig. 3.1, under NMOS-diode MDC and PMOS-diode MDC where Vpp
and Ve are 1.5 V and all the voltages are taken when clk is high.

3.2.2 PGI-2 Circuit

In the second type of pumping gain increase circuit, PGI-2, the charging switch of the
output stage is replaced by a single PMOS switch. Fig. 3.3 shows a three-stage PGI-2 circuit.
MSO is a PMOS output switch. The control circuit of the MSO switch is omitted by
connecting the gate of MSO to the CTS of the forestage. When clk is high, ¥ is raised to the
higher potential (Vpp+3 V). This high voltage ¥, leads MN3 to be turned on and MP3 to be
turned off. Thus, V> is equal to the lower voltage (Vpp+ V) and forces MS3 to turn off and
MSO to turn on. Since MSO is turned on, no voltage-gain is lost in the output stage.
Conversely, when clk is low, MP3 is turned on and MN3 is turned off. This forces MS3 to

turn on and MSO to turn off and keeps C, isolated from its forestage.
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Fig. 3.3 A three-stage PGI-2 circuit.

The PGI-2 circuit solves the output voltage gain loss problem, but output saturation still
exists due to the fact that MS3 is affected by the augmented threshold voltage problem. The

saturation condition in PGI-2 can be detived as'follows:

(1) When clk is high and clk= is low, MSO will be turned on by V> = Vpp+Vey and Vo is

established as
Vo = (Vc3 + Vo ) - Vds,MSO (3.13)

where V¢ is the voltages across Cs.

(2) When clk is low and clk is high, MS3 will be turned on by ¥, = Vi, as (3.13) and
VesMs3 1s given by
Vemss = Vou =Ves (3.14)
Substituting (3.13) in (3.14) and rewriting Vs ms3 gives the saturation condition as
Vgs,Msa =V — Vds,MSO > th,MS3 (3.15)
In above equations, Vgsmso across the output stage is very small since MSO is turned on
during the duration of high clk. Even though Vysmso 1s approximately zero, (3.15) shows that

the output saturation will start when the augmented threshold voltage Vi, ms3 becomes greater

than V. This scenario happens in the PGI-2 circuit using multiple stages. Comparing (3.15)
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with (3.10), the output saturation level yielded by PGI-2 is smaller than that yielded by PGI-1
due to the 2V term in (3.10).

Similar to the graphic analysis in PGI-1, Line-1 of Fig. 3.2 also can be used to find the
output saturation level of PGI-2. When clk is high and clk is low, the source of MS3 is
connected to Vo, through MSO, so that Vg mss is equivalent to V. Thus, Line-1 also
expresses Vinmss in PGI-2 with respect to various V. Using the graphic solution previously
discussed, the approximate value of the output saturation voltage is 3.8 V in PGI-2, since the
augmented Vi, ms3 becomes greater than V. Thus, if more than two pump stages are used in
PGI-2 circuit with Vpp = Ve = 1.5 'V, Vo will start to saturate around 3.8 V.

Although the saturation condition of PGI-2 circuit is not as good as that of the PGI-1 circuit,
PGI-2 is very simple and the boost circuit for producing the additional control voltage higher
than V,, is no longer necessary. From the simplified circuit structure and layout, PGI-2
fabricated using normal standard CMOS technology is amenable to compact and lower cost

design.

3.2.3 PGI-3 Circuit

In PGI-2, only the output stage is replaced by a single PMOS. In the third type of pumping
gain increase circuit, PGI-3, all NMOS CTS’s have been replaced by PMOS CTS’s. The
circuit in PGI-3 is simper than the former two PGI circuits. PGI-3 circuit has a high saturation
level and a high pumping gain. The key operation theory associated with this is described as
follows.

Fig. 3.4 shows a three-stage PGI-3 circuit. When clk is low and clk is high, MN1 and
MN3 are turned on causing MS1 and MS3 being turned on. This will result in V¢, and Vs
being charged to Vpp and (Vpp + 2Vik), respectively. During this time, the gate terminal of the
output switch MSO (node 5) is connected to Vo, through MPO. Thus, MSO is cut off for this

duration. Similarly, when clk is high and clk is low, MN2 and MNO are turned on causing
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MS2 and MSO being turned on. Thus, the voltage V¢, and Ve would be charged to (Vpp +

Veak) and (Vpp + 3Vei), respectively, through MS2 and MSO.

\g VI O) Ms2 @ Ms3 (3 MSO Vout

MN1 [ MP1 | MN2 | MN3 . _MNO

t[jc T ot T gl T@ T

Fig. 3.4 A three-stage PGI-3 circuit.

It is important to mention that the connection of the body of PMOS CTS provides a body
diode connection in parallel to a*PMOSstransistor in saturation mode. Fig. 3.5 shows the
vertical structure and internal signals of MS3-as an example to illustrate that the increasing V;
problem has been reduced substantially by PMOS CTS’s in PGI-3, where the arrow denotes
the direction of the current flow. When'¢lk is low and clk is high, C; is charged by two
current paths through MS3. Since, the potential energy level of the p-doping source (node 2)
is higher than that of the n-well body (node 3), a body diode denoted by path-1 is shown to
transfer charges and results in a cut-in voltage (Veuin) across this junction diode. The other
conduction path-2 is the p-channel generated as the gate-source voltage becomes sufficiently
negative. PN junction diodes are useful to establish initial voltages while the gate voltages
have not been set yet. When all transfer switches can be turned on by appropriate gate

voltages, the voltage drop across each stage would be approximately zero.
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Fig. 3.5 Vertical structure and internal signal flows of PMOS MS3 in PGI-3 circuit as
shown in Fig. 3.4.

There are two attractive benefits of this design: the use of body diodes reduces the charging
time of pump capacitors and the load capacitor, and the Vs steady-state values of all MSx and
MSO are approximately zero, due to-the conduction.of the PMOS transistors. Since all of |Vq|,
|Ves|, and |Vy| are greater than |V, there 18 no. Vi augmentation problem in the PGI-3 circuit.
In addition, the boost circuit for producing the additional control voltage higher than V, is no

longer necessary.

3.2.4 Simulation and Measurement Results

Before simulation, another important issue is that appropriate W/L ratios of CTS’s and
charging capacitances must be chosen in order to obtain high pumping gain and voltage
transfer efficiency. From the energy conservation, in the steady state situation, the average

power transferred out of a pumping stage should be approximate to the average power

transferred to the pumping stage, i.e., i,v, ®i;v;. Since v, >v;, it can be expressed that
i, <1i;. Therefore, the W/L ratios of each CTS and the charging capacitance of each stage are
suggested be arranged as a fashion of proportional decrease from the first stage to the output
stage, but that does not guarantee satisfaction to layout area and compact designs. An

optimization design method for minimizing the die area of the N-stage pumping gain increase
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circuit in terms of the total number of pump stages and the ratio of the pump capacitances will
be proposed in the next chapter. In addition, it is not strict to determine the W/L ratio of the
pass transistors MN’s and MP’s because they only provide very less power to drive CTS’s.
The HSPICE simulation using the high block voltage model for TSMC 0.35 pm mixed
signal CMOS technology was performed for verification. The threshold voltage (Vi) of the
NMOS transistor is about 0.72 V and Vi, of the PMOS transistor is about -1.0 V. The
operation frequency of pump clock is about 2 MHz and V = 1.5 V. The rise time and fall
time of the pump clock are set to 1 ns. In the case of 1.5 V supply voltage, the transient
simulation results for the output voltage of PGI-1 circuit under different pump stage with a
light load are shown in Fig. 3.6. It can be seen that the output voltage is almost perfectly
proportional to the pumping stage number. However, Vo, will start to saturate if more than
five pump stages are used in PGI-1,¢ircuit. This is because that while V3, of the NMOS charge
transfer switch at the last stage increases over+(2 Ve — Vasmpc), the PGI-1 circuit unable to
conquer the body effect and a large voltage drop will be produced. To review the graphical
solution form the intersection at point 2.in Fig+3.2, the saturated output voltage of the PGI-1
circuit with a PMOS-diode MDC under the condition of Vpp = V¢ = 1.5 V is predicted lower

than 8.8 V. Thus, the results obtained from Fig. 3.6 agree approximately with those expected.
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Fig. 3.6 The output waveforms of PGI-1 circuit under different pump stage with Vpp =
Vak = 1.5V, fax = 2 MHz, and I, = 10 pA.
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Similar simulation results for the output voltage of various charge pump designs in the light
load condition are shown in Fig. 3.7, and all results are summarized in Fig. 3.8. In order to
obtain reasonable comparisons from all circuits under test, the charging switches have been
designed to have the same channel width and length. From Fig. 3.8, the order from high to
low of output saturation voltages is PGI-3, PGI-1, PGI-2, NCP2, and Dickson. The PGI-3
circuit exhibits the best charge pumping performance among these five circuits, and the
pumping gain of PGI-3 is very close to the ideal value without a saturation problem. The
output voltage of PGI-3 can easily exceed 10 V with a 1.5 V supply when 6 pumping stages
are used. In addition, although all four CPC’s, except PGI-3, have obvious saturated limitation
as the stage number increases more, the output saturation voltage of PGI-1 is about 7.8 V,

which is much higher than the other three CPC’s.
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Fig. 3.8 Simulated output voltage versus pump stage number of various CPC’s with
VDD = Vclk = 1~5V,fclk =2 MHZ, and Iout =10 }J.A.
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The load current also has influence on the output voltage. Fig. 3.9 shows the simulation
results that compare the output voltages of various charge pump circuits at different supply
voltage and output current loading. All PGI circuits have three pumping stages. The load
capacitor at the output is 100 pF. The frequency of the pumping clocks is 2 MHz. As shown in
Fig. 3.9, the output voltage always decreases as load current increases, and that supports the
generalization of (2.7). For the PGI-2 circuit, the pump efficiency is obviously lower than that
of the other two circuits, since the limitation of output saturation occurs if more than two
pump stages are used. For the three-stage PGI-1 and PGI-3 circuits, the saturation problem
does not exist so that the pumping performance of these two cases would be better and
approximate to ideal case. In addition, since PGI-3 use PMOS CTS’s, the corresponding
output voltage losses are greater than that in the PGI-1 circuit, which uses NMOS CTS’s,

especially in the case of a larger output current.

—&—\Vop=1.5V

9 —8—Vop=1.75V
—A—Vop=2.0V
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_____________

Output Voltage (V)
»

0 10 20 30 40 50
Output Load Current (UA)

Fig. 3.9 Simulated output voltage versus output load current of various 3-stage PGI

circuits under different Vpp.

From the same simulated condition in Fig. 3.9 without optimal design, the power efficiency
1, of the charge pump is calculated using the conventional definition of the output power

divided by the input power as:
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and is plotted in Fig. 3.10 versus the output current (/) for 3-stage PGI-1 and PGI-3 circuits
with Vpp = Vox = 1.5 V. It can be obvious that PGI-3 can give the pump circuit a greater
efficiency. The performance difference between these two circuits is ascribed to more power

consumption from extra boost circuits and additional pump capacitors in PGI-1.
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Fig. 3.10 The power efficiency of PGI-1 and PGI-3 circuits versus the output current where
Vop = Ve = 1.5 V.

A three-stage PGI-1 and PGI-3 have been fabricated using a TSMC 0.35-um mixed mode
process. Fig. 3.11 shows a microphotograph of the practical design, and PGI circuits and
pump capacitors are in the left region. Fig. 3.12 shows the measurement output voltages at
different supply voltage and output current loading. This prototype is primarily designed for
1.5 V supple voltage operation. Although the rated operating voltage of this process is 5V, it
is found from the measured data that no breakdown happens to the devices when the output is

below 8 V.
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Fig. 3.11 Microphotograph of the PGI circuits.

8
PGI-1----
=7
(0]
()]
8
© 6
>
5
_9_ ~~~~~
3 5
O —©—Vop=1.5V
——\Vop=1.75V
4 —A—Vop=2.0V
0 10 20 30 40 50 60

Output Load Current (pA)

Fig. 3.12 Measured output voltage versus output load current of 3-stage PGI-1 and
PGI-3 circuits under different Vpp.

Compared with the simulation result shown in Fig. 3.9, the measured output voltage is
lower than that predicted by simulation due to additional parasitic capacitors, parasitic
resistors, and extra switching losses in the clock generation circuit. For the case of low output
current loading, the output voltage of PGI-3 is slightly better than that of PGI-1, as the W/L
ratios of PMOS CTS’s in PGI-3 are greater than that of NMOS CTS’s in PGI-1 in the
practical layout. In PGI-3, the output can climb above 7.5 V with a load current of 10 pA and

a supply voltage of 2 V. This result is close to a 2V-to-8V ideal case with a 4x pumping gain.
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The measurement results for 1.5 V and 1.75 V supply voltages in the condition of light load

are also close to the ideal value.

3.3 Exponential-Gain Pump Structure

3.3.1 Architecture

Since most CPC’s have a linear growing structure and voltage gain losses, many stages will
be needed to obtain high output voltages. Moreover, due to V; augmentation problem, they
will not achieve higher output voltages. Thus, an exponential-gain pump structure is proposed
to solve the voltage saturation by making the clock voltage grows exponentially along with
the number of stages cascaded. Compared with the linear-gain structure shown in Fig. 3.13(a),
the exponential-gain pump structure, shown.in Fig. 3.13(b), adopts less stage number to

support the same output voltage.
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Fig. 3.13 A conceptual block diagram of eight-fold voltage gain by using (a) a linear

growing structure in 7-stage case and (b) an exponential-gain pump structure in 3-stage case.

An n-times voltage multiplier is the fundamental cell of this structure. The output of this

fundamental cell is connected as the power supply to the next one. With i cascaded cells, an
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exponential-gain pump structure will be formed to provide the total voltage gain of #'. In Fig.
3.13(b), the system can be considered as a 2° exponential-gain pump structure formed by
three cascaded voltage doublers. It should be noted that with this structure the output voltage
will be confined by the fabrication process. To obtain a high output voltage which exceeds the
breakdown voltage of the low voltage chip, the cascaded cells need to be placed in a chip or in
discrete chips fabricated by the process which can provide a breakdown voltage higher than
the operating voltage.

In Fig. 3.14, an exponential-gain example of a 2x2 charge pump circuit denoted by 2x2
CPC is proposed. The first stage of a 2% PGI-1 circuit, named Cell-1, is used to provide the
supply voltage (V,;) of the next 2x PGI-1 circuit. If more cells are cascaded, then the voltage
of whole charge pump circuit will grow exponentially. From (3.12), since the growth of clock
voltage is always greater than theigrowth of Win this structure, the V; problem can be

suppressed very well.
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Fig. 3.14 The block diagram of a 2x2 exponential-gain pump structure.

Other 2x cells based on PGI-2 and PGI-3 circuits have also been used to realize a 2x2 CPC.
The advantage of this new structure can be viewed in several ways: fewer stages, lower power
dissipation from switching, and high flexibility. Since the complexity of the circuit and the

pumping stage number in each cell has been reduced, the parasitic effect has also been
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reduced and the output saturation problem will not occur, even though PGI-2 or NCP2 are
used as the fundamental cell. The number of switches is decreased substantially and the power
loss from switching is also reduced. In addition, a higher pumping gain can be obtained more
flexibly by appropriately adjusting the number of CPC stages in each cell or the number of
cascaded cells. Thus this structure is not only suited for high pumping gain, especially in high
output voltage and low supply voltage applications, but also simplifies the whole circuit

configuration.

3.3.2 Simulation and Measurement Results

Fig. 3.15 shows the transient simulation results of the three-stage PGI-1, PGI-2, PGI-3, and
the proposed exponential-gain 2x2 CPC based on the PGI-1 as the fundamental cell. All of
these circuits are designed for a 4x idealypumping.gain in the condition of light load and
simulated with the same technology. The geometric size of each design is almost identical in
all devices without optimal sizing. The simulation results show that the output voltage of the
2x2 CPC is a little smaller than those of the PGI-1 and PGI-3, and that can be ascribed to the
extra power consumption from the internal comparator and buffer of the exponential-gain

pump structure.
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Fig. 3.15 Simulated transient output waveforms of 2x2 CPC and various 3-stage PGI
circuits with Vi, = Vo = 1.5 V and I = 10 pA.
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The simulated output voltages versus expected gain of PGI-1, PGI-3, and exponential-gain
CPC are summarized in Fig.3.16 and Table 3.1. Ideally, an (N-1)-stage linear CPC, such as
PGI-1 and PGI-3, can generate an output voltage closed to N-fold of the supply voltage. In the
case of the exponential-gain structure, the output voltage is close to the ideal value without
any saturation problem in the present testing range and easily exceeds 10 V when using a 3x3
CPC with a 1.5 V supply. Table 3.1 also shows that the exponential-gain structure has high

flexibility to generate a desired output voltage.

14
—-X - —PGI1 A
12 L --A- - - PGI-3 ‘
—3——Exponential-Gain CPC
<
o 10 1 PGI-3
[®)]
L 8 I Vin=Vek=1.5V » > _x- - =X - =X
2 2
3 671 /5 PGI-1
4 X
/ Exponential-Gain CPC
¢
2 1 1 1 1 1 1 1 1 1

0 1 2 3 4 5 6 7 8 9 10
Expected Gain

Fig. 3.16 Simulated output voltage versus expected gain of exponential-gain structure,
PGI-1, and PGI-3 with Vi, = Vo = 1.5 V and Iy = 10 pA.

Table 3.1 Comparison of output voltages generated by PGI-1 and

exponential-gain structure over several gain configurations.

Ideal Folds Stage Number of  Exponential-Gain
V=15V PGI-1 Structure
(Ideal Output) (Output Voltage) (Output Voltage)
four-times of V;, 3-stage 2x2 structure
(6V) (Vou = 5.93V) (Vo =5.8V)
2%3 structure
six-times of V;, S-stage (Vo =84V)
OV) Vou=7.7V) 3x2 structure
(Voue = 8.5V)
nine-times of V;, 8-stage 3x3 structure
(13.5V) (Vo =8.0V) (Vo =12.1V)
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A 2x2 CPC using PGI-1, PGI-2, and PGI-3 for the fundamental cell has been fabricated
with a standard 0.35-um CMOS technology. Fig. 3.17 summarizes the measured output
voltage versus various supply voltages, 1.3 V to 2.2 V, and a 10 pA output load current. The
measured data show that the output voltages of 2x2 CPC’s formed by PGI-2 or PGI-3 are
lower than those formed by PGI-1. The main reason for this effect is that PGI-2 and PGI-3 use
PMOS switches deficient in the driving abilities of charge transfer devices. The measured
results also show that the output voltage of the exponential-gain CPC using PGI-1 has a
tendency to saturate when the supply voltage exceeds 2 V. This is due to the breakdown

voltage limitation of the process having been reached in the PGI-1 circuit of Cell-2.

9
—>—using PGI-1
8 | — - & - —using PGI-2
---A--- using PGI-3
< . ——H8— |deal )
E 6 k < - .
Z = \
§_ . L ,\ 2x2 CPC using PGI-1
X, 2x2 CPC using PGI-3
4 L .
& 2x2 CPC using PGI-2
3 1 1 1
1.25 1.5 1.75 2 2.25

Different Supply Voltage (V)

Fig. 3.17 Measured output voltages of 2x2 CPC using PGI-1, PGI-2 and PGI-3 under
different supply voltages.
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3.4 Summary

The conventional charge pump circuit always suffers from the problem of increased
drain-source voltage drop Vs across each charge transfer MOS switch, where Vg is affected
by the threshold voltage affected by the body effect. Thus, the output voltage cannot be
maintained as a linear function of the number of stages and the pumping efficiency will be
degraded as the stage number increases further. Novel MOS charge pumps utilizing an
exponential-gain structure and pumping gain increase circuits with high voltage transfer
efficiency to generate boosted output voltages have been described to overcome key problems
in CPC designs.

First, three different PGI circuits are proposed to reduce the voltage drop across the output
stage and inner charge transfer MOS switches. The PGI circuits allow the output voltage to
increase linearly as the number of pumpingsstages increases. However, in PGI-1 and PGI-2,
the threshold voltage increase problem still exists and limits the output voltage, as the stage
number gets too large. In PGI-3; there is no‘saturation limit, since |V of each CTS can
always be larger than |Vy,|. Therefore, the output voltage is close to the ideal level and the
charge transfer efficiency can be enhanced. The main results of the comparison with these

three PGI circuits are provided in Table 3.2.

Table 3.2 Comparison with the three different PGI circuits.

pumping saturated internal stage output stage process
ability limitation voltage drop voltage drop problem
PGI-1 high yes no no yes
PGI-2 moderate yes no no yes
PGI-3 high no no no moderate

The second design is an exponential-gain pump structure that can pump the output voltage
exponentially from a low power supply without an output saturation effect. This structure can

be applied to produce any pumping gain with its »’ architecture. For example, a 2x2 (2%) CPC
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can be used to generate a boosted output of 6 V with a 1.5 V supply voltage. As shown in
simulation and measurement results, the proposed designs are able to generate high voltages
efficiently from a power supply below 2 V. A three-stage PGI-3 circuit or a 2x2 CPC can
generate a boosted output close to the ideal value of 6 V from a 1.5 V supply.

Thus, it is conceivable that PGI circuits and the exponential-folds structure can be applied
to generate high output voltages more effectively from a low voltage source such as using a

battery cell.
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Chapter 4

Analysis and Modeling of On-Chip
Pumping Gain Increase Circuits with
a Resistive Load

4.1 Introduction

In recent years, many efforts -have béen made in the analysis and optimization of the
Dickson structure in order to support a convenient and rapid design scheme [23]-[25], [40],
[41]. Similarly, in this chapter, a thorough-analysis and a complete average model of the
pumping gain increase (PGI) circuit, whichiis'a type of improved charge pump circuits, with a
resistive load have been presented. Based on this simple analytical model, the characteristics
of PGI circuits can be approximately predicted and several handy equations can also be found
for planning the desired circuit to achieve good enough performance with an acceptable
accuracy tolerance in the steady state.

In section 4.2, a general equivalent model based on PGI circuits is described. Analyses
based on the charge balance and average conceptions are presented. By using this simple
analytical model, characterization of PGI circuits can be performed in a pencil-and-paper
manner and the output behavior can be approximately determined. An optimization design
method for minimizing the die area of an N-stage PGI circuit in terms of the total number of

pump stages and the pump capacitor ratio is also presented. This design strategy can also be
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applied to other improved CPC designs that have no voltage drop within the inner stages and
the output stage. In section 4.3, simulation results are presented to verify this equivalent
model for designing PGI circuits. Presented in Section 4.4, experimental results measured
from a test chip that was fabricated with a TSMC 0.35-um mixed-mode technology

demonstrate the validity of the proposed model. Conclusions are given in Section 4.5.

4.2 Equivalent Model for the Voltage Multiplier

PGI circuits, which are shown in chapter 3, provide a method of using NMOS and PMOS
charge transfer switches (CTS’s) to eliminate the drain-source voltage drop Vs across each
pump stage and allow the output voltage, to increase linearly as the cascade number of the
pump stage increases. It is notable, that inyPGI=3; there is no output saturation limitation no
matter how many pump stages are used. Ignoring non-ideal characteristics such as switching
losses and parasitic capacitances,-an analytical'equivalent model can be constructed based on

the identity of an N-stage PGI circuit.

4.2.1 Behavioral Model of Intermediate Stages

From the characteristic of an N-stage PGI circuit, the equivalent circuit can be simplified as
shown in Fig. 4.1, where clk and clk are two anti-phase clocks with the same amplitude V.,
Chm 1s the pump capacitor of the m-th pump stage, Vi, is a time variant voltage across Cm, Vom)
is the voltage at node m connecting to the positive branch of Cy,, and S, is the m-th equivalent
ideal transfer switch between Cp.; and Cp,. Each stage has two operating modes, the charging
mode operating with DT duration and the discharging mode with (1-D)T duration, where D
is the duty ratio and T, is the switching period. The corresponding waveforms of Vom-1), Vom),

and Vym+1) are shown in Fig. 4.2.
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Fig. 4.1 Conceptual diagram of an N-stage PGI circuit.
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Fig. 4.2 The clock signal, states of switches, and the steady-state waveforms of Vom.1),
Vom), and Vomq1).

In order to find a general model, the charge balance and the average of Vy, are used to

calculate the transfer charge and the average current between pump capacitors. In Fig. 4.2, Vi,
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increases from the lowest level Vi, to the highest level Vi i in the charging mode of Cp, and
decreases back to Vi in the discharging mode. Let Vi .y denote the arithmetic average of

Vmr and Vi and be given as

V. +V
V _ YmH m,L (41)

mavg 2
Similar notations are also applied to all voltages across pump capacitors.
From Fig. 4.2, in the time DT, which is the charging mode of Cy, Vom.1) 1s lifted up by clk,
and part of the charge AQm charge Stored in Cp.; will transfer to Cn. Thus, Vi, will increase from
Vmr to Vmp, and Vi will decrease from Vg to Vi By using charge conservation,

AQm charge can be expressed as
AQm,charge = Cm—l (Vm—l,H _Vm—l,L) = Cm (Vm,H _Vm,L) (42)

If DT 1s sufficiently large to complete the'charge transfer in time, the node voltage Vom.1) and

Vomy will be almost equal at the end of DT;and that can be expressed as

=Viu (4.3)

or an alternative expression useful for finding AQm:charee glven as

Ve Voo —AV, =V, HAV, (4.4)

m,charge

where AV, =V, ,,-V,,, and AVm,chargc =Vin VL

From (4.1) — (4.4), the transferred charge AQm charge Can be expressed by average voltages and

obtained as

C..C. 2C. C.
G vy o HVoan Ve ) =g 0

m-1 m m-1 m

Acgm,charge = (Vclk +Vm—1 ,avg _V

m.avg )

(4.5)

In (4.5), it can be seen that there is only AQm charge transferring from Cp.; to Cy in a cycle time

so that the average charging current Iy 4y, of Ciy corresponding to AQm charge can be found by

I _AQm,charge _ Cm-]Cm 2(
mave T C,,+C, T,

S

Vclk +Vm—l,avg _Vm,avg) (46)

This average charging current lpma.e 0f Cy also can be considered as the average discharging
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current Iym.1avg Of Cy.1. Equation (4.6) shows that Iy .y is a linear function of the difference
between (Ve+Vm-1,avg) and Viaye. Thus, the equivalent resistance between the nodes (m-1)

and m can be obtained as

T
R, = 2 4.7
" 2Cm-lcm/(cm-l +Cm) ( )

where the value of C,,C,/(C,,+C,) isregarded as Cy.i and Cp, in series.

Based on above description related to the charging mode of Cp, the behavior of m-th pump

stage in the time DT, can be derived from (4.6) — (4.7) and shown in Fig. 4.3(a).

R, Ry
M M
— —
[m,avg + Im+1,avg
Vm—l,avg é Vm,avg Cm A
+ _ —/ ¥V mt+lavg
Con A<V mave
Ve O - Ve
Charging mode of C,, Disharging mode of C,,
(a) (b)

Fig. 4.3 Equivalent model for (a) ¢harging mode of Cy, and (b) discharging mode of C.

Similarly, in the time (1-D)T which is the discharging mode of Cp, the pumping operation
between Cp and Cp: behaves in a similar manner as the operation between Cp.; and Cp,
except that clk changes to high and clk changes to low. Thus, from the same procedure, part

of the charge AQm discharge Stored in Cyy will transfer to Cp+1 and can be expressed as

2C C
AQm,discharge = m—mﬂ(v +V

-V
clk m,avg
Cm + Cm+1

m+1l,avg )

(4.8)

Therefore, in a (1-D)T, duration, the average discharging current lpm+avg 0f Cy (or the average
charging current of Cy1) and the equivalent resistance between nodes m and (m+1) can be
obtained as

m~m+l

Im+1 avg - V +V
o T C,+C

clk m,avg -

\Y

T

m+1 s

A .
_ Qm,dlscharge _ C C 2( (49)

m+1l,avg )
s
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and

Ts
mt 2CmCm+1/(Cm +Cm+])

R (4.10)

From above description related to the discharging mode of Cy,, the behavior of m-th pump
stage in the time (1-D)T; can also be derived from (4.9) — (4.10) and shown in Fig. 4.3(b).
Since Fig. 4.3 shows a simple and regular modular structure based on the equations (4.5) —
(4.10), the equivalent model of each intermediate stage of PGI circuits can be deduced as the
m-th pump stage model shown in Fig. 4.4. Because of its simple and regular scheme, this
equivalent model can be taken as a module to cascade with other duplicate ones for planning a

multi-stage PGI circuit.

Rm Rm+l
MV MV
— —
Im,avg Im+1,avg
Vm-l e é __+ é Vm+1,avg
’ Cm /\Vm,avg
Ve O Ve

m-th pump stage

Fig. 4.4 Equivalent model for the m-th pump stage.

4.2.2 Behavioral Model of Input Stage
In the first stage, the equivalent model of the charging mode of C, is a little different from
the general model mentioned above, since the preceding stage is connected to a voltage source

Vpp. Thus, the average voltage of V; has to be modified as

_ Voo +V1,L

lavg — 2

(4.11)

In the charging mode of C;, V| increases from the lowest level V; 1 to Vpp. Replacing (4.11)
into the formula of charge conservation, the transferred charge AQ; charge in @ cycle time can be

expressed by Vi . and Vpp and given as

AQI,Charge =C, (VDD _VI,L) =2C, (VDD _Vl,avg) (4.12)
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Therefore, the corresponding average charging current |y 4, of C; and the resultant equivalent

resistor R; are given as

AQ charge 2C
Il,avg = -ll’—h = = T ] (VDD _Vl,avg) (413)
and
T
R=— 4.14
=2c (4.14)

The operation of C; in its discharging mode is the same as that of the inner pump capacitor
Cm mentioned in section 4.2.1. Thus, the average discharging current |, .., of C;, which is also
the average charging current of C,, and the equivalent resistor R, can be obtained from (4.9)

and (4.10) and given as

_ A(?l,discharge — C1C2 E(
2,avg T Cl + C2 TS

S

| Vo Vi Ve ) (4.15)

and

T

R S
*72CC,/(C +C,)

(4.16)

Thus, employing (4.13) — (4.16), the equivalent medel of the first pump stage in the PGI

circuit can be depicted as shown in Fig. 4.5.

R Ry
—Wv— —Wv—
Il,avg IZ,avg é .
+ 2,avg
Voo ) C < MNave

Ve

1st pump stage

Fig. 4.5 Equivalent model for the first pump stage.
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4.2.3 Behavioral Model of Last Stage and Output Stage

The load can be generally represented by a resistive load Ry, connected in parallel to the
output capacitor Co. Thus, the behavior of the charge transmitted to Ry during each cycle
period must be included in the model operation. According to the equivalent circuit shown in
Fig. 4.1, the corresponding waveforms of the node voltage on the top of the last pump

capacitor Cy, referred to V), and the output voltage V, are given in Fig. 4.6.

Vo A

Nt Ve

NLtVeik

VNH

. N
l— DT, —*=*—(1-D)T,—>

charging | discharging
mode of Cp | mode of Co

Fig. 4.6 The steady-state waveforms of V) and V..

While in the charging period DT of Co, the switch S, is turned on and the charge is quickly
delivered from Cy to Co in a very short period AT.. This causes V, to increase from its low
level Vo1 to high level V,u. After AT,, Cx and Co discharge through Ry as a parallel
capacitance Cy||Co. At the end of the DT period, both V, and V) will decrease from their

high level to a voltage Vi as follows:

Vk = Vo,H - AV01 = VN,H +Vc1k - AVN (4.17)

where the variation of Vo) in the DT period can be given as AV =V, -V, , and AV, is
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the voltage drop values in the periods of (DTs — AT,) as shown in Fig. 4.6. Assuming that

AT, < DT, and using charge conservation, the consumed charge of Ry in the DT, period can

be considered as

V
AQpp :% DT, = (CN +CO)AV01 (4.18)

L

When the discharging period (1-D)Ts of Co starts, the switch S, is turned off and the
consumed charge of Ry is only provided by Co. At the end of the (1-D)T; period, V, will

decrease from Vi to its low level as follows:
Voo =V —AV,, (4.19)
where AV, is the voltage drop values in the periods of (1-D)Ts as shown in Fig. 4.6. Similarly,

by using charge conservation, the consumed charge of Ry in the (1-D)Ts period can be

considered as

VO av,
AQu iy =~ (1-D)T, =C,AV., (4.20)

L

In a cycle time, from (4.18) and (4.20), AVo-and-AV,-can be derived as

AV, —— Py (4.21)
Cy(1-D)+C,

and

av, (€ *C)0-D) (4.22)
Cy(1-D)+C,

where AV, :Vo,H -V - From (4.21) and (4.22), AV, is smaller than AV, because AV, is

0.

produced from the discharge of Cyn||Co and AV, is produced only from the discharge of Co.
Considering charge conservation in the period of DTj, the charge delivered from Cy to Co
in a very short period AT, at the start of the DT, period results in V, to increase from V, 1 to
Vou and Vo to decrease from (Vi u + Vei) to Vo u. Afterward, Cy and Co discharge through
Ri, and both V, and V) decrease from V, i to Vi. By employing the average conception in

this period, it can be supposed that V, increases from V, 1 to Vi and all the consumed charge
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of Rr in the DT; period is provided by Cy that causes Vo) decreasing from (Vyu + Vo) to Vi
as shown in Fig. 4.7. In other words, in each cycle time, the transfer charge AQN discharge
discharging from Cy is equal to the summation of the obtained charge AQo charge 0f Co and the

consumed charge AQg p of Ry, during DTs. This relation can be expressed as

A(?N,discharge = AQO,charge + AQR,D (423)
where
A(gN,dischargc = CNA\/N (424)
AQO,chargc = CO (Vk _Vo,L) = COAV02 (425)
AQ. . = Yose (4.26)
R,D R s .
L
Vo(N) A
Ve

NLt ik

VNH

«— Dr, —*<—(1-D)1, ™
charging | discharging
mode of Cp | mode of Co

Fig. 4.7 The supposed steady-state waveforms of V) and V.

Substituting (4.24) — (4.26) into (4.23), the following equation is obtained as

v
AV, = SO AV 4 ome BT 4.27)
CN CN RL

Employing (4.17), (4.19), (4.27), and the average definitions of Vave and Vv as (4.1), the
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relationship between AV, and AV, can be obtained as

N,avg - 0,avg
N N''L

Y
(1+C—OJAV02 =2V + Vg ~ Vo )+ AV, — =225 DT, (4.28)

Substituting (4.21) and (4.22) into (4.28), the voltage variation AV, can be found as

2C’(1-D)+C,C
0 = = ( ) 2 =2 ( clk +VN,avg _Vo,avg)
(1-D)(Cy +C, )’ ~C,C,D
(4.29)
B Cy(1-D)+C, Vowe o7
(1-D)(Cy +C,) ~-CC,D R

In addition, substituting (4.22) and (4.29) into (4.27), the voltage variation AVy is found as

26,(Cy+C,)(1-D)

AV = 2
(1— D)(CN +CO) -C,.C,D

Vi Vi Vo )

N,avg 0,avg

(4.30)
Cy(1-D)+C,(1-2D) V

0,avg

(1-D)(Cy +C, )’ —~C CaD 'Ry

Using the voltage variations AVy to derive the charge transfer rate, the average discharging
current Ingave 0of Cy in a cycle time corresponding to AQn gischarge Which 1s the charge delivered
from Cy can be simply obtained as

_ AQN,dischargf: — CNAVN

INd,avg - T T
2 C.C,(C,+C,)(1-D
_“. N O( N 02)( ) ( ok T N,avg _VO»an)
T, (1-D)(Cy+Cy) —C\C,D 431)

C.’(1-D)+C,C, (1-2D) V,

0,avg

(1-D)(Cy+Cy) -CCo,D R

= INO + INR,D

In (4.31), the first term is shown the average current (Ixo) delivered from Cy to Co, and the
second term is the average current (Ixgp) from Cy to Ry during DTs. Comparing (4.9) with
(4.31), Ingavg 1s different from all the average discharging currents of inner pump stages and

INdavg NO longer varies with only the difference between (Ve+Vyavg) and Vg ave. From (4.31),

the equivalent resistance can be obtained as
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T, (1-D)(Cy+C,) -C,C,D T.[cC,+C, D
Ry == = - (4.32)
2 CCo(Cy+Co)(1-D) 2| CCy (Cy+C,)(1-D)
1 (1-D)(Cy+C,) ~C\C,D
Ryep = — 433
P D Cc(1-D)+C\C,(1-2D) * (439

where Rno is connected between the node N and the output terminal, and Ryr p is connected
at the output terminal.

Similarly to (4.31), using the voltage variation AV, from (4.29), the average charging
current loc v 0f Co in a cycle time corresponding to AQo charee Which is the charge obtained by

Cy can be derived as

I _ AQO,Charge _ COAVO
oc,avg T T

2. CiCo(Cy +Co)(1sPhingy )
- 2 clk N,av; 0,aV!
T, (1-D)(Cy+Cy) —C\CyD o (4.34)

Co(Cy+Co)@-D) V.

0,avg

(1-D)(Cy +C, )" =C.CsD_ R,

= INo - IOR,D
The first term is equal to Iyo delivered from Cy to Co, and the second term is the average
current (lor p) from Co to Ry in the DT period. In addition, from (4.31) and (4.34), it can be

found that the consumed charge AQRr p of Ry during DTs can be obtained as

Vv
AQR,D = (INd,avg - Ioc,avg )Ts = (INR,D + IOR,D )Ts = OFéavg DT, (4.35)

L

which agrees with the definition of (4.26). From (4.34), the equivalent resistance can be

obtained as

T|C.+C D
R =ts|>n*ro 4.36
Y2 C G, (CN+CO)(1—D)} (4.36)
2
ROR,D E%_ (1_5)(CN +CO) _CNCOD RL — CN +CO _ CN RL (437)
o(Cy+Cy)(1-D) C,D (Cy+C,)(1-D)
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where Rno is connected between the nodes N and the output terminal, and Ror p is connected
at the output terminal.
In the (1-D)T; period, the consumed charge AQg i.py of Ry is only provided by Co as

shown in (4.20). Thus, this average current lor 1.0y and the equivalent resistance Ror (1-p) are

given as
AQ, vV
,(1-D) 0,av;
IOR,(l-D) = T = R : (1_ D) (4.38)
S L
and
R
Ro,(1.0) = ( — ) (4.39)

Based on equations (4.31) — (4.39), the equivalent model of the last (N-th) pump stage and

the output stage can be derived and shown.in Fig. 4.8.

g

e

>
-«

lIOR,(l-D)

Rorp Ror,1-py

Co-<V.

/[\ 0,avg

N-th pump stage output stage

Fig. 4.8 Equivalent model for the last pump stage and the output stage.

4.2.4 Simplification of the Equivalent Model

From equations (4.31) — (4.39) and Fig. 4.8, although the last and the output models can be
deduced, it is complicated and unfit to merge with general ones for creating the whole
equivalent model. This equivalent circuit model can be simplified greatly if AV, is equal to
AV, or Vg ave = Vi

Assuming that AT, < DT_, AV, is the drop voltage caused by discharging from Cy||Co to

Rr in the time DT, and AV, is the drop voltage caused by discharging only from Co to Ry in
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the time (1-D)T,. Thus, AV,; and AV,; are proportional to the discharge time and inversely to

the capacitances. The voltage variations can be given as

DTV

AV =——— %% 4.40
ol RL (CN + CO) ( )
and
1-D)TV
AV, = ()& (4.41)
RLCO

By equalizing the expressions of AV, and AV, the condition of V, 4 = Vi can be met by

choosing Cy and Co such that

D Cy+C,
1-D C,

(4.42)

Employing (4.42), Vo v is being substituted for Vi, and AV, = AV, =(1/2) AV, . Through the

same derive procedure mentioned-in section 4.2.3; the:average discharging current Ingavg and

the equivalent discharging resistance Ryq of Cy can berewritten as

2C
g = T—N(Vclk Ve ~Voot) (4.43)
and
.
Ry === 4.44
v (4.44)

Similarly, the average charging current I .y 0f Co and its equivalent charging resistance can

be derived as

2C Vo,av
oc,ave = T_SN(VCH( +VN,an _Vo,avg ) - RLg D = INd,an - IOR,D (4-45)
T
_— 4.46
wTae (4.46)
R
ROR,D = BL (4.47)

In the (1-D)T; period, the average current lori-p) and the equivalent resistance Ror i-p) are

identical with (4.38) and (4.39), respectively. In Fig. 4.8, it can be seen that the equivalent
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output resistance is connected as Rorp and Ror,i-py in parallel. From (4.39) and (4.47), the
value of Ror p||Ror,(1-p) 1s exactly equal to Ry.. Composing the relationships (4.38) — (4.47), the

equivalent model of the last pump stage and the output stage can be simplified as shown in

Fig. 4.9,
Rx Rad Rna Rorpl|Ror,1-0y=Re
S A Ui EUAS
IN,avg INd,avg INd,avg ‘/ \\‘.
PN-1,ave e i é Voave VNave é §ROR,D 3 Ror1p) |
CN /\I/N’an Ioc,avg . B .
C Jf/ Iorp Ior 10
Ve ©) Ve Var ©) Of[\_ o,avg
N-th pump stage output stage

Fig. 4.9 Equivalent simplified model for the last pump stage and the output stage.

The above behavior analysis of regular inner stages, the input stage, the last stage, and the
output stage gives the whole equivalent model of an N-stage PGI circuit shown in Fig. 4.10.
In the complete circuit model, all*labeled voltages are averages and each dependent voltage
source is controlled by the voltage across the corresponding capacitor. Based on this regular
and simplified model, the behavior of a multi-stage PGI circuit with a resistive load can be

easily controlled and designed.

—
Ve Inave

lluc,avg

Vop 5 Vors ,avg na ,avg
+

Cm CN ;_ X _:Vo.avg

=
Ve - O -

st Y th A h A Y
17 pump stage m" pump stage N™ pump stage Output stage

Fig. 4.10 Equivalent model for an N-stage PGI circuit.
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4.3 Optimization

The practical output voltage of the PGI circuit with a resistive load varies around its
average value once the charge pump circuit reaches its final value, so that V., in the
presented equivalent model can represent the steady-state output value with undulation.
Moreover, for obtaining a desired output value in the steady state, circuit parameters such as
capacitor values and the duty ratio of the pump clock can be calculated form the equivalent
model.

As can be seen in Fig. 4.10, all pump capacitors can be considered open when the PGI
circuit reaches the steady state, so that all transfer currents (I av,) on equivalent resistors will
be identical with the load current I;.. Equalizing the equations of all these transfer currents
mention in section 4.2, the average voltage V., of an N-stage PGI circuit in the steady state

can be found and expressed simply:by

V() ave — RL (VDD + NVclk) = RL (VDD = NVClk ) (448)
R +R, 4+ RUHR HR (iR

Considering charge conservation in a cycle time, an approximation can be obtained as

V.
oM _C AV, (4.49)

L

Substituting the equations of all equivalent resistances into (4.48) and replacing Ry by a

approximate value from (4.49), V, .y, in the steady state can be rewritten as

Voavg :(VDD + chlk)_COAvo L‘i‘i+ ...... +L = Vip + NV, = Vip + NV
E Cl C2 CN T N 1 -I-s

1+—= z — 1l+—s

RL m=1 Cm RLCseries

(4.50)
where Cqics represents the total capacitance of all pump capacitors connected in series.
In (4.50), V,.av 1s directly relative to the pump capacitances, supply voltages, and the total

number of pump stages. Besides Cp, which is mainly used to smooth the output voltage, is
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designed by the allowable AV, from (4.49) and the clock duty ratio D is found by (4.42), other
pump capacitances and switching frequency fs can be determined from (4.50) for obtaining a
desired output value with a resistive load Ry. In addition, the result expressed by (4.50) shows
that V, 4 is determined by the ratio of T to the constant Ry XCgeries. Thus, if the time constant
RrXCseries 18 smaller than T, Vv can be effectively regulated by tuning the switching period
Ts.

From (4.50), an alternative expression of V. in terms of the load current Iy can be
obtained as

T
v —(VDD+N Clk)——s

oavg

|, (4.51)

series

In (4.51), the highest ideal output voltage (Vpp + NV.i) will occur with the condition of I = 0.
As the load current increases, the output. voltage will decrease at a rate of (Ty/Cseries)-
Moreover, if pump capacitors aretall thessame: value, it can be seen that the derived result
(4.51) would match the Dickson’s ‘result (2.4) with C; = 0 and Vgioge = 0. This comparison
proves that the proposed model ‘deduced from-PGI Circuits is an ideal case of the Dickson
structure. Consequently, even though the model and the derivation were based on PGI circuits,
it is shown that the same design strategy can be applied to any improved charge pump design
which is able to eliminate voltage drop within the inner stages and the output stage as an ideal

case.
Considering chip size and therefore cost, decreasing the sum of pump capacitances Crp will
greatly decrease the die area. Assuming that pump capacitances are designed proportionally as
C, _ C, _ C

K=—Zl=Z2o . Sl SR B (4.52)
C2 C3 Cm CN

where K is a regulative constant, a generalization about each pump capacitance can be

expressed as
c =KM™"c, (4.53)

m

In addition, from (4.50), the summation of (1/C.,) can be found as
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N1 (VDD + NVclk _Vo,avg) RL

;C—= VT (4.54)

m 0,avg 's

Substituting (4.53) into (4.54), the last pump capacitance Cy is obtained by

N
=
Z‘ K vV T

C _ x 0,avg 's (455)
" K(N l) (VDD + NVclk _Vo,avg) RL

Thus, from (4.53) and (4.55), Crp of an N-stage PGI circuit can be given as

N 2
(z K(Il)J Vo,angs
i=1

|:(VDD + chlk ) _Vo,avg] RL

(4.56)

N N N _
Cpp =2 C, =2 K" e, =(Z K(H)jCN KD
= = i=l

m=1 m=1

From (4.56), the minimum Crp can be found by making dC,, /dK =0, which is given as

_ _\i= 0,avg ' s =0

dK K (N KMN=DeK (VDD + NV, -V ,avg> R,

o

(4.57)
This derivation has a reasonable solution which is K = 1. Thus, an arrangement is made by
equalizing all pump capacitances for the minimum die area, and this minimum value of each
pump capacitance referred as Cpmin 1S given by

NVO av, TS
C, .= L (4.58)
" (Vp + NV =V, )R

0,avg

From (4.58), the minimum Crp (Crpmin) in an N-stage PGI circuit can be found by N XCp min.
Fig. 4.11 shows the relation between Crp and K for various selected Vi, in a 3-stage
example. It can be seen that the minimum Crp exactly occurs at K = 1. Thus, if Cy, is chosen
according to (4.58), the PGI circuit with a fixed stage number would occupy the smallest die

area for a desired output voltage with a resistive load.
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Fig. 4.11 Total pump capacitances Crp calculated from the 3-stage model versus the value
of K under various desired V, avg, Where Vpp = Ve = 1.5 V, R = 100 k€, and f, =1 MHz.

Furthermore, in the condition of K = 1, by solving dC,,/dN =0 for a fixed Vo given as

d CTP 2 N Vo,an TS N 2V0,avg Ts Vclk

- — —=0, where K=1 (4.59)
dN (VDD + NVclk _Vo,avg) RL (VDD + NVclk =V ,avg) RL

0.

The optimum number of stages N._associated with the minimum Crpp can be found. The

solution is given as

N =M (4.60)
\Y

clk

The optimum value of N must be an integer near the result of (4.60). Fig. 4.12 provides the
information needed to find the suitable stage number N for generating a specified V, ay, With
minimum Crp. It can be seen that Crp will enlarge as the desired V4, 1s close to the value of

(Vbp + NV.i). The parameters for an example of V, 5y, =4 V are given in Table 4.1.

Table 4.1 Comparison between the value of Cyp under different stage number where
Voavg =4V, Vop =V = 1.5V, RL = 100 kQ, f; =1 MHz, AV, = 0.2 V, and Co = 200pF.

Stage number Crmumin (F) Cre (pF)
N=2 160 320
N=3 60 180
N=4 45.7 182.8
N=5 40 200
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Fig. 4.12 Total pump capacitances Crp versus the stage number N over various desired
Vo.ave, Where K= 1, Vpp = Ve = 1.5 V, Ry = 100 kQ, and f, = 1 MHz.

As an example, by using the result from Fig. 4.11 and Fig. 4.12, a PGI circuit with an
output voltage of 4 V across a resistive load of 100 kQ can be designed for a minimum Crp

withN=3andC1=C2=C3=60pF.

4.4 Model Validation

4.4.1 Simulation Results

In order to validate the accuracy of the derived model, SPICE simulations are performed by
output responses for both the equivalent 3-stage circuit shown in Fig. 4.1 and the correspond-
ing 3-stage model, where Vpp = Ve = 1.5 V, R = 100 kQ, ;=1 MHz, and D was determined
by employing the relation between C; and Co from (4.42).

Fig. 4.13 shows the output simulation waveforms of the equivalent 3-stage circuit and the
model, respectively, where the simulation conditions are C, = 60 pF (m =1, 2, 3), Co = 200
pF, I =40 pA, and D = 0.57. Under these design conditions, the output ripple AV, of the
equivalent 3-stage circuit is limited to 0.2 V, and the mean of this undulate output voltage is 4

V, which is equal to V, .y, of the model in the steady state. A satisfactory agreement between
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these two simulations can be observed during the procedure of boosting. In addition, from
additional simulation data with different C, values and various pump stage numbers, the
output value of the model always follows the undulate output waveform of the equivalent
circuit as shown in Fig. 4.14 and Fig. 4.15. Consequently, these simulation results show that
the presented model can predict the output behavior of a multi-stage PGI circuit with a

resistive load.
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Fig. 4.13 Comparison between simulated output waveforms of the equivalent 3-stage
circuit and of the corresponding model.
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Fig. 4.14 Comparison between simulated output waveforms of the equivalent 3-stage
circuit and of the corresponding model under different Cy, values. (a) Vo avg =5 V and Cpy
=150 pF. (b) Voavg =4V and Cy, = 60 pF. (¢) Voavg =3 V and Cy, = 30 pF.
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Fig. 4.15 Comparison between the simulated output waveforms of the equivalent
circuit and of the corresponding model with various numbers of pump stages, where all
pump capacitances are fixed at 60 pF. (a) 3-stage for V.o = 4 V. (b) 2-stage for V, ayg =
3.375 V. (c) 1-stage for V4 =2.57 V.

However, in common uses, the duty ratio of CPCs is usually set to D = 0.5. With this
configuration, (4.42) is ineffective in finding a suitable value of Co/Cy for equating Vi to
Voave shown in Fig. 4.7. If Co >>C\, AVgimwill be close to AV, and the difference between
Vo.avg and Vi can be reduced. Otherwise, a slightly greater error will exist. Consequently, when
the duty ratio D = 0.5, the accuracy ofithe equivalent model depends on the ratio of Cy and Co.
Fig. 4.16(a) shows the difference error between V., in the model and the mean of the
undulate output voltage in the equivalent 3-stage circuit obtained from SPICE simulation
results when a square clocks (D = 0.5) are employed. In addition, the corresponding value of
the output ripple AV, is shown in Fig. 4.16(b). Since the Cn/Co ratio will decrease as the value
of Co increases, from Fig. 4.16, the larger the value of Co is, the smaller the relative error and
the output ripple AV, will be. If Co is larger than 200 pF, it appears that the error and AV, are
less than 0.4 % and 0.2 V, respectively. Similarly, by using various numbers of pump stages as
shown in Table 4.1, the relative errors and AV, of the equivalent circuit with V, s =4 V and

D = 0.5 are shown in Fig. 4.17.
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Fig. 4.16 (a) Relative errors between the model and the 3-stage circuit for different desired
Voave With Vpp = Vo = 1.5 V, R = 100 kQ, f; = 1 MHz, and D = 0.5. (b) Corresponding
output ripple AV,,.
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Fig. 4.17 (a) Relative errors between the model ‘and the equivalent circuit with different
stage number N for V, .o =4 V and D = 0.5 (b) Corresponding output ripple AV,

A practical embodiment of a 3-stage PGI-3 circuit, which is built by the circuit shown in
Fig. 3.4, was simulated in transistor level by using parameters of a TSMC 0.35-um mixed
mode process and using general clocks (D = 0.5). With the same simulation conditions used in
Fig. 4.13 except that the duty ratio D = 0.5, the transient simulation waveforms are shown in
Fig. 4.18. From the simulation results, the final mean value of the practical circuit is about
3.95 V, and the error between this mean value and the V, ., (= 4 V) of the model is about
1.25%. In addition, other simulation results with different Cy, values and various numbers of
pump stages are shown in Fig. 4.19 and Fig. 4.20. The output value of the model can be

demonstrated to follow the undulate output waveform of the practical PGI circuit.
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Fig. 4.18 Comparison between simulated output waveforms of the practical 3-stage
PGI-3 circuit and of the corresponding model.
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Fig. 4.19 Comparison between simulated output waveforms of the practical 3-stage
PGI-3 circuit and of the corresponding model under different C, values. (a) Voave =5V
and Cp = 150 pF. (b) Vo ave =4 V and Cy, = 60 pF. (¢) Vo avg =3 V and Cy,, = 30 pF.
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Fig. 420 Comparison between simulated output waveforms of the practical 3-stage
PGI-3 circuit and of the corresponding model with various numbers of pump stages,

where all pump capacitances are fixed at 60 pF. (a) 3-stage for Vi, = 4 V. (b) 2-stage
for Vg avg = 3.375 V. (c) 1-stage for Vg =2.57 V.
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Besides the influence of the duty ratio D, these small errors are most likely due to the fact
that switching losses and parasitic capacitances of the practical PGI circuits are taken into
account in SPICE simulations but not included in the equivalent model. In addition, the full
practical circuit simulation waveform lags slightly behind that of the model. This waveform
lag is due to the fact that gate control voltages of the transfer switches generated by CTS’s in
the PGI circuit would not be pumped to the levels for turning on the switches completely in
the initial few cycles. In summary, the output behavior and the final V, 4y, of the model closely
match the simulation results of the practical PGI circuit. Thus, the presented simple and

regular equivalent model is useful for designing PGI circuits.

4.4.2 Measurement Results

In order to validate results of the analysis and design considerations, several PGI circuits
with different total number of stages were fabricated in a TSMC 0.35-um mixed mode process.
To increase the flexibility of the-measurements,_ pump capacitors are connected externally. A
2-stage PGI-3 circuit with different’values of Cn was tested under Vpp = Vo = 1.5 V, RL =
100 kQ, f; =1 MHz, Co = 330 pF, and C; = C, = Cy,,. Three kinds of the output voltage data
are plotted in Fig. 4.21 for the comparison. The first one is obtained from the simulation
results of the presented model. The second one is obtained from the measured output voltage
for D = 0.5. The last one is also obtained from the measured output voltage but the value of D
is calculated from (4.42). The performance data and the corresponding error are summarized

in Table 4.2.
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Table 4.2 Simulated results of the model and measured results of the 2-stage PGI design.

Pump |Equivalent Practical 2-Stage PGI-3 Design
Capacitor | Model D=0.5 D is given by (4.42)
Cm (pF) Vo,ave (V) Vout (V) Exr dllty, D Vout (V) Exr
47 3.16 303 4.1% | 0.53 3.05  3.5%
100 3.75 3.65 2.7% | 0.57 3,67  2.1%
147 3.96 388  2.0% | 0.59 39 1.5%
220 4.13 4.03 24% | 0.63 4.06 1.7%
267 4.19 4.08 2.6% | 0.64 4.1 2.1%
330 4.24 4.11 3.1% | 0.67 415  2.1%
430 4.30 416 33% | 0.70 4.2 2.3%
4.4
42 |
4 L
';‘ 3.8
3 36|
> —— equivalent model

3.4 —o— practical PGI, D=0.5
—a— practical PG, D is given by (4.42)

2.8 1 1 1 1

0 100 200 300 400
pump capacitor Cm [pF]

Fig. 4.21 Measured output voltages of a 2-stage PGI-3 circuit under different values of Cy,.

For this typical example, measured output voltages are close to V, ., of the model, e.g., for
Cm = 100 pF, the mean values of the measured output voltage V. are 3.65 V and 3.67 V when
D = 0.5 and 0.57 calculated from (4.42), respectively, and V., is 3.75 V when using the
model simulation. It can be seen from Table 4.2 that the error voltages in this case are lower
than 0.1 V, and all relative errors of the measurement are less than 5 %. The measured output
voltage is smaller than the model simulation output voltage V, ae, due to additional parasitic
capacitors, parasitic resistors, and extra switching losses. Leakage currents of any nature will
also cause deviations from the model. In the case of Cy, above 150 pF, where C,/Co is above
0.45, Fig. 4.21 shows that the V,, measured as D is obtained from (4.42) is more accurate
than that measured as D = 0.5. However, even though the ratio of C,/Co is increased, relative

errors in the case of D = 0.5 only increase slightly. This agrees with the theoretical result
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depicted in Fig. 4.16. Consequently, as these data suggest, even the output voltage of the PGI
circuit can be approximately predicted by the formula (4.48) from the deduced model, and
accuracy can be increased by choosing an appropriate ratio of C,/Co.

Further experiments of the 2-stage PGI-3 circuit at D = 0.5 were also taken by changing the
ratio of C; to C,. The measured data are shown in Fig. 4.22. The curves of V-to-K and Crp-
-to-K give information that K = 1 is the optimum selection to generate a desired DC output
voltage. For instance, when V,,: = 3.6 V is considered, Fig. 4.22 shows that K = 1 gives the

minimum Crp. This observation is in accordance with the prediction of (4.58).

4.2
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the ratio of pump capacitances K = C1/C2

Fig. 4.22 Measured output voltages of a 2-stage PGI-3 circuit with a different ratio of
C] and Cz.

45 Summary

A complete equivalent model of high efficient charge pumping gain increase circuits with a
resistive load and the corresponding thorough analysis are proposed in this chapter. The

equations of this average model also have been deduced for design within an acceptable
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accuracy tolerance. By using the presented model and equations, the output behavior and the
characteristics of PGI circuits can be approximately predicted. Furthermore, the pump
capacitances and the switching period can be determined in satisfying the requirement of a
desired final output voltage with a ripple AV,. Based on the analysis presented, with a given
resistive load and a desired output voltage across it, an optimal number of pump stages and
equalized pump capacitors have been proved for the objective of minimum total pump
capacitance, which represents minimum chip size.

In addition, the influence of the duty ratio D on the output voltage and the accuracy of the
model under general clocks (D = 0.5) have been discussed. The simulation results of the
presented model and the SPICE simulations of PGI circuits exhibit satisfactory agreement on
transient behavior and the final value of the output voltage. Analysis of the measurement
results for an integrated 2-stage PGIJ=3 circuit with-tesistive load also has validated the model.
A comparison of data shows that-the relative errors are-lower than 5 %.

Since the structure of each pump stage-model is simple and regular, it is easy to construct
the complete model of a multi-stage PGl circuit: The importance of having a model like this is
not only because it increases understanding of the output behavior of PGI circuits, but it also
helps in the design procedure, giving an initial estimate of the silicon area required for pump
capacitors to be used. Furthermore, although the derivation of the model was based on a PGI
circuit, it is shown that the same design strategy can also be applied to any other improved

charge pump designs that have no voltage drop within the inner stages and the output stage.
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Chapter 5

Charge Pump Regulator Design
Based on the Proposed Equivalent
Model

5.1 Introduction

Conventional charge pump citcuits-are usually.designed to operate at a fixed pump
frequency with a rated output voltage without regulation. However, for most charge pump
applications, the output load cutrent*is often“inconstant. The output voltage generated by
charge pump circuits has to be quite accurate, independent of the current drawn by the load,
process, and environmental variations. Therefore, it is necessary to design a charge pump
regulator to guarantee the output voltage level at the different loading.

The proposed average model provides a good substitute for a practical pumping gain
increase circuit for mathematical analysis. By using the equivalent model, characterization of
pumping gain increase circuits can be performed in a pencil-and-paper manner. Therefore,
this model is helpful to plan the control scheme in arithmetic for an embodiment of the
regulator based on the pumping gain increase circuit. With an appropriate control scheme, a
desired output voltage can be obtained under changing conditions.

In this chapter, a design method of a charge pump regulator based on the proposed

equivalent model is presented for battery power applications. A design example of a 2-stage
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pumping gain increase circuit with a desired output voltage of 3 V across a resistive load is
presented with a battery power of 1.5 V. In section 5.2, basic control concepts of conventional
charge pump regulators are described. Section 5.3 gives characterization of the converter
consisting of an equivalent model and a voltage controlled oscillator (VCO). A feedback
control scheme employing a simple compensator is also described. In section 5.4,
time-domain simulations of the model case and of the practical regulator in transistor level are
presented for verification. Consequently, according to the design procedure, a charge pump

style DC/DC regulator with a simple control scheme can be obtained.

5.2 Conception of Charge Pump Regulator

Fig. 5.1 illustrates a conventional boostedscharge'pump regulator, which is widely used as
program/erase voltage generators for single voltage flash memories [42]-[43]. It supplies an
inconsistent current consumed in the decoder-of flash memory, and the output voltage is
regulated to a substantial constant level' with a“finite insensitive voltage window. In Fig. 5.1,
the conventional charge pump regulator contains three separate blocks: a charge pump circuit,
an oscillator, and a low voltage detector. When the output voltage is below the rated value, the
comparator turns on the oscillator. Otherwise the comparator disables the oscillator. The
comparable signal is obtained by scaling down the output voltage from a resistive voltage
divider and comparing it to a band-gap reference voltage (Vp,). Hysteresis added to the
comparator circuit prevents for undesirable operation when the supply carries noise. By using
this control scheme, a relative constant output voltage with a variable load current can be
achieved.

In the conventional regulator, the clock blocking scheme is adopted to isolate the output

voltage level from the value of a load resistor, which determines the load current. The charge
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pump continues to charge the load capacitor during the pumping period and stops during the
blocking period. Although its average output voltage has a constant value regardless of load
resistance, a large output ripple is generated during the pumping and the blocking periods,
especially in the case of a large load current. The operation of clock blocking is shown in Fig.

5.2.
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Fig. 5.1 Conceptual schematiciof a.conventional charge pump regulator.
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Fig. 5.2 Operation of a regulated charge pump.

Another structure referred to automatic pumping frequency control scheme is exploited to
the charge pump regulator for reducing the output ripple [43]-[44]. The block diagram is
shown in Fig. 5.3. From this structure, the pump frequency is linearly determined by a
voltage-controlled oscillator (VCO). When the output voltage is detected, an error amplifier
compares the feedback output voltage (Vp) with the reference voltage (Vi) and linearly
converts the error signal to be the control signal of the voltage-controlled oscillator. Thus, the

oscillation frequency gets higher as the output voltage level becomes lower. Contrarily, the
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frequency gets lower as the output voltage level becomes higher. In this control scheme, the
pumping period would be changed automatically for supplying a constant output voltage

regardless of load current variations.
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Oscillator
] Vref

Fig. 5.3 Conceptual schematic of a charge pump regulator using an automatic pumping

frequency control scheme.

The automatic pumping frequency control scheme forms a self regulating feedback control
that regulated the pump output-voltage at the set point. In this control scheme, the most
important considerations for the regulatot design are the following:

1. The feedback and pump should ramp up sufficiently fast as a system requirement.
2. The fluctuation of pump frequency cannot cause a rate of changing at the output (up or
down) faster than the feedback comparator delay.

To achieve these goals, the close-loop function of the regulator must have sufficient phase
margin to ensure stability. The proposed averaged model, which can follow the behavior of
pumping gain increase circuits, is useful to develop open-loop transfer functions G(s) between
the control parameter and the output. Thus, the feedback control and the compensation can be

simply added in the system to alter the phase behavior and to improve the margins.
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5.3 Design Procedure of Charge Pump Regulator

In this chapter, a design example of the charge pump regulator based on the proposed
equivalent model is described. The kernel of the charge pump regulator consists of a
voltage-controlled oscillator and a two-stage pumping gain increase circuit as shown in Fig.
5.4. The supply voltage Vpp is 1.5 V and V¥, and f; are the input control voltage and the output
pump frequency of the voltage-controlled oscillator, respectively. In the example, the
regulator utilizes the automatic pumping frequency control scheme to generate an desired
output voltage of 3 V at the range of load current from 30 pA to 120 pA [10], [33], [45]. After

compensation, the phase margin would exceed 60° which guarantees stable operation.

Voo

Y
O
0
@

; Y,
ve— vco |- —

Fig. 5.4 Conceptual'block diagram-of a charge pump converter.

5.3.1 Analysis of Two-Stage Equivalent Model

Based on the analysis mentioned in chapter 4, the equivalent model of a two-stage pumping
gain increase circuit is given in Fig. 5.5. The standard load resistance Ry is selected to 50 kQ
for a load current of 60 pA. Considering chip size and therefore cost, the value of each pump
capacitor is limited to 100 pF where the die size of the capacitor is 0.225 mm® in a TSMC
0.35 um mixed mode process. From (4.57), the best choice of the ratio of C; and Cy is K =1,
so that C; = C, = 100 pF. In this case, from (4.58), a theoretical center pump frequency f;. can
be set to 800 kHz. In addition, the output capacitance Co is selected to 375 pF for the output
ripple of 0.2 V from (4.49). Table 5.1 summarizes the design parameters of this two-stage

pumping gain increase circuit.
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Fig. 5.5 Two-stage equivalent model.

Table 5.1 Parameters used in the design example.
Parameter Value
Pump Stage Number (V) 2
Supply Voltage (Vy) 1.5V
Pump Clock Voltage (V5) 1.5V
Center Pump Frequency (f.) 800 kHz
Resistive Load (Ry) 50 kQ
Output Voltage (Vo) 3.0V
Load Current (Z;) 60 LA
Output Ripple (AV,) 0.2V
Output Capacitance (Co) 375 pF
Pump Capacitor (C) 100 pF
Pump Capacitor (C,) 100 pF

T 1

S

' ac

1

_ C+C,

S

R = =
'T20,G/(C+C,) 2£.CC,

T, 1

S

R, =——=
M0, 2fC,

By using these design parameters, the equivalent resistance of each pump stage is obtained

(5.1)

(5.2)

(5.3)

When the pumping gain increase circuit achieves the steady state, capacitors can be consid-

ered open and the output voltage is obtained by scaling down the source voltage (V4 + 2V5) by

the voltage divider of the equivalent resistance as shown in Fig. 5.6.
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Fig. 5.6 Steady state equivalent circuit.

From (5.1) to (5.3), it can be seen that the resistance is inversely proportional to the pump
frequency f.. By decreasing pump frequency, all of the equivalent resistance would be
enlarged so that the output voltage decreases. To the contrary, the output voltage increases.
Fig. 5.7 shows the dependence of the output voltage on the pump frequency under different
resistive loads. To keep the desired output voltage of 3 V, the pump frequency has to be
increased to 1.6 MHz in the condition of R, = 25 kQ and decreased to 400 kHz in the
condition of Ry = 100 kQ. Therefore, variations of the pump clock frequency from the
voltage-controlled oscillator must”be larger than the range of 400 kHz to 1.6 MHz, which
guarantees an output voltage of 3 V at variable resistive load of 25 kQ to 100 kQ.

In Fig. 5.7, the output voltage has nonlinear oscillator frequency dependence especially at a
resistive load of 100 kQ. Obviously, increment or decrement of the output voltage resulted
from the frequency fluctuation around a low central frequency would be larger than that
around a high central frequency. The dependence of the output voltage variation on the
specific central frequency under different resistive loads is summarized in Fig. 5.8 and Table
5.2. This output voltage variation also can be considered as a circuit gain at a specific central
frequency. In the standard case of R = 50 kQ and f; = 800 kHz, it can be seen that the mean
variance of the output voltage (AV)) is about + 0.13 V when the frequency fluctuation (Af) is +
100 kHz. Although a lower central frequency has a better regulating ability, it results in a

larger output ripple and longer response time. In the example case, f; is set to 800 kHz, which
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is a trade-off setting according to loading conditions and the characteristics of the pumping
gain increase circuit. In addition, the setting of the central frequency is a decisive factor for

designing the linear operating range of the voltage-controlled oscillator.

45
4
33
3
E 25
=]
£ 2 SR
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0
0 500 1000 1500 2000 2500
Js [kHz]

Fig. 5.7 Dependence of the output voltage (Vs on the pump clock frequency (f;)

under different resistive loads.
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Fig. 5.8 Dependence of the regulating ability on the central frequency (f;) under
different resistive loads, where the mean variance of the output voltage (AV7) is resulted
from the frequency fluctuation (Af'= 100 kHz) around a specific central frequency.
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Table 5.2 Performance summary of the equivalent model.

out — 3 V
Resistive Load (Ry) 25 kQ 37.5kQ 50 kQ 75 kQ 100 kQ
Load Current (1) 120 pA 80 HA 60 pA 40 pA 30 A
Central Frequency (f;) 1.6 MHz 1.067 MHz 800 kHz 533.3 kHz 400 kHz
Mean Output Variance (AV))
(Frequency Fluctuation: 100 kHz) 63 mV 102 mV 126 mV 210mv 257 mV

100m

1000

output voltage variation [Log]

100n |

T
100 1k 10k 100k
Frequency (log) (HERTZ) 10x

10

Fig. 5.9 Magnitude response of the equivalent model, where Ry = 50 kQ, Co = 375 pF,
f. = 800 kHz, and the magnitude fluctuation of the input small signal Af'= 100 kHz.

From the AC small-signal simulation, the magnitude response of the equivalent model is
obtained as shown in Fig. 5.9, where Ry = 50 kQ, Co = 375 pF, f. = 800 kHz, and the
magnitude fluctuation of the input small signal Af' = 100 kHz. It can be thought that f; is
analogous to the input DC operating point of the normal small-signal analysis, and Af is
analogous to the magnitude of the AC source. Thus, the AC small-signal frequency indicates
the variation speed of the equivalent resistor which results in the output voltage undulation. In
this case, the simulation result reveals the magnitude response which is about 125 mV in the

low-frequency fluctuation, and the dominant pole frequency of the pumping gain increase
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circuit referred to @pcpe) 1s about 6 kHz. It is apparent that this dominant pole is primarily
influenced by the output node with Ry and Cp. Furthermore, the other circuits’ poles should be
designed to have at least a decade higher frequency than wpcpc) in order to avoid interacting

on each other in the regulator system.

5.3.2 Analysis of Voltage-Controlled Oscillator

The voltage-controlled oscillator is used to provide clock signal at the certain frequency for
the charge pump. From the discussion on the section 5.3.1, the design considerations of the
voltage-controlled oscillator are the following: the operating frequency requires exceeding the
range of 400 kHz to 1.6 MHz, and the center frequency requires setting to 800 kHz.

The kernel of the voltage-controlled oscillator used in this work is a source coupled
multivibrator, which represents the CMOS version. of a well-known bipolar emitter-coupled
multivibrator [46], [50]. This circuit topology has been widely used in applications involving
waveform generation, such as veltage-controlled oseillators for phase-locked loops (PLLs),
because of the low count of active’components. The conceptual representation of the basic
operation is shown in Fig. 5.10(a) and (b) [47]-[49]. Assume the currents /; and /, are equal to
Ip, and the circuit is already at one of its two stable states, for which transistor M1 is ON. As a

consequence, the voltage at node X is fixed as

Vi =Voo =R (I, +1,) =V, — R (21,) (5.4)
Complementary, transistor M2 is OFF, and current /, directly discharging the timing capacitor
Ciime decreases Y node voltage. Therefore, M2 will maintain its OFF state until voltage V) is
large enough for conduction. As a result, the gate of transistor M1, which was initially at Vpp

due to the lack of current flowing through R,, changes to a lower voltage given as

V,Ml:VDD_R2(11+12):VDD_R2(2]D) (5.5)

g

which toggles its state. As a consequence M1 turns off and the process repeats again. Note
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that the effect of asymmetrical current /; and /I, results in different slopes of capacitor voltage

charge, therefore providing a duty cycle different from 50%.

V[)D VDD

T Bl
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(a) (b)

Fig. 5.10 Conceptual representation of the basic source coupled multivibrator operation.

Vo

Fig. 5.11(a) shows a schematic of a source. coupled multivibrator, and the simplified
schematic shown in Fig. 5.11(b) is helpful in illustrating the oscillator operation and
determining the oscillator frequéney. Cross-coupled transistors M1 and M2 operate as
switches and provide the oscillation feedback. The discharge transistors M5 and M6 behave as
two current sources sinking a current /p. The charging currents for each branch of the
oscillator are supplied by M3 and M4, which pull the output to Vpp. If M1 is on and M2 is off,
the drain of M2 is pulled to Vpp by M4 and this is the high voltage level of V. Since the gate
of M1 is at Vpp, the source and drain of M1 are approximately (Vpp — Vinmi1) and this is the
low voltage level of V. In addition, V7, referred to the gate voltage of M2 is held at the
voltage (Vpp — Vinmi) through M1 until M2 turns on and M1 turns off. Initially, at the moment
when M1 turns on and M2 turns off, point Y tracing the drain voltage of M2 is Vpp. Afterward
the current I through Ciime causes point Y to discharge down toward ground. When point Y
gets down to (Vpp — Viami — Vinmz2), M2 turns on and M1 turns off. As a consequence Vo gets

down to its low voltage level (Vpp — Vinmz) and VO pulls to its high voltage level Vpp.
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The wave forms at the points X, Y, Vo, and V_O are shown in Fig. 5.12 for continuous time

4

tn,M2

=V,

tn 2

operation. Assuming that V,

M1 = Vo and V, are out of phase with the same

voltage swing range from (Vpp — Vin) to Vpp. Since the oscillator output signals are not yet
digital, the oscillator requires a buffer, possibly an inverter or self-biased differential amplifier

to restore CMOS logic levels.

T Vop

— M1 M2
Vo Vo (on):”_><_“: (off)
M1 ]l—: i—|[ M2 20, l

X I ICtime Y X I ICtime Y
o
P e e @ ok
L &N L enp
(a) (b)

Fig. 5.11 (a) Schematic of'a sourcercoupled multivibrator. (b) Simplified schematic of

source coupled multivibrator, where M1 is on ahd M2 is off.
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Fig. 5.12 Voltage waveforms of the source coupled multivibrator.

Furthermore, the voltage at point Y changed an amount of (Vinam1 + Vinmz2) before switching

took place. The time takes point Y to change (Vinmi + Vinmz) 1S given by
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I/vm,Ml + I/m,MZ ) C

( e
A= d (5.6)

D

Since the circuit is symmetrical, two of these discharging times are needed for each cycle of

the oscillator. When V, \\, =V, \, =V, , the frequency of oscillation is given as
1 I,
= = 5.7
f; 2At 4Ctime I/tn ( )

Briefly, the oscillation frequency of the source coupled multivibrator is proportional to the
value of the charging current and inversely proportional to the value of the floating timing
capacitor Cime. In other words, the oscillation frequency is determined by the charging and
discharging slopes of Ciime. Referring to Fig. 5.11, the total current supplied to the oscillator is
21p, but only one-half of the total current contributes to the charging current of Cijye. The rest
current does not affect the operating speed and thus it becomes a waste in terms of the power
consumption. However, its current operation scheme provides a broad frequency control
range.

The direct implementation of the previous voltage-controlled oscillator at transistor level is
depicted in Fig. 5.13. The whole circuit is realized by three functional blocks: the main source
coupled multivibrator determining the oscillation frequency, the input bias circuit supporting a
control bias voltage to change the charging current of Cime, and the output buffer providing
the logic operation with a large driving ability. Fig. 5.14 shows the simulation results of the
output frequency with different input control voltage V., where Ciime = 3 pF and Vpp = 1.5 V.
The operating frequency range is observed from 60 kHz to 4.2 MHz, which is larger than the
required range specified in section 5.3.1 (400 kHz to 1.6 MHz). The center frequency is
obtained at 800 kHz while V. is 1.0 V. A limited adjustable range of V. is observed from 0.6 V

to 1.5 V because a small supply voltage Vpp is used.
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Fig. 5.13 Overall schematic of the voltage-controlled oscillator circuit.
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Fig. 5.14 Oscillation frequency (fs) versus input control voltage (V).

5.3.3 Analysis of a Modeling Charge Pump Converter

As shown in Fig. 5.5, the input pump clock signals of the equivalent model are separated
into the clock magnitude (V) and the clock frequency (f;) which determines the equivalent
resistance of each pump stage. Therefore, for combining the voltage-controlled oscillator with
the equivalent model as a charge pump converter shown in Fig. 5.4, the characteristic between

the oscillation frequency (f;) and the input control voltage (V) must be formularized.
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Using a piecewise linear function in SPICE simulation, the characteristic of the voltage-

controlled oscillator illustrated in Fig. 5.14 can be converted to a function as
L=+ =f(V.+v,) (5.8)

where f; is the output pump clock frequency, f; is the center frequency under an input DC
operating voltage V. = 1V, and Af is the fluctuation frequency in response to a small signal
variation v.. By connecting this SPICE function with the equivalent model, the relationship
between the input V, and the output Vo, of the charge pump converter with different output
resistive load can be obtained as shown in Fig. 5.15. Without the control feedback loop, the

output voltage is decided by a fixed input control voltage V. and an assigned resistive load R;.
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Fig. 5.15 Output voltage V,: versus input control voltage V., where Vpp=V,=1.5V,
and Cp =375 pF.

Fig. 5.16 shows the dependence of the mean variance of the output voltage (AV)) on the
input operating voltage (V.) and the resistive load Ry under the condition of v = 50 mV. In the
case of Ry = 50 kQ, AVyis about 215 mV while V. =1 V and v. = 50 mV. From Fig. 5.14, it

can be seen that when R = 50 kQ, V. =1V, and v, = 50 mV, the frequency fluctuation (Af) is

104



about 200 kHz. Thus, the result accords with the conclusions in Fig. 5.8 and Table 5.2, which
represent AV is about 0.126 V as Af'= 100 kHz. Furthermore, from Fig. 5.16, it can be
predicted that the assignment of the input operating voltage (V.) affects the small-signal gain
of the charge pump converter. The highest gain would occur at V, = 0.7 — 0.9 V under
different resistive loads, but a higher gain might result in a worse phase margin in the whole

close-loop system.
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Fig. 5.16 Dependence of the mean variance of the output voltage (AV)) on the input
operating voltage (V.), where v, = 50 mV.

By using the standard design parameters summarized in Table 5.1, the frequency response
of the modeling charge pump converter is shown in Fig. 5.17, where V=1 V and R = 50 kQ.
The simulation results reveal the low-frequency gain is about 11.5 dB (3.8x), and the
dominant pole frequency of this modeling converter referred to wpmc) is about 6 kHz. The
performance characteristics of this modeling converter under different resistive loads are

summarized in Table 5.3.
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Fig. 5.17 Bode plot of the modeling converter, where V. =1 V and Ry = 50 kQ.

Table 5.3 Performance summary of.the charge pump converter.

Ry 25kQ 37.5 kQ 50 kQ 75 kQ 100 kQ
12.8.dB 12.26 dB 11.5dB 9.84 dB 8.36 dB
Low Frequency Gain
(4.36%) (@1%) (3.75%) (3.1%) (2.62%)
Bandwidth 10.4 kHz 7.1 kHz 5.38 kHz 3.62 kHz 2.73 kHz
Unit Gain Frequency 41.53 kHz 27.47 kHz 19.2 kHz 10.62 kHz 6.6 kHz
Dominant Z ole Frequency |14 54 11, 7.15 kHz 5.41 kHz 3.63 kHz 2.74 kHz
p(mc)

5.3.4 Charge Pump Regulator for Open-Loop Test

To establish a simple charge pump regulator, an automatic pumping frequency control
scheme shown in Fig. 5.3 is adopted. In this feedback loop, the difference between a divided
output voltage and a reference voltage is detected and amplified by an error amplifier for
adjusting the pump clock frequency of the voltage-controlled oscillator, and then the output
voltage would be regulated. When the divided output voltage is below the reference value, the
pump clock frequency gets higher for increasing the output voltage. On the contrary, the

pump clock frequency gets lower for decreasing the output voltage.
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In the presented design example, the performance of a basic two-stage MOS operational
amplifier is adequate to be adopted as the error amplifier [50]-[52]. Table 5.4 shows the
characteristics of the designed two-stage MOS amplifier. By using a negative feedback on the
designed two-stage operational amplifier to obtain an accurate close-loop gain of 29.5 dB
(30%) and to extend the bandwidth to 1 MHz, the dominant pole frequency of the error
amplifier would be high enough to avoid interacting on the converter’s dominant pole, which
is about 2.7 kHz — 10.5 kHz shown in Table 5.3, and the bandwidth would be sufficiently
large for the pumping gain increase circuit operation. Fig. 5.18 shows the frequency response

of the designed error amplifier.

Table 5.4 Characteristics of the designed two-stage MOS operational amplifier.

Supply Voltage 1.5V
Open-Loop Gain 46 dB

Phase Margin 77°
Bandwidth 100 kHz
Unit-Gain Frequency. 30 MHz
Slew Rate (R = 1 kQ; Cr =20 pF) 1.2 V/ps
Output Swing ImV-15V
CMRR 60 dB

PSRR 60 dB
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Fig. 5.18 Bode plot of the designed error amplifier with a low supply voltage Vpp=1.5 V.

Before trying to design a close-loop control.of the.charge pump regulator as shown in Fig.
5.3, it would be helpful to analyze the open-loop behavior. Fig. 5.19 shows the open-loop test
of the regulator example, where ‘the feedback 'degenération resulted from a resistive voltage
divider (R; and R;). From this figure, ‘tests ‘of the input-output behavior by imposing a
small-signal (v,) in the source voltage (V},) with different resistive load will be performed.

Results of these tests are illustrated in Table 5.5.

feedback degenerator  Voltage follower error amp charge pump converter
-9.54 dB (x1/3) 0dB (x1) 29.5 dB (*30) 11.5 dB (x3.8)
CRD - A

M + ) - v | | vco | | cpc Vourtvo ~
R | RN "] function | | model { -

Vae 2 R;

- Vie
) | IS

Loading

Fig. 5.19 Charge pump regulator for open-loop test.
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Table. 5.5 Results of the open-loop tests, where C;= C, = 100 pF, Co = 375 pF.

resistive load | reference voltage bandwidth unit-gain frequency open-loop gain dominant pole
Ry Viet BW UGF Ay =V ! Vg Opopen)

1.1V 10.57 kHz 186.3 kHz 31.6134 dB
1.0V 10.57 kHz 194.1 kHz 32.3006 dB
09V 10.57 kHz 201.7 kHz 32.9879 dB

25 kQ 10.71 kHz
0.8V 10.57 kHz 192.5 kHz 32.2794 dB
0.7V 10.57 kHz 165.8 kHz 30.0865 dB
0.6V 10.54 kHz 109.1 kHz 24.8199 dB
1.1V 7.27 kHz 142.5 kHz 30.7000 dB
1.0V 7.27 kHz 152.0 kHz 31.7012 dB
09V 7.27 kHz 169.9 kHz 33.4893 dB

37.5kQ 7.32 kHz
08V 7.27 kHz 169.7 kHz 33.5484 dB
0.7V 7.27 kHz 151.9 kHz 32.0272 dB
0.6V 7.26 kHz 104.2 kHz 27.4494 dB
1.1V 5.554 kHz 112.4 kHz 29.6425 dB
1.0V 5.554%Hz 122.4 kHz 30.8505 dB
09V 5:554 KHz 145.3kHz 33.4116 dB

50 kQ 5.58 kHz
08V 5.554 kHz 1508 kHz 34.0469 dB
0.7V 5.553 kHz 139.5 kHz 33.0717 dB
0.6V 5.548 kHz 99:32°kHz 29.0857 dB
1.1V 3.799 kHz 74.27 kHz 27.6680 dB
1.0V 3.799 kHz 83.44 kHz 29.0717 dB
09V 3.799 kHz 109.6 kHz 32.6364 dB

75 kQ 3.81 kHz
0.8V 3.799 kHz 121.2 kHz 34.0906 dB
0.7V 3.799 kHz 118.8 kHz 33.9835dB
0.6 V 3.797 kHz 90.27 kHz 31.0084 dB
1.1V 2.908 kHz 51.69 kHz 25.9767 dB
1.0V 2.908 kHz 59.38 kHz 27.4589 dB
09V 2.908 kHz 85.20 kHz 31.6702 dB

100 kQ 2.916 kHz
08V 2.908 kHz 99.47 kHz 33.6901 dB
0.7V 2.908 kHz 101.9 kHz 34.1432 dB
0.6V 2.907 kHz 82.39 kHz 32.0586 dB
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The data presented in Table 5.5 support a trend about the mean variance of the output
voltage, which also implies the loop gain, in Fig. 5.16. Since the worst phase margin generally
comes with the highest loop gain, it can be predicted that the worst case of phase margin
would occur at R = 100 kQ and Vs = 0.6 V — 0.7 V, which has a maximum open-loop gain.
To confirm the stability of all the other cases, the phase margin of this worst condition must
exceed 45° through a compensator design in the complete close-loop system. Consequently,
instability should never occur.

Besides, from Table 5.5, the dominant pole frequency wp(open), Which is primarily influenced
by the output node with Ry, and Co, increases as the resistive load decreases and is located in
the range from 2.9 kHz to 10.7 kHz. Since the other pole frequency is much higher then 10

kHz, the system characteristics are dominated by the output load.

5.3.5 Frequency Compensation of Charge Pump Regulator

Figs. 5.20 and 5.21 show the close=loop-charge pump regulator without compensation and
its conceptual signal-flow diagram;-tespectively. Basis for the data of the open-loop tests
shown in Table 5.5, characterization of the close-loop system can be performed in a pencil-
and-paper manner. In the standard design example of R = 50 kQ and Ve =1V, it can be
thought that the regulator has a open-loop gain A4, given as

A =A4x4,=114 (5.9

where A, is the converter gain of 3.8 and A, is the amplifier gain of 30. The output is fed to
the load as well as a feedback network, which produces a divided output voltage. This divided
voltage is related to the output voltage by the feedback factor £ of 1/3. From the feedback

theory, the gain of this feedback regulator can be obtained as

4, U4 592-93dB (5.10)

1+4,5 L4

In (5.10), the close-loop gain is almost entirely determined by the feedback network which is
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constructed by a resistive voltage divider.

Charge Pump Converter

Error Amp 11.5 dB (3.8x)
29.5 dB (30%)
Vo | VCO _ CPC Voutvo -
"] function | | model T

Vref

|l

R, Loading

Voltage Follower Feedback Degenerator
0dB (1%) -9.54 dB (1/3x%)

Fig. 5.20 Close-loop charge pump regulator without compensation.

Error Amp L Converter »| Loading

Source A,=30 AS3S8

B=1/3 |

Fig. 521 Conceptual signal-flow diagram of the close-loop charge pump regulator

without compensation.

Consider the dominant pole frequency of the open-loop system mentioned above, the 3-dB
frequency (wpr) in the close-loop system is increased by a factor equal to the amount of

feedback (1+4,6) and can be given as

Oy = Doy X (14 4,8)=39% @, .,

(5.11)

Thus, the bandwidth of this feedback system under different resistive load is increased and
can be predicted to the range from 113 kHz to 417 kHz. Since the lowest pump clock

frequency from the voltage-controlled oscillator is about 60 kHz, the extended bandwidth of
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this feedback system is too high to regulate the output voltage accurately. In addition, wpr at
high frequency would substantially decline the phase margin.

Furthermore, since wpr is determined by ®ppen) and the loop gain 4.6, the first and the
second pole of the close-loop system are brought closer together when ®popeny and the open
loop gain A, are increased. A value of ®popen) 1S reached at which the poles become coincident.
If wp(open) 1 further increased, the poles become complex conjugate and move along a vertical
line in a root-locus diagram. As shown in Fig. 5.22, the uncompensated close-loop response
can show a peak as a general case of second-order response. The characteristic equation of a

second-order network can be written in the standard form:
1)
sS+s—2+w, =0 (5.12)

and the Q factor for the poles of the feedback loop is given as

(+4,pw,0,,
Q=\/ 1%

W, +o,,

(5.13)

From the open-loop data on Table 5.5, the open-loop gain 4, and dominant pole ®popen) are
increased by decreasing the resistive 1oad Ry 'as Vier = 1 V. Replacing the data into (5.13), it
can be obtained that as Ry is decreased at Vi = 1 V, the Q factor and the response gain peak
will become higher as shown in Fig. 5.22(a).

From above discussion, the uncompensated regulator may result in unstable operation and
unexpected response gain peaks of the system. To overcome these problems, a compensator is
added to the close loop for limiting the bandwidth to about 6 kHz, which is tenfold lower than
the lowest pump clock frequency, and increasing the phase margin. From (5.11), a new pole is
introduced by the compensator at about 154 Hz to achieve the close-loop bandwidth of 6 kHz.
Since this new pole is not distant from ®ppen), Which is at 2.9 kHz to 10.7 kHz according to
the resistive load, the phase margin will be further reduced. Thus, a new zero is demanded to

cancel this open-loop dominant pole.
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Fig. 5.22 Magnitude response of the uncompensated regulator: (a) with Viee=1V
under different resistive load, and (b) with Ry = 50 kQ under different reference voltage.

As shown in Fig. 5.23, an RC low-pass filter, which is one of the simplest phase-lag
controllers, is used to introduce a new pole and a new zero for compensating the charge pump

regulator. The transfer function of this RC low-pass filter is given by

1
R,+—
G.(s)= —RaCestl o (5.14)
(R, +R)C s+l 1 '
( cl c2) c RCI+RCZ+?
S

c

From (5.14), the zero frequency fiz and the pole frequency fpp can be obtained as

1
- 5.15
Sz 27R.,C. 613
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1
2z(R,+R,)C,

Jor (5.16)

In the open-loop analysis, the lowest phase margin is anticipated on the conditions of Ry =
100 kQ and Vs = 0.6 V — 0.7 V. By adjusting the RC values of the compensator, the phase
margin of this worst condition is improved to exceed 60° with fi;z = 10 kHz and fpp = 150 Hz.
Fig. 5.24 shows the compensated frequency response for Ry, = 100 kQ with different reference
voltages. All simulation results are illustrated in Table 5.6. It can be seen that the phase
margin of all cases is higher than 60° , which is the worst phase margin in the compensated
system. Thus, stability is guaranteed. According to the reference voltage, the close-loop

bandwidth is about 4 kHz - 9 kHz, which is moderate in regulation.

Compensator Charge Pump Converter
29.5 dB (x30) 11.5 dB (x3.8)
, + Ra ive| | vco | | cec Vaurtvo %
v o Y | function | | model -
ref AN _
Ra
) ST i
| R, Loading
+ VW
j £
 Feedback Network
-9.54 dB (x1/3)

Fig. 5.23 Close-loop charge pump regulator with compensation.
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Table. 5.6 Results of the compensated close-loop tests.

resistive load reference voltage bandwidth unit-gain frequency | close-loop gain phase margin
Ry Viet BW UGF Ay PM

1.1V 4.603 kHz 12.03 kHz 9.4767 dB 97.3431°
1.0V 5.590 kHz 14.52 kHz 9.5424 dB 95.3750°
09V 6.742 kHz 17.43 kHz 9.6090 dB 93.1298°

ke 08V 7.923 kHz 20.44 kHz 9.6847 dB 90.5837°
07V 8.545 kHz 22.08 kHz 9.7519 dB 88.2607°
0.6V 9.111 kHz 23.44 kHz 9.8508 dB 82.0463°
1.1V 5.258 kHz 10.97 kHz 9.5040 dB 86.5681°
10V 6.727 kHz 13.69 kHz 9.5836 dB 84.9926°
09V 7.453 kHz 15.10 kHz 9.6289 dB 84.2440°

37.5 kQ

08V 8.759 kHz 17.73 kHz 9.7072 dB 82.7443°
07V 8.989 kHz 18.25 kHz 9.7653 dB 81.5444°
06V 9.553 kHz 19.37 kHz 9.8653 dB 76.6006°
L1V 5.287 kHz 9.711 kHz 9.5062 dB 79.4094°
1.0V 6,643 kHz 11.96 kHz 9.5877 dB 78.5024°
09V 8.001 kHz 1438 kHz 9.6577 dB 77.9077°

ke 0.8V 8.384 kHz 15.12 kHz 9.7101 dB 77.4834°
0.7V 8.935'kHz 16.20 kHz 9.7774 dB 76.3979°
06V 9.048 kHz 16.40 kHz 9.8684 dB 72.5602°
1.1V 5.262 kHz 8.496 kHz 9.5292 dB 69.5187°
1.0V 6.565 kHz 10.53 kHz 9.6138 dB 69.5043°
09V 7.011 kHz 11.27 kHz 9.6523 dB 69.5820°

75 kQ
0.8V 7.633 kHz 12.34 kHz 9.7170 dB 69.5921°
0.7V 7.930 kHz 12.89 kHz 9.7796 dB 68.9982°
0.6V 7.890 kHz 12.83 kHz 9.8671 dB 65.9300°
1.1V 4.896 kHz 7.466 kHz 9.5313 dB 63.0735°
1.0V 5.932 kHz 9.022 kHz 9.6110 dB 63.3800°
09V 6.541 kHz 9.984 kHz 9.6610 dB 63.7818°

100 kQ
08V 6.877 kHz 10.54 kHz 9.7168 dB 63.8780°
07V 7.118 kHz 10.96 kHz 9.7791 dB 63.4803°
06V 7.000 kHz 10.79 kHz 9.8636 dB 60.7666°
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5.4 Time-Domain Simulation Results of Charge Pump Regulator

5.4.1 Transient Responses of the Modeling Charge Pump Regulator

In section 5.3, a design example of charge pump regulator based on the proposed
equivalent model is presented. The time-domain characteristics of this regulator are
represented by the transient and the steady-state responses of the system when certain test
signals are applied. Short disturbances or impulse inputs might alter the output temporarily,
but the regulator will return to the desired operating point.

The transient performance of the compensated regulator is characterized by changing the
resistive load Ry and the reference voltage Vs as different step inputs. Since Vi is related to
the output voltage by the feedback factor £ of 1/3, the regulating output voltage should be
triple as large as the voltage of V¢ Thus, inithe'standard case of R = 50 kQ and Vier= 1V, the
simulated output voltage is 3.0002 V, which is very close to the ideal value of 3 V. Its
percentage of error is about 0.007%, which-displays the accuracy of the regulator in the
standard case.

Fig. 5.25(a) shows the output waveform when Ry is changed from 50 kQ to 100 kQ at a
certain moment with Vs = 1V. The final output voltage is 3.0157 V for the error of 0.52%,
and the response time is about 0.165 ms. Fig. 5.25(b) shows the output waveform when Ry is
changed from 50 kQ to 25 kQ with Vs = 1'V. The final output voltage is 2.981 V for the error
of 0.63%, and the response time is about 0.408 ms. Results of several different tests are
illustrated in Table 5.7. It can be obtained that the response time would be extended by
increasing the amount of resistive load variation (ARL). In other words, a large response time
is caused by a large fluctuation in the pump frequency for achieving the steady-state. It also
can be seen that the response time resulted from the condition of decreasing Ry is larger than

that of increasing R; with the same amount of resistive variation. For example, from Table 5.7,
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when the resistive load is reduced from 50 kQ to 25 kQ at Viee = 1V, the response time is
about 0.408 ms. It is larger than the response time of 0.177 ms, which is reacted by increasing
Ry from 25 kQ to 50 kQ. In addition, the reference voltage also brings about the change of the

transient performance. A higher Vi will cause a rise of the response time.

Valtages (lin)

Valtages (in)

Time {lin) (TIME)
(b)
Fig. 5.25 Transient output response of the compensated regulator with a resistive load

variation at Ve = 1V. (a) Ry is changed from 50 kQ to 100 kQ. (b) Ry is changed from 50
kQ to 25 kQ.

Table. 5.7 Results of the resistive load variation tests.

. . Response Time Response Time Response Time
Initial Ry Final Ry at V= 0.8 V at V=10V at V=12V
50 kQ 0.161 ms 0.177 ms 0.205 ms
25 kQ
100 kQ 0.309 ms 0.305 ms 0.315 ms
25kQ 0.255 ms 0.408 ms 0.663 ms
50 kQ
100 kQ 0.164 ms 0.166 ms 0.196 ms
25 kQ 0.419 ms 0.589 ms 0.722 ms
100 kQ
50 kQ 0.182 ms 0.241 ms 0.409 ms
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Furthermore, it is informative to observe the system behavior by changing the reference
voltage Vi.r as a step input. Fig. 5.26 (a) and (b) show the output waveforms corresponding to
Vier changed from 1 V to 1.2 V and changed from 1 V to 0.8 V, respectively, at a certain
moment with the standard case of R = 50 kQ. The steady state of the regulating output
voltage would be very close to 3V, by the feedback factor § of 1/3. From these figures, it can
be seen that the output approaches the final value without any oscillations and overshoot.
These responses can be considered as overdamped cases of a second-order system, where the
damping ratio ¢ >0.707.

All various levels shift in the reference voltage with different Ry are tested, and the results
are summarized in Table 5.8 and Table 5.9. Table 5.8 illustrates the response information with
respect to Vs changed from a fixed voltage of 1 V under different R, and Table 5.9 shows the
results with respect to V;.r changed from different voltage level with the standard R of 50 kQ.
It can be seen that a large response. time is caused, by a large increment or decrement of the
reference voltage (AV.s). Besides, theiresponse-time resulted from the condition of increasing
Vet 1s larger than that of decreasing ¥ ogwith the same shifted amount of the reference voltage.
For example, when V¢ is reduced from 1 V to 0.8 V at Ry = 50 kQ, the response time is about
0.134 ms. It is smaller than the response time of 0.209 ms, which is reacted by increasing Vier

from 0.8 V to 1 V. In addition, a smaller R, will cause a rise in the response time.
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Fig. 5.26 Transient output response of the compensated regulator with a reference
voltage variation at Ry, = 50 kQ. (a) Veeis changed from 1 V to 1.2 V. (b) Vs is changed

from1 Vto 0.8 V.

Table. 5.8 Results of the reference voltage variation tests with respect to Vir centered at 1V

with different resistances of R;.

Initial AVt Ideal ¥V Final V Error Tyelay Trise OF Tray Response Time
Condition V) V) V) (%) (ms) (ms) (ms)
-02 2.4 2.3756 1.018 0.060 0.114 0.143
R =25kQ 01 27 2.6793 0.766 0.025 0.081 0.110
Vieg=1V
ol 3.3 32811 0.572 0.149 0.302 0.354
Vou = 2.98V
+0.2 3.6 3.5767 0.649 0.336 0.621 0.745
02 2.4 2.3916 0.351 0.060 0.108 0.134
R =50kQ -0.1 2.7 2.6967 0.122 0.027 0.067 0.091
P@ef:: 1\/
+0.1 33 3.3013 0.040 0.074 0.149 0.185
Vou = 3.00V
+0.2 3.6 3.5991 0.026 0.172 0.378 0.446
02 24 2.4055 0.227 0.070 0.117 0.140
R =100kQ 01 27 27111 0.413 0.034 0.063 0.082
Vieg=1V
ol 3.3 33184 0.557 0.052 0.097 0.084
Vou = 3.02V
+0.2 3.6 3.6189 0.524 0.113 0.221 0.266
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Table 5.9 Results of the reference voltage variation tests with respect to Vi changed from

different center voltage levels with the standard Ry, of 50 kQ.

Initial AVier Ideal V, Final V Error Tdelay Tise OF Tt Response Time
Condition V) V) V) (%) (ms) (ms) (ms)
+0.1 2.7 2.6968 0.118 0.040 0.083 0.110
Viet= 0.8V +0.2 3.0 3.0005 0.017 0.093 0.177 0.209
Vour = 2.39V +0.3 33 3.3015 0.045 0.150 0.312 0.368
+04 3.6 3.591 0.250 0.306 0.463 0.619
-02 2.4 2.3916 0.351 0.060 0.108 0.134
Vieg= 1V -0.1 2.7 2.6967 0.122 0.027 0.067 0.091
Vou = 3.00V +0.1 33 3.3013 0.040 0.074 0.149 0.185
+0.2 3.6 3.5991 0.026 0.172 0.378 0.446
-0.4 2.4 2.3915 0.356 0.160 0.241 0.285
V=12V -03 2.7 2.6966 0.126 0.122 0.190 0.227
Vour = 3.60V -0.2 3.0 3.0004 0.015 0.081 0.140 0.176
-0.1 33 3.3014 0.042 0.037 0.099 0.132

Further analysis of the data insTable-5.7 to 5.9 indicates that the response time might be

increased if the operating pump frequency is required to increase for reaching the final steady

state. Thus, a large increment of Ve Or-a large decrement of Ry as a step input requires large

time for the response to reach and stay ‘within a range about the final value. From the

simulation, the largest response time about 0.864 ms occurs in the condition of Vs changed

from 0.8 V to 1.2 V at Ry, = 25 kQ. Based on the design procedure mentioned above,

transient-response specifications can be summarized in Table 5.10.
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Table 5.10 Transient-response specifications.

Supply Voltage 1.5V
Standard Resistive Load 50kQ
Standard Reference Voltage v
Standard Output Voltage 3.0V
Standard Output Current 60pA

Allowable Variation Range of Resistive Load 25kQ to 100kQ

Allowable Shift Level of Reference Voltage 0.8Vto 1.2V
Allowable Range of Output Voltage 2.4V to 3.6V
Allowable Range of Output Current 24pA to 144pA
Maximum Response Time <0.9ms
Maximum Percentage of Error <2%

Start-Up Time <2ms

5.4.2 Transient Responses of the Practical Charge Pump Regulator

A simple implementation of the practical . compensated charge pump regulator in transistor
level is shown in Fig. 5.27. The citcuit is simulated m a TSMC mix-mode 0.35 pm CMOS
process technology. All design parametets of the practical circuit are in complete accord with
those of the modeling design example mentioned above. Table 5.11 shows the simulated
average output voltage (V,aw) and the corresponding percentage error of the practical
regulator in the steady state with different resistors and different reference voltages. The
results of the average output voltage are almost identical as those in the modeling design
example, and all percentage errors are less than 2 % when Vieris of 0.8 V to 1.1 V. The output

ripple is lower than 0.2 V with this frequency regulation method.
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Fig. 5.27 Schematic diagram of assimple compensated charge pump regulator.

Table 5.11 Simulation results of average-output voltage and the corresponding percentage

error in the steady state with different resistors and different reference voltages.

Reference Voltage R, =25kQ R, =50 kQ R, =100 kQ
Ve ave 2.387V 2423V 2442V
Vieg=0.8V -
error 0.542 % 0.958 % 1.750 %
Ve ave 2.676 V 2711V 2.736 V
Vref: 09V
error 0.889 % 0.407 % 1.333 %
Voave 2953V 2.989V 3.031V
Vref: 1.0V
error 1.567 % 0.367 % 1.033 %
Voave 3.248V 3283V 3322V
Vet=1.1V
error 1.576 % 0.515 % 0.667 %
Voave 3489V 3.527V 3.563V
V,—cf =12V
error 3.08 % 2.028 % 1.028 %
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Fig. 5.28(a) and (b) show the output waveforms when Ry is changed instantly from 50 kQ
to 100 kQ and when Ry is changed instantly from 50 kQ to 25 kQ, respectively, with Viee= 1V.
The pump clock frequency automatically decreases when the resistive load becomes lighter.
Compared with Fig. 5.25, the results obtained agree approximately with those expected. In
addition, the effects of changing the reference voltage as a step input are also tested. Fig. 5.29
(a) and (b) show the output waveforms corresponding to Vs changed from 1 V to 1.2 V and
changed from 1 V to 0.8 V, respectively, with the standard case of Ry = 50 kQ. The simulation
results agree with those obtained in Fig. 5.26. In fact, other simulation tests of the practical
regulator design under different conditions are also made, and the results confirm those of the
modeling regulator design described in section 5.4.1. Therefore, the characteristics of this

practical regulator design would correspond to the transient-response specifications given in

Table 5.10.
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Fig. 5.28 Transient output response of the practical regulator with a resistive load variation
at Vier= 1V. (a) Ry is changed from 50 kQ to 100 kQ. (b) Ry is changed from 50 kQ to 25 kQ.
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Fig. 5.29 Transient output response,of the. practical regulator with a reference voltage
variation at Ry, = 50 kQ. (a) Vier is.¢hanged from 1V to 1.2 V. (b) Vier is changed from 1 V to
0.8 V.

5.5 Summary

Based on the presented design procedure, a charge pump regulator with a frequency
compensation scheme can be implemented and the characteristics can be designed though
manual and/or computer analysis of the equivalent model. This analytical model helps to plan
a charge pump regulator and its design tradeoffs. The regulator provides a negative feedback
to the pump, insuring that the pump output will be constant, regardless of process,
environment and loading conditions. Short disturbances such as resistive load variation or
impulse inputs such as reference voltage shift might alter the output voltage temporarily, but
the regulator will return to the desired operating point.

From the design example, the proposed design procedure is verified by comparing the

simulation results of the practical regulator and analytical data from the modeling design. The
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two sets of results are found to be practically identical. Thus, the accuracy of the modeling
design has been demonstrated. Performance data are summarized in Table 5.12. It should be
noted that the allowable discrepancy in the two sets reflects a slight error in the idealization of
the model.

In addition, this charge pump regulator scheme can be built with discrete components, or be
integrated on an IC chip. In the first case, a high output voltage and large output power and
can be obtained by using power MOSFETs and large discrete capacitors. In the second case,
smaller power and output voltage can be delivered by small capacitors operating at higher

frequency.

Table 5.12 Performance summary of the regulator example.

Min. Typ. Max.
Supply Voltage 1.5V
Resistive Load 25kQ 50kQ 100kQ
Reference Voltage 0.8V 1.0V 1.2V
Output Voltage 2.4V 3.0V 3.6V
Output Current 24pA 60pA 144pA
Output Ripple 0.15V 0.2v 0.25v
Response Time <0.9ms
Error Percentage <2%
Start-Up Time <2ms
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Chapter 6

Conclusions and Suggestions

6.1 Conlusions

Nowadays, the perspective is changing. As the power supply scales down, other critical
circuits whose performances are strongly dependent on core power supply levels and
variations will require a dedicated and stabilized, supply voltage, higher or lower than Vpp.
High voltage generator is therefare one of-the key challenges of designers. In this thesis, the
discussions are focused on charge pump designs for low voltage applications.

Conventional CPCs have deficiencies such as.a large cascade stage number for a high
pump output voltage, and the saturated limitation of the output voltage. Thus, the output
voltage cannot be maintained as a linear function of the number of stages and the pumping
efficiency will be degraded as the number of stages increase further. Several modifications
have been presented and discussed in chapter 2.

In chapter 3, in order to overcome above problems, the pumping gain increase circuits are
proposed to solve the voltage drop across the MOSFET charge transfer switches in the inner
stages and the output stage caused by the threshold voltage increase problem. Thus, the output
voltage increases more linearly versus the pumping stage number. From the simulation results,
the PGI-3 circuit exhibits the best charge pumping performance among these three different
PGI circuits, and the pumping gain of PGI-3 is very close to the ideal value without the

saturation problem. The output voltage of PGI-3 can easily exceed 10 V with a 1.5 V supply
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when six pumping stages are used.

In addition, an exponential-gain structure with high voltage transfer efficiency is also
presented in chapter 3 as a further application of the PGI circuit. It can pump output voltage
exponentially in fewer voltage pump stages from a low power supply without output voltage
saturated limitation. The simulation results have shown that the exponential-folds pump
structure can be applied to produce any structure with n' architecture, such as that one can use
a 3x3 circuit to generate a boosted output above 12V from a 1.5V supply under a 0.35 um
process. A 2x2 CPC is demonstrated using this technique from a 1.5 V supply voltage. It is
conceivable that this charge pump styled voltage generator can be well suited to many types
of portable equipment that require a high voltage from a low voltage source such as one
battery cell.

In chapter 4, analysis and modeling technique-of on-chip charge pumps with a resistive
load based on pump gain increase circuits have been-proposed. The equations of the model,
which are useful for a pencil and paper design, also have been deduced for planning the
circuit to achieve good enough performance with an acceptable accuracy tolerance in the
steady state. Thus, the characteristics of PGI circuits can be approximately predicted and the
circuit parameters can be determined in satisfying the requirement. In addition, an optimized
design method for PGI circuits with a resistive load is developed in terms of the total number
of gain stages in the design and the ratio between pump capacitors.

For 1.5 V supply voltage operation, reliability and accuracy are demonstrated by
comparisons between SPICE simulations of the PGI circuit and the result of the equivalent
model. The model also has been validated by means of measurements taken from a test chip
and all the relative errors of measurements are less than 5 %. Finally, although the derivation
of the model was based on PGI circuits, it is shown that the same design strategy can also be
applied to any improved charge pump design which is able to eliminate the voltage drop

within the inner stages and the output stage as an ideal case.
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In chapter 5, the proposed equivalent model can be applied to design a charge pump
regulator which is independent of the current drawn by load variations. By using this
equivalent model, characterization of regulator can be performed in mathematical analysis
with a pencil-and-paper manner. The presented regulator adopts the automatic pumping
frequency scheme including a voltage-controlled oscillator, a charge pump circuit, an error
detector, and a compensator. This control scheme provides negative feedback to the pump
operation, insuring that the pump clock frequency would be changed automatically for
generating a desired output voltage regardless of load current variations.

A design example of the charge pump regulator at the range of regulated output voltage
from 2.4 V to 3.6 V across different resistive loads is used to illustrate the design procedure
based on the equivalent model. In the case of regulator design, simulation can be carried out
interactively during each design step to immediately check the consequence of a design
decision, and the following procedure could be.applied to plan the overall design:

1. Design the circuit parameters of.the pumping gain increase circuit to comply with the
required specifications through‘analyzing.the model.

2. Design the voltage-controlled oscillator to agree with the required center frequency and
the operating range, which can be determined by the information of output voltage
variations according with the pump frequency fluctuations under different loading
conditions.

3. Combine the voltage-controlled oscillator with the equivalent model to form the
un-regulated charge pump converter. Its low-frequency gain and the dominant pole can
be obtained by the AC small-signal simulation. This information is useful for characteri-
zation of the open-loop and close-loop system though manual and/or computer analysis.

4. Design the feedback loop of the converter to meet the static and dynamic requirements.
To ensure stability of the regulator, it is necessary to introduce the compensator design.

Check the compatibility of the chosen compensator to the regulator by frequency
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response simulations.

5. If closed loop instability is expected, damp the feedback or redesign the compensator to
meet the basic stability criteria.

6. Check the transient response to meet specifications. If the regulator does not meet
specifications, repeat step (5) or trim the loop gain to improve performance.

From the design example, the accuracy of the modeling design has been demonstrated by
comparing the simulation results between the modeling and the practical regulator.
Consequently, based on the presented design procedure, a charge pump regulator can be
implemented and the characteristics can be planned by analyzing the proposed equivalent
model. The primary advantage of the modeling approach presented here is the ease by which
the regulator system can be analyzed. This permits the development of charge pump regulator

designs.

6.2 Suggestions for Future Works

The following issues raised in the course of this study appear to merit further investigation.

The traditional electrostatic discharge (ESD) protection circuits are not suitable for these
applications. The more robust ESD protection circuits are required in low-voltage processes
and must be developed.

Several clock signals with high voltage amplitude are generated in charge pump circuits for
controlling the transfer switches, so that the cross coupling effect due to layout drawing
occurs in the course of the clock signal transmission. The shielding work is required and must
be discussed.

The gate-drain and the gate-source voltage of all devices in the proposed circuits might be

large, so the proposed circuit will suffer the gate-oxide reliable problem. Especially the
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operation frequency becomes higher in the advanced ICs, not only the DC overstress on the
gate oxide but also the AC overstress must be considered in the high-voltage circuits realized
with low-voltage devices in the future 1C design.

The presented regulator can be considered as a stable overdamped case since it does not
yield any oscillations and overshoot in transient responses. However, an overdamped system
is always sluggish in responding to any inputs. From the control theory, it is desirable to
improve the damping ratio of the system between 0.4 and 0.8 for sufficiently fast and damped
transient responses.

In actual applications, since leakage currents discharge charge pump output and internal
nodes, a standby scheme is necessary to charge pump operations for minimizing overall chip
power consumption. In addition, when the transfer switch operates from standby to the active
mode, the pumping output voltage cannot be provided with the required accuracy very rapidly
due to the long setup transient of the pump circuit especially with a heavy load. To avoid the
ensuing unacceptable penalty in-the transient time when entering the pump mode from the

standby condition, an effective high‘voltage standby management is necessary.
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