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Abstract

The thesis presents the design process of the cross-coupled charge pump on the circuit-level
hardware realization, which is used for supplying low current consumption peripherals on
the chip. The unconventional approach to the discrete-time analogue circuit description
arising from non-linear systems theory is offered. Design aspects of the SC circuits are
firstly explained, including the analysis of the basic topologies of two-phase charge pumps.
The main part deals with the steps of the cross-coupled charge pump design algorithm.
Synthesis procedure includes the design of the pump functional blocks based on BSIM
equations of MOSFET for long channel technology process and application of the pump
stage complex model for estimation of the number of pump stages via state-space model
description and using of the interpolation polynomial functions in the algorithm. Two
available solutions are introduced satisfying particularly two criteria in terms of the circuit
and economic optimization– high efficient, i.e. pump maximal voltage gain and an area-
efficient charge pump. The whole procedure is summarized in the practical example,
including the comparison between calculated and simulation results. Added functions of
the design environment are explained, inclusive of the designed pump netlist generating for
professional design environment Mentor Graphics including the real models of components
that are available in library MGC Design Kit. In addition, the complex model allows
the inclusion effects of higher-levels and is also applicable to other MOSFET technology
process, as PSP or EKV. The main benefit is the charge pump synthesis precedure without
long time-consuming optimization process.

Keywords: Cross-coupled charge pump, synthesis, BSIM model, state-space model, sim-
ulations, programme procedure.
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Abstrakt

Dizertační práce se zabývá návrhem křížově vázané nábojové pumpy, jež se používá pro
napájení nízkopříkonových obvodů na čipu. Používá netradiční přístup k popisu diskrétně
pracujících analogových soustav vycházející z teorie nelineárních systémů. V úvodní části
jsou shrnuty základní poznatky v oblasti SC obvodů včetně vlastností základních struktur
dvoufázových nábojových pump. Hlavní část práce se zabývá řešením jednotlivých kroků
návrhového algoritmu křížově vázané nábojové pumpy od analytického popisu a návrhu
funkčních bloků až k sestavení komplexního modelu, jenž je využit k odhadu počtu stupňů
reálné struktury prostřednictvím Lagrangeova interpolačního polynomu. Každá buňka v
obvodu pumpy je popsána zjednodušenými rovnicemi BSIM modelu MOSFET tranzis-
toru s dlouhým kanálem. Jsou uvedena dvě možná řešení výsledné struktury, a to jednak
na základě kritéria maximálního napěťového zisku (statická napěťová účinnost) a jed-
nak dosažení minimální celkové plochy obvodu na čipu. Návrhový algoritmus je ukázán
na praktickém příkladu, včetně srovnání dosažených parametrů se simulačními výsledky.
Návrhové prostředí umožňuje mj. vygenerovat tzv. netlist výsledné struktury pro simulá-
tor ELDO se zahrnutím modelů reálných prvků dostupných v knihovně MGC Design Kit.
Popis struktury je univerzální jak z hlediska použitých modelů (PSP, EKV a další), tak
i z hlediska implementace parazitních prvků vyšších stupňů. Hlavním přínosem práce je
postup návrhu uvedeného typu nábojových pump bez časově náročného iteračního pro-
cesu, tedy bez nutnosti aplikace optimalizačních metod.

Klíčová slova: Křížově vázaná nábojová pumpa, návrh, BSIM model, stavový model,
simulace, programová procedura.
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Chapter 1

Introduction

Discrete-time analog circuits (DtAC) have been developed since the second half of the 20th

century. N-routes systems were originally used for the realization of the narrow bandpass fil-

ters (measurements purposes) and CCD sensors (system with the charge transition). Now,

N-routes systems are on the decline. Subsequently, DtAC have been divided into two main

groups according to the principle of the function as a result of the microelectronic technology

development. Switched–capacitors circuits (SC) were firstly implemented in the early 80,s and

switched–current circuits (SI) [9] up in the 80,s of the 20th century. The second mentioned

group is still in the growth. These systems are characterized by analog switches operating in

the dynamic mode, two variants are posibble from the view of its driving:

• Systems without driving–using mainly in the power applications.

• Systems with controlled switches. The circuits may include either internal or external clock

signal circuit. Its using is in both power (high-voltage sources, controlled voltage rectifiers)

and signal applications (integrated filters, A/D and D/A converters, modulators, charge

pumps, special applications). A switch is nonlinear component that samples input analog

signal. The sampling theorema must be respected: the digital clock signal frequency fc

must be at least an order greater then maximum value of the input signal frequency fs,

fc � fs [7] (Charge pumps are an exceptional case of DtAC, where the input ”signal” is

represented by the DC source voltage).

Attention will be focused on SC circuits with the external clock signal designed for signal

applications. Currently, SC circuits represent very perspective sector of quasi–analog systems.

Options of the unipolar monolitic technology solve the basic problem associated with the in-

tegration of precise and stable resistor networks. The basic principle is based on the resistor

simulated by the switched-capacitor [6], as it is shown in Figure 1.1. In case that the period of

clock signal is sufficiently short compared to time change of the voltage v1(t) and the settling

time of the switch is neglibly small, then the average current flowing through the capacitor is

given by

i =
dQ
dt

.
=

∆Q
Tc

=
C(V1 − V2)

Tc
=
C

Tc
∆V (1.1)

1
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C

S
V1 V2 V1 V2

Rekv

Figure 1.1: Equivalent circuit of the switched-capacitor

and the equivalent resistance value from (1.1) is equal to

Rekv =
Tc
C

=
1

fcC
, (1.2)

where C is switched-capacitor value and fc = 1/Tc is clock frequency.

SC circuits are mainly used for the implementation of active filters–ARC structures. There

are also special applications in an analog domain including integrated voltage converters–charge

pumps. These circuits allow to convert (decrease, increase or invert) the input voltage. Charge

pumps were originally constructed for high-voltage applications (particle accelerators that use

electromagnetic field, high-voltage generators). Nowadays, charge pumps are important part of

low-power integrated circuits [38], for example FLASH memories.

DtAC design represents the fundamental problem, which relates to the solution of the part

steps of the design algorithm. The following three key steps are necessary for a successful design:

• circuit model,

• simulation,

• evaluation of the simulation results.

These are closed associated with the general description, as will be discussed bellow. Simula-

tion must be exclusively done in transient analysis. Another type of analysis does not make

sense in the absence of the operating point. It is a fundamental difference of approach com-

pared to analog circuits. Optimization is usually long–time process due to many iterations to

achieve of the required parameters (static, dynamic). However, the optimal solution is not given

unambiguously. Feedback correction of the design procedure is very useful for this purposes

(Fig. 1.2). Characterization system has been published in many books and research papers

([6,7]). However, universal design process has not been known. Quasi–analog systems take over

some characteristics of the analog circuits and others from the digital circuits. Some important

characteristics are summarized in the Table 1.1. DtACs (including SC circuits) behave as the

digital circuit from the ”system view” but during the period of the CLK signal are ”seen” as an

analog circuit. Respecting of this, two methods exist for the circuit description. First method

takes into account the continuous nature of the processed signal. The system is described by the

differential equations for each phase of the clock signal supplemented by the initial conditions.

This method is complex but the computational algorithms are very difficult. Moreover, the

transition into the frequecy domain often requires special form of the circuit functions. The sec-

ond method neglects continuous signal in time and system is only described in the steady state
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Start

Requirements

Description,
model parameters Strategy

Model application Equations, test,
elementary simulations

Simulation
(model, real structure) Real properties

Evaluation
process

Real circuit
vs

model

Optimization

Feedback correction

No Yes
Accepted? Output

Figure 1.2: Simplified design algorithm of the DtAC

Table 1.1: Some properties of the DtAC
Analog systems Digital systems

form of processed signal signal processing in the discrete time
frequency limitation clock signal
dynamic properties ambiguous properties

environmental influence (temperature) easy tunnable (filters)
reproducibility easy integration

(digital circuit). Equations can be directly assembled in the frequency domain (Z–transform)

[7]. It is very simple compared with the first method but the process leads to the ideal case.

The following three methods are preffered for SC circuits in discrete–time domain [8]:

• The equivalent resistors method. Equivalent structure may be resolved by procedures

that are specific for analog circuits. The most properties are not be considered (switch

resistance, frequency properties, etc.), thus the output function is only an approximation

of the real result.

• The charge equation method. The description is based on the SC circuit conversion

to the frequency domain using the equivalent circuits. These circuits are derived from the

charge matrix Q = C ·U that is equivalent of the admittance matrix I = Y ·U.
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• State description. The method is based on the principle that SC circuit is descibed by

the state equations at the end of each phase. State equation from the last phase is also

initial condition for the next phase (recurrent equations).

Notice that the inclusion of the real parameters into the calculation in discrete time is limited

to the mathematical tools to express transfer function in the Z–transform. For example, it can

be included: parasitic capacitances, finite gain of the active components.

Because DtAC is multiphase, it is also necessary to define the time interval in which the

output of the circuit is active. Then DtAC is modeled by an N–branch circuit for each of the

phase [8]. Control signal CLK is two–phase in the simplest case.

The thesis deals with specific type of the charge pump–CROSS-COUPLED CHARGE

PUMP patented in 1998 [32], which rapidly solves the problem of the reverse current of the

static pump. Nowaday this type of charge pump is still perspective block of the integrated

structure; the main advantage is the simple topology, which is receiving the two-phase clock

signal. Circuit may be commercially used (ASIC) without claims for patent right, thus the

pump is the subject of thorough research. The analyzes were made in overview [33–39]

but a detailed analysis and description has not been known yet. Published relationships [42–44]

come from digital representation of the circuit whose consequences have been pronounced. Their

application may not be automatically disapproved, but the model (described by the analytical

equations) is usually accurate for a limited set of the parameters [41]. A slightly different

path represents the addition of the digital model by the semi-emipric equations obtained by

the simulation/measurement of the complex circuit. A number of blocks are modeled in this

way, for example BSIM or EKV MOSFET models. Approximation of the measured curves is

usually difficult process requiring special mathematical functions. Coefficients contained in the

equations are, inter alia, dependent on the specific technological process.

The thesis offers an unconventional view on the charge pump, specifically one type of two-

phase charge pump. Firstly, the basic conceptions of two-phase charge pumps are introduced,

preceding the architecture of the cross-coupled charge pump. The main deals with the descrip-

tion and design of the pump functional blocks as an analogue circuit based on the BSIM model

equations, i.e. operating modes of the active and nonlinear components are captured. Nonlinear

system theory is applicable for both the estimation of the real N-stage pump properties (analysis

part) and the pump design (synthesis part) via the state-space model.

The main benefit of Thesis is the design utility for analogue designers, which allows step by

step synthesis on the circuit-level HW realization without the long-time numerical optimization

process. High-voltage application asumes the long channel MOSFETs and strong inversion

region, so that utility is compatible with other technology process, as PSP or EKV [29].

The program procedure for analysis and synthesis process was created in Maple SW [40]

and all the formulae/procedures were verified in the professional design environment Mentor

Graphics Design Architect-IC v2008.2 16.4 including the real models of the components, which

are availabled in library MGC Design Kit [31].



Chapter 2

Two-phase charge pumps in overview

2.1 Dickson charge pump

The circuit topology in Fig. 2.1 consists of the chain of the diodes realized by the MOSFETs.

Power supply voltage is connected to anode of MD1 and load impedance RL, CL is connected

to catode of MDn+1. Both the clock signals, labeled φ, φ̄, with amplitudes Vφ and Vφ̄, which

are operating mutually in antiphase, are connected trough the main capacitors to node between

catode of the MDi and anode of the MDi+1. Diodes ensure the transport charge and ”isolates”

the pump stages. In the first phase of the clock signal, when Vφ = ”L”, the main capacitors,

which are connected to the odd stages, are charged (passive interval) and in the second phase,

when Vφ̄ = ”H”, the potential in these nodes is increased and the charge is transported to the

next stage (active interval). Voltage potential in the next node is reduced by the treshold voltage

of the diode transistor VTH ,

vi+1 − v,i
.
= VTH

and voltage in the node i is reduced by the parasitic capacitor Csi,

v,i =
C

C + Csi
vi =

1

1 + β
vi,

where β is couple ratio.

Figure 2.1: Dickson charge pump [38]

5
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Figure 2.2: Timing in Dickson charge pump [4]

Repeating of the both cycles, output voltage vout increases to the end voltage, whose maximal

value is theoretically equal to

Vout,max = VDD +N

(
max{Vφ, Vφ̄}

1 + β
− VTH

)
− VTH , for IL = 0. (2.1)

When the pump output supplies load current IL, then average value of the output voltage is

given by

Vout,av = Vout,max = RpumpIL =
N

fcC(1 + β)
, (2.2)

where f is the cloc signal frequency and Rpump is an equivalent internal pump resistance calcu-

lated from SC technique (1.2).

Diode Dn+1 is OFF in the low logic level of the Vφ, in this case, load capacitor CL is

discharged through the load resistance RL. It causes the voltage drop, peak value is defined as

[1, 2, 38],

Vr =
IL
fCL

=
Vout,av
fRLCL

. (2.3)

2.1.1 Dynamic properties

In this section will be presented main dynamic pump properties: rise time and internal pump

equivalent capacitance. Description of the circuit has character of the recurrent expression.

Derivation is shown for only the pump with even number of stages, principle is the same for

the second case. Accompanying scheme with timing diagram is in Fig. 2.2. Mathematical tool

assumes the idealized structure. The following facts must be respected [1, 2, 4]:

• all the switches (MOSFETs) has the same and constant threshold voltage and zero leakage

current,

• all the capacitors are ideal,

• parasitic capacitances are negligibly small,

• pulse width of the phase of the CLK is long enough for all the time RC constants in the

circuit, amplitude of the CLK is VDD,

• rise time of the pump output voltage is very long in comparision with the clock cycle.

Then, steady state in each of the pump nodes is assumed.
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The capacitor C1 is fully charged in the time j, in the node 1 is acumulated charge value,

Q1 = C(VDD − VTH). (2.4)

During the high logic level of Vφ = VDD, the charge is injected in node (1). Diode D2 is ON and

charge is transported to node (2). The transport is ended in the time j + 1/2 and potential in

node (2) is increased,

V2 =
Q2 + qinj

C
, (2.5)

where Q2 is the current charge in node (2) and qinj is the part of the charge that is trasported

after that the potential in node (1) was increased, i.e. Vφ = VDD and V1 = V2 + VTH .

New potential value in node (1) at the time j + 1/2 is equal to:

V1 = VDD +
Q1 − qinj

C
. (2.6)

Combining (2.4) and (2.5),

VTH = VDD +
Q1 − qinj

C
− Q2 + qinj

C
. (2.7)

In the first phase, i.e. at the time j diode D3 will be OFF and

VTH = VDD +
Q2

C
− Q3

C
. (2.8)

Combining (2.7) and (2.8),

Q3 = 3C(VDD − VTH)− 2qinj . (2.9)

The following procedure is based on the same principle, as it was shown. In general form, the

charge value in each of the nodes is defined as [41],

Q(2n− 1) = C(2n− 1)(VDD − VTH)− 2qinj(n− 1) (2.10)

Q(2n) = 2nC(VDD − VTH)− 2qinj, (2.11)

where 1 < n < N/2. Charge in the Nth pump stage, when diode DN+1 is OFF, is given by

QN = C(Vout,av − VDD + VTH), (2.12)

By comparing of both equations (2.11) and (2.12), relationship for injected charge was derived

by Dickson [38]:

qinj
C

N
[(VDD − VTH)(N + 1)− Vout,av] . (2.13)
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Combining (2.10), (2.11) and (2.13), the charge accumulated in each the main capacitor is

calculated from:

Q(2n− 1) =
2C(n− 1)

N
(Vout,av − VDD + VTH) + C(VDD − VTH) (2.14)

Q(2n) =
2nC

N
(Vout,av − VDD + VTH). (2.15)

Total pump charge can be determined in 2 ways: based on the charges that are stored in

each of the capacitor or from the sum of the injected charges during the period of the CLK. The

sum of all the charges in the circuit, labeled Qcc(n,j), for 0 ≤ n ≤ N is given by [1, 2, 4, 38]:

Qdcc(j) =

N∑
n=1

Qcc(k,j) =

N∑
n=1

n[Q(n,j)−Q(n,0)] + (N + 1)[Qinj −Qinj(0)]. (2.16)

Using the following initial conditions,

Q(2n,0) = 0, (2.17)

Q(2n− 1,0) = C(VDD − VTH), (2.18)

Qinj(0) = CL(VDD − VTH), (2.19)

which follow from (2.14) and (2.15). Using (2.12) (2.14) and (2.15), total charge in circuit is

given by,

Qdcc(j) = (N + 1)C ,L(Vout(j)− VDD + VTH) (2.20)

Load capacitance consists two parts: load capacitance CL and pump capacitance Cpump,

Cpump =


4N2+3N+2

12(N+1) C, for even N

4N2−N−3
12N C, for odd N.

(2.21)

Total charge, which is acumulated at time j is given by

Qcc(j) = (N + 1)

j∑
n=0

C

N
[(N + 1) (VDD − VTH)− Vout(m)] . (2.22)

Combining (2.16) and (2.22), the follow charge equation is valid:

C ,L = (Vout(j)− VDD + VTH) =

j∑
m=0

C

N
[(N + 1)(VDD − VTH)− Vout(m)] (2.23)

and substituting of the the recursive expression to (2.23), then

C ,L(Vout(j + 1)− Vout(j)) =
C

N
[(N + 1)(VDD − VTH)− Vout(j + 1)] . (2.24)



2.1. DICKSON CHARGE PUMP 9

Substituting the initial condition Vout(0) = VDD − VTH from (2.19) into (2.24), the output

voltage at the time j becomes to

Vout(j) = (N + 1)(VDD − VTH) + [Vout(0)− (N + 1)(VDD − VTH)]λj , (2.25)

where λ = 1
1+ C

NC
,
L

.

Rise time, during of it the pump output voltage increases from initial value Vout(0) to end

voltage value Vfin was derived by Tanzawa and Tanaka [1]:

Tr =
ln
[
1− Vfin−Vout(0)

N(VDD−VTH)

]
ln(λ)

1

f
(2.26)

Average value of the power supply current during the time Tr is calculated from:

IDD ≈
Qcc(Tr)

Tr
=

(N + 1)(Vfin − Vout(0))C ,L
Tr

, (2.27)

similarly, average value of the load current is given by:

IL =
C ,L(Vfin − Vout(0))

Tr
. (2.28)

Now, power dissispation and output power are defined as,

Pin =

Tr∑
j=0

qcc(j)VDD
Tr

=
(N + 1)(Vfin − Vout(0)VDDC

,
L

Tr
, (2.29)

Pout =

Tr∑
j=0

qinj(j)Vout(j)

Tr
=

1

2
C ,L

V 2
fin − V 2

out(0)

Tr
(2.30)

and dynamic efficency during Tr is given by

εTr =
Pout
Pin

=
Vfin + Vout(0)

2(N + 1)VDD
. (2.31)

Dynamic efficiency is approximately equal to half of the efficiency in the steady state [38]:

εs =
VDD +N

[
max{Vφ,Vφ̄}

1+β − VTH − IL
fC(1+β)

]
(N + 1)VDD

. (2.32)

The charge pump is modeled by the analogue prototype [38], see Fig. 2.3. However, it does

not mean that circuit reflects the dominant effects of the real structure, as it was explained

in introduction. The dominant parts of the pump losses are primarly threshold voltage and

body effect and parasitic capacitances, which can be also included into the previous equations.

Derivation was done, for example, in [4,5,41]. Mentioned description is usually used for practical

design, despite its shortcomings. Simplicity of the implementation is main advantage of the

description. Experiments and verification of all the pump characteristics are listed in [3, 5, 41].
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Vout,max

Rpump

Cpump Vout,av RL CL

Figure 2.3: Equivalent circuit of the charge pump [38]

Problems of the circuit description exist in case of more advanced topologies. Although these

increase efficiency, show the other effects, whose mathematical expression is difficult.

2.2 Static pump CTS-1

Static pump CTS-1 (Charge-Transfer-Switch) to some extent eliminates threshold voltage trans-

fer elements so that the switch transistor is connected in parallel to the diode in each of the

pump stages. Diagram is shown in Fig. 2.4 Each of the switch transistor, whose Drain and

Figure 2.4: CTS-1 charge pump [32]

Source is connected between nodes i and i + 1, is drived by the higher voltage from the next

stage, i.e. Gate is connected to node i + 2. The feedback is implemented locally in each stage.

Principle is the same as the Dickson charge pump, however, MD transistor is shorted in the

phase of charging, thus its treshold voltage does not apply. Voltage drop between two nodes

after the charge transport is theoretically given by the switch transistor saturation voltage,

Gv = vi+1 − vi → 0.

Threshold voltage (and body effect) is only applied at the last diode DN+1, which is connected

to load impedance. Considering the linearization function of the threshold voltage on the source-
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Figure 2.5: Reverse charge transport in CTS-1 charge pump [42]

bulk bias voltage [41],

VTH ≈ VTH0 + aVSB, (2.33)

where a is the regression parameter and VTH0 is the treshold voltage at zero bias voltages, then

the theoretical value of output voltage is given by [41],

Vout,max = α

(
VDD +N ·max{Vφ,Vφ̄}

1

1 + β

)
, for α > 0 (2.34)

and relationship for equivalent internal resistance is the same as for Dickson charge pump.

Parameter α is linearized body effect factor and it is calculated from [41]:

α =
1

1 + a
.

The real circuit does not work in spite of expectations, see Fig. 2.5. When φ = ”H” and

φ̄ = ”L”, voltage in the node i is VDD + Vφ and voltage drop is Gvi . Otherwise, when φ = ”L”

and φ̄ = ”H” transistor Msi must be OFF because of the transport charge from node i to node

i+1. Critical situation will happen, when the voltage at node i+1 exceeds the threshold voltage

of the transistor Msi. After that Ms2 is ON and charge is transported from node i to node i−1.

Reverse charge transport is realized, provided that [38],

2Gvi > VTHMsi
. (2.35)

This is a controversial moment, since condition 2.35 is also a necessary condition for closing

the feedback in the circuit, i.e. the minimum voltage needed to turn ON the switch transistor.

Many modified circuits are currently patented to eliminate this effect in part, among them, the

cross-coupled charge pump.
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Chapter 3

Cross-coupled charge pump

Figure 3.1: Cross-coupled charge pump [32]

Cross coupled charge pump is based on the principle of Dickson charge pump. N-stage

architecture [32] is additionally supplemented by the switches (transistors MS1–MSN ) in order

to eliminate threshold voltage of the diodes realized by MOSFET transistors MD1–MDN (CTS-

1 architecture [42]). Voltage drop between the Drain and Source of the switch MOSFET is

theoretically determined by the saturation voltage at the end of the charge transport. It allows

to achieve higher efficiency. Main capacitors Ci provides transport charge that is controlled by

two–phase clock signal φ and φ̄. In the first phase, in low logic CLK level, the main capacitors

belonging to this state are charged and in the second phase, at high logic level of CLK, node

voltage is increased on the output of the stage and the stored charge in capacitor is transported

into the next stage. Switch transistor in each stage is controlled by the output signal of the

inverter (MNi, MPi) that is supplied by higher voltage from the next stage(feedback signal).

The control circuit ensures that switches will be turned on/off in the time intervals defined by

the logic levels of the clock signal. The maximal output voltage is theoretically given by

VM = (N + 1)VDD − VTHMDN+1
, (3.1)

13
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where N is number of stages, VDD is supply voltage and VTH(DN+1) is threshold voltage of the

transistor MDN+1
.

Discharging of the main capacitors due to load current in the passive interval of the CLK is

indicated by the drop of the output voltage. Average value of the voltage on the resistive load

is derived from SC technique (Eq. 1.2), then

Vout,av = Vout,max −
N

fcC
IL =

VM

1 + N
fCRL

, (3.2)

where fc is clock signal frequency, C is main capacitor and IL is average value of load current.

Required number of stages to achieve a desired output voltage is characterized by pump

voltage efficiency ηv1,

ηv =
Vout,av

(N + 1)VDD
. (3.3)

Some real properties of the charge pump will be discussed and shown in the simulation

results in this section. Charge pump has been tested by the professional simulator ELDO. The

various types of MOSFETs, MSi, MNi , MPi and MDi are the same size in each pump stage.

Static and dynamic parameters were simulated for the specific parameters that are (unless

noticed otherwise) given in Table 3.1. The elementary simulation of the output voltage in

Table 3.1: Simulation parameters
Parameter Value

Temperature ϑ 24 ◦C
Number of stages N 2

Supply voltage VDD 1V
CLK frequency fc 10 MHz

Main capacitance C 5 pF
Load ressistance RL 100 k
Load capacitance CL 10 pF

Threshold voltage of VTH0N 0.35 V
NMOS and PMOS at V=0 |VTH0P | 0.33 V

Channel length of N(P)MOS L 1µm
W/L ratio of the MSi Ws/Ls 2

MPi Wp/Lp 3
MNi Wn/Ln 1
MDi Wd/Ld 25

steady state was performed in the first instance and compared with the known theoretical

solution from the previous. The table 3.2 lists the average output voltage vs. number of stages

including percent error εV out of the calculation value from Eq. 3.2 and voltage pump efficiency

ηv. Analysis results show definitely mismatch between measured and calculated values due to

description of ideal case. There are many reasons why the transport charge is lossy. The losses

can be divided into two main groups: static and dynamic losses. First, dynamic losses are

1Voltage static efficiency ignores power consumption, as is apparent from definition of it. Real energy
efficiency is allways less than ηv.
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Table 3.2: Static and dynamic paramters of the charge pump
N[-] Vout,av[V] εrV out [%] ηv[%]

1 1.12 32.5 56
2 1.54 17.9 51.3
3 1.89 14.86 47.25
4 2.19 12.4 43.8
5 2.41 11.4 40.17

caused by the capacitive coupling between stages (charge injection). These occur at quick time

changes, typically during rising and falling edge of the clock signal. Dynamic losses depend on

the frequency and affect total current consumption.

Second, static losses decrease voltage at each node, thus limit output voltage. Strange

capacitance [38] connected to each of the nodes (see Fig. 3.1) is significant component of

the static losses. It can be interepreted by the parasitic capacitance of MOSFETs or layout

capacitances, it creates the voltage divider with main capacitance,

´VDD = VDD
C

C + Cs
.

Threshold voltage is critical parameter, because it represents potential barrier for the input

voltage. A sufficiently high voltage must be applied to gate of the switch transistor MSi for

suppression of the threshold voltage of transistor MDi. It means that the voltage gain GV of

the stage must be greater then

GV >
VTH

2
(3.4)

for the correct function. Provided the condition (5.12) is not satisfied, the circuit operation is

the same as Dickson charge pump. Therefore, the function of the output voltage and efficiency

have discontinuities, as is shown in Fig. 3.4 and 3.6.

Threshold voltage is strongly dependent on the bulk–source bias voltage (Body effect), VTH =

f(VSB). Body effect is applied when the source and substrate (body) are not at the same

potential. Main capacitor is connected to the source of N-MOSFETs, while the bulk must

be grounded( connected to the lowest potential in the circuit). The bulk of P-MOSFETs is

connected to the pump output voltage. N-MOSFETs and P-MOSFETs will have a considerably

different threshold voltage in the same technology process. Threshold voltage is given by the

following simplified equation for long channel MOSFET [22–24,38]:

VTH = VTH0 + γ
(√

φs − VSB −
√
φs

)
, (3.5)

where VTH0 is threshold voltage at zero bias voltages, φs is surface potential and γ is body

effect coefficient (calculated from the model parameters). Condition (5.12) takes into account

the threshold voltage of the switch transistor but must also comply to threshold voltage of the

transistors MPi and MNi. Therefore, generalized condition for cross-coupled charge pump has
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Figure 3.2: Threshold voltage vs bulk-source bias voltage

the following form:

VTHMsi
(VSB)

2
< GV >

|VTHMPi
(VBS)|+ VTHMNi

(VSB)

2
. (3.6)

This circuit eliminates moderately reverse charge transport during the phase of the CLK, com-

pared with the previous version CTS-1 [42], in which gate of the switch transistor is directly

connected to the output of the next stage (without the inverter). However, this problem still

exists in actual version (see Fig. 3.3). Reverse transport charge is caused by the reverse current

Figure 3.3: Reverse charge transport

of the switch transistor Ir and the inverter cross current Icross. Both of the effects are the results

of the fact that the energy stored in capacitor(s) must be a continuous function of time. Reverse

current flows from node (i) to node (i− 1) , while cross current Icross flows from node (i+ 1) to

node (i− 1). Both the current loops are higlighted in Fig. 3.3.

Reverse current is carried out, if the immediate reverse voltage gain ∆Vr > 0 and vinv −
v(i−1) > VTHMsi

. Implying that, disproportionately large ratio Ws/Ls of the switch transistor

greatly decreases the output voltage. The optimal point exists in characteristics (see Fig. 3.4), in

which the output voltage (Fig. 3.4a) and pump efficiency (Fig. 3.4b) come up to the maximum

value. This is a very important knowledge for the practical design.
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(a) (b)

Figure 3.4: Output voltage (a) and power efficiency (b) vs. Ws/Ls ratio and the main
capacity as the parameter

Power efficiency from Fig. 3.4b as the dynamic parameter is determinated by the mean

output power Pout divided by the total mean input power Pin in steady state (when the average

value of output voltage and current will be constant with time).

ηε = 100 · Pout
Pin

= 100 · Pout
Pφ + Pφ̄ + PVDD

, (3.7)

where Pφ + Pφ̄ is total mean power supported by the clock signal generator and PVDD is mean

power supported by the DC source voltage.

CMOS inverter [23] should switch on the transistor MSi during charge transport and switch

off it during charging of the main capacitor. However, inverter behaves as an analog block

despite its primary function in the circuit. The output voltage of the inverter vinv can be in

undefined state from the view of logic levels. It means, the operating point is in the linear part

of the voltage transfer characteristics (VTC) and both the transistors MPi and MNi are ON.

The cross current is maximum at point vi = vinv. This point is called inverter switching point

VSP [23], see Fig. 3.5. Input voltage range of the linear part of the VTC (including point VSP )

is equal to difference VIH − VIL, where VIL and VIH are input voltages that define inverter

output logic levels. These values are set by the values (i+ 1), (i− 1) and sizing of the inverter

MOSFETs. The relationship between between Ir and Icross is obvious because Icross = f(VSP )

and Ir = f(Vinv).

Thus, dependence of the pump output voltage on the cross current (via sizing of the transitors

MPi and MSi) should be analyzed respecting the following conditions because of the objective

evaluation:

• Reverse current must be suprresed as much as possible, so that Ir → 0. The ratio Ws/Ls

is set to the point, in which the output voltage is maximum, as shown in Fig. 3.4.
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Figure 3.5: The CMOS inverter cross current characteristics

• Reverse control voltage of the switch transistor must be (about) same. It means that volt-

age range of the linear part of VTC characteristics is kept (VSP ≈ const.) with increasing

the ratio WNi/LNi and WPi/LPi. Consequently, it is necessery to increase together width

of both transistors at fixed channel length (see Tab. 3.1).

Total inverter area, labeled Ainv, is calculated from:

Ainv = WNiLNi +WPiLPi (3.8)

and the corresponding graph is shown in Fig. 3.6a, the relationship between sizing of the switch

transistor and the inverter total area is shown in Fig. 3.6b. Both the characteristics were

simulated for WNi
LNi

/WPi
LPi

= 1/3 (symmetrical inverter).

(a) (b)

Figure 3.6: Pump output voltage vs. total inverter area, main capacity (a) and the Ws/Ls
ratio (b) as the parameter



Chapter 4

Disertation thesis targets

The current state of the issue is a challenge to build a credible pump model based on the sym-

bolic description including the dominant properties of the real structure on the circuit-level,

which allow to the synthesis without long-time simulation process. This is the main target of

the thesis. The pump draft is focused on two main criteria from the set of the possible solutions,

which are provided to designers through the design utility: circuit optimal draft– maximal

pump voltage gain and economically beneficial solution–minimal pump area on a

chip.

The secondary aim of the thesis is an alternative way of the systems description, whose

algorithm can be applied in the circuits based on a similar principle, typically voltage converters.

19
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Chapter 5

Description of the pump functional

blocks

5.1 BSIM model equations

BSIM model involves many effects in real integrated structure, which are drescribed in BSIM

manual [27]. It contains many model parameters and computation is very difficult (implicit

form, solving of irational equations, etc.). So, the equations will be simplified for specific case.

Satisfied for MOSFET operation in high voltage circuits is VGS >> VTH . Following conditions

must be true:

• long channel MOSFET

• strong inversion region.

Channel length is important paremeter because of a breakdown voltage. Electrical field in struc-

ture induced by applied voltage must be more less than critical electrical field, E = V
Leff

≤ Ecrit,
where Leff is effective channel length. Critical electrical field is limited to value given by semi-

empiric model [27].

The effective channel length is relative to the applied voltage Vmax (gate-source, drain-source)

defined as

Leff � Vmax
µeff
2vsat

, (5.1)

where vsat is saturation velocity (model parameter) an µeff is effective mobility.

Accurate modeling of threshold voltage is important for precise description of device electrical

characteristics. Threshold voltage for long and wide MOSFETs with non-uniform substrate

vertical doping [27] is defined as

VTH =

VTH0 +K1ox
√
φs − VBS −K1

√
φs −K2oxVBS , for VBS ≤ Vbound,

VTH0 +K1ox
√
φs − Vbc −K1

√
φs −K2oxVbc, for VBS ≥ Vbound,

(5.2)

21
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where VTH0 is threshold voltage at zero bias voltages, φs is surface potential, K1, K2 are body

effect coefficients calculated from model parameters and Vbc is the maximum is the maximum

allowable voltage VBS calculated from dVTH/dVBS = 0 [27]. Threshold voltage is expressed by

the single equation through the effective voltage VBSeff = f(VBS) for smooth transition between

forward and reverse polarity of the diode Source-Bulk1. Dependence of the threshold voltage on

the voltage VSB can be approximated by two simple functions in according to Eq. 5.2. Boundary

point between both the regions, labeled Vbound, follows from condition

VTH(VBSeff )|VBS→+∞ = VTH(VBSeff ). (5.3)

Considering VBSeff ≈ VBS (for VBS < 0) then this point is equal to surface potential φs.

(a) (b)

Figure 5.1: Static characteristicsof MOSFET: threshold voltage vs source-bulk voltage
(a) and output I-V characteristics and resistance [27]

.

Drain current model is given by single equation [27]. Transition from triode to saturation

region is ensured through an effective drain-source voltage.

VDSeff =

VDS , for triode region

VDSsat, for saturation region
(5.4)

and for long channel MOSFETs, saturation drain current VDS = VDSsat is given by:

IDsat0 =
1

2

W

L
coxeµeffVDSsat(VGS − VTH), (5.5)

where coxe is electrical oxide capacitance. Boundary between triode and saturation region is

predicted by voltage (VGS − VTH), applies bias voltage effect and further model parameters

(channel length and width. . .) included in bulk-charge equation [27], labeled Abulk. Abulk is

1VBSeff
is incorrectly defined in BSIM manuals [26–28]. The wrong relationship is copied into new

versions of BSIM models
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closed to unity for relatively high source-bulk bias voltage. In the other words,

VDSsat =
VGS − VTH

Abulk
. (5.6)

Generally, the output I-V curve in saturation region (VDS > VDSsat) is written by several physical

mechanisms, as it is shown in Fig. 5.1. Nevertheless, respecting condition (5.1) can be neglected

short channel effect - channel length modulation (CLM) and Substrate Current Induced Body

effect (SCBE). Then the drain current increases linerly with the VDS voltage. The slope of

the output characteristics is mainly determined by Early voltage VADIBL due to drain-induced

barrier lowering (DIBL) effect [23,24,27,28]. VADIBL is directly proportional to the voltage VGS ,

as shown bellow. Moreover, equation (5.7) contains model parameters PDIBLC2 and PDIBLCB

[27],

VADIBL =
1

2

VGS − VTH
PDIBLC2 (1− PDIBLCBVSB)

. (5.7)

The complex drain current equation becomes

ID = IDsat0

(
1 +

VDS − VDSsat
VADIBL

)
, for VDS ≥ VDSsat (5.8)

Drain current in triode region is a function of the VDS voltage (VGS = const.). Maximum of

parabolic function IDS0 =f(VDS) corresponds to the voltage VDSsat because of the neglecting

CLM mechanism [23, 24, 27, 28]. Then, relationship between drain-source voltage VDS and the

saturation drain current IDsat0 [24] can be simply written as

IDS0 (VDS) = − IDsat0
V 2
DSsat

V 2
DS +

IDsat0
VDSsat

2VDS . (5.9)

Dynamic part of the MOSFET uses Ward´s capacitance model [25,27,28]. The capacitances

between electrods i and j, labeled Cij , are derived from the charge Qi and control voltage Vj to

ground [27]:

Cij =
∂Qi
∂Vj

. (5.10)

Capacitances can be understood as the coefficients with Farad unit and sign ±1 because of the

definition of the time-varying currents. These model parameters are not physical capacitors.

According to definition 5.10, the capacitive balance equation must be valid [27]:

∑
i

Cij =
∑
j

Cij = 0 (5.11)

BSIM model differentiates the expression of the charge equations Qs, Qd, Qb and Qg [27].

Capacitance model contains modified equations of the static model (threshold voltage, bulk

charge effect, saturation drain-source voltage, . . . ) to define these charges. The expression for a

particular circuit is set by the parameter CAPMOD. The basic model (CAPMOD=0 for BSIM

4.6.4) use the piecewise model, on contrary, modes CAPMOD=1,2 are using single-equation

model including many other physical effects in real MOSFET structure (short channel effects,
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charge thickness). Application of single charge equation is very complicated and using of this is

even unnecessary with regard to the required capacitance accuracy (thents of pF). Comparison of

the analysis results between the piece-wise model (CAPMOD=0) and single equation capacitance

model (CAPMOD=2) is shown in Fig. 6.19. Analytical description of HVT MOSFET

capacitances for CAPMOD=0 is indicated by a line in graphs.

(a) (b)

Figure 5.2: MOS gate capacitances: gate–bulk (a) and gate–source capacitance (b)

The charge division between the drain and the source is set according to the character of

the signal in circuit through the parameter XPART. Simulating the charge pump, XPART=1

(drain/source 0/100).

5.2 CMOS inverter

CMOS inverter is a basic block (Fig. 5.3) for digital design circuits which performs a logic opera-

tion of A to A. Inspite of that, there are also aplications in analog domain, both continous–time

circuits (oscillators, amplifiers) and discrete–time analog circuits (voltage converters). Results of

Mn

Mp

CL

V1

V2

Vin Vinv

Icross
iL

Vbp

Vbn

Figure 5.3: Diagram of the CMOS inverter.

the transient analysis (see Fig. 3.6) show the dominant part of losses in charge pumps is caused
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by a DC cross current, while the propagation delays affects the dynamic power dissispation

[13,15,16,22,24]. Description of the CMOS inverter characteristics represents complicated mat-

ter due to many combinations of the operating regions of both the MOSFETs [10,12,17,18,23].

Except for a typical case, when the inverter is operating in strong inversion region under basic

condition (3.6) and Icross � 0, other cases, as subtreshold region of MOSFETs [14], can occure.

These are also modeled for three main reasons:

• guidlines on the inverter MOSFETs transistor sizing,

• inverter output voltage can put the switch transistor into a strong inversion region, i.e.

Is � 0 although the inverter is not operating in strong inversion region (inverter cross

current is considered zero),

• inverter output voltage must be defined under all circumstance due to application of the

complex model in state model (convergence of the numerical algorithm).

Diagram of the CMOS inverter schematic is shown in Fig. 5.3a. All voltages are referenced to

the ground. It is considered that output voltage swings between values V1 and V2. When the

input terminal is connected to the voltage Vin ≤ VIL, the output is pulled to V1, when Vin ≥ VIH ,

the output is pulled to V2.

5.2.1 Strong inversion

Power supply voltage of the invertor must fullfil the basic condition

V1 − V2 >
∣∣∣VTHMPi

∣∣∣+ VTHMNi
(5.12)

to turn on both of the transistors M1 and M2 in the interval Vin ∈ 〈VIL,VIH〉, where VIL and

VIH are the switching levels, see Fig. 5.4 Derivation of the Voltage transfer characteristics is

based on the fact that drain current of both MOSFETs must be equal for each of the operating

region, see Fig. 5.4a. In the first region, transistor MPi is operating in triode region, while

transistor MNi in stauration region (Vin − V2 > 0 and Vin − V2 < VTHMNi
). Cross current is

practically zero, however, the following equality is valid:

IDsat0MNi
|VGS=Vin−V2 = IDS0MPi

|VSG=V1−Vin,VSD=V1−Vinv , (5.13)

where IDsat0 is the drain current in saturation region at VDS = 0 and IDS0 is the drain current

in triode region of the respective transistor.

In the third region, the state of transistors is contrary to the previous case,

IDsat0MPi
|VSG=V1−Vin = IDS0MNi

|VGS=V2−Vin,VDS=Vinv−V2 . (5.14)

and in the second region, both transistors MPi and MNi are in the saturation region (VDS >

VDSsat). The slope of the transfer characteristics is determined by Early voltage due to DIBL
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(a) (b)

Figure 5.4: Inverter static characteristics: voltage transfer char. (a) and cross current
char. (b) and their linearization

effect. Drain current both of MOSFETs in saturation region (Eq. 5.8) must be same,

IDsatMPi
|VSG=V1−Vin,VSD=V1−Vinv = IDsatMNi

|VGS=Vin−V2,VDS=Vinv−V2 . (5.15)

Combining Equations (5.13), (5.14), (5.15), the complex equation of the inverter voltage

transfer characteristics is calculated from

Vinv(Vin) =



V1, for V2 ≤ Vin ≤ V2 + VTHMNi

IDsat0MPi
(V1−VDSsatMPi

)+
√
IDsat0Mpi

V 2
DSsatMPi

(IDsat0MPi
−IDsat0MNi

)

IDsat0Mpi
, for region 1

IDsat0MPi
[1+λMPi(V1−VDSsatMpi

)]−IDsat0MNi
[1−λMNi(V2+VDSsatMNi

)]

IDsat0MNi
λMNi+IDsat0MPi

λMPi
, for region 2

IDsat0MNi
(V2+VDSsatMNi

)−
√
IDsat0MNi

V 2
DSsatMNi

(IDsat0MNi
−IDsat0MPi

)

IDsat0MNi
, for region 3

V2, for V1 ≥ Vin ≥ V1 − |VTHMPi
|,

(5.16)

where λ = 1
VADIBL

. The complex expression of the voltage transfer characteristics is not neces-

sary for the practical results. The transfer part of the characteristics is well linearized between

values VIL and VIH , as it is shown in Fig. 5.4a,

Vinv(Vin) ≈


V1, V2 ≤ Vin ≤ VIL
V1−V2

VIL−VIH (VIN − VIL) + V1, VIH > Vin > VIL

V2, V1 ≥ Vin ≥ VIH .

(5.17)

The specific values VIL and VIH will be also determined. Under the above conditions, analytical
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expression of the cross current is divided into the three cases:

Icross =


IDsatN |VGS = Vin − V2, V2 + VTHN ≤ Vin ≤ VSP

IDsatP |VSG = V1 − Vin, VSP ≤ Vin ≤ V1 − |VTHP |

0, otherwise

(5.18)

Cross current is maximal at the switching point Vin = VSP [23]. Both transistors M1 and M2

are in saturation region for this case and the drain current of each MOSFET must be equal:

IDsatN |VGS=VSP−V2 = IDsatP |VSG=V1−VSP , (5.19)

thinking zero output current (IL = 0). Equation (5.19) contains the voltage VSP in more

than third order, thus simplifying preconditions will be introduced. First, Early voltage limits

to infinity, wherefrom is compared IDsat0N ≈ IDsat0P . Second, the absolutely value of the

drain currents of the PMOS and NMOS transistors for derivation VSP are not important, only

transconductance is important. The slope of the cross current characteristics on the each interval

is mainly given by a linear part of the voltage VGS−VTH(VSB) (MOS transconductance in strong

inversion is linear function of the gate-source voltage), while other powers that voltage are not

taken into account. Hence, bulk charge equation [27] is adjusted to

Abulk0(VSB) = Abulk|(VGS−VTH)eff=0

and with effective mobility is substituted into the equation (5.5) at zero bias voltages. Finally,

the formula of switching point for BSIM model [23] can be expressed in the modified form:

VSP =

V1 − |VTHP (VBS)|+
√
R
βcN
βcP

[V2 + VTHN (VSB)]

1 +

√
R
βcN
βcP

, (5.20)

where

βca =
coxeNµeffN |VGS=VSB=0

Abulk0N |VSB=0
, βcb =

coxePµeffP |VSG=VBS=0

Abulk0P |VBS=0
and R =

Wn

Ln

Lp
Wp

.

The switching point is an important parameter for calculation of the DC power because of the

discontinuous of the cross current characteristics at it.

Static power during the inverter output voltage crossing between a logic 1 and a logic 0 is

defined as

PDC =

V1∫
V2

Icross (Vin) dVin =

VSP∫
V2+VTHN

IDsatN (Vin) dVin +

V1−|VTHP |∫
VSP

IDsatP (Vin) dVin. (5.21)

Solution of equation (5.21) exists, but it is confusing and unnecessary for estimation of the

power dissipation. Results of the numeric integration of equation (5.21) shows, that function is
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primarly determinend by the function arcatn2, that can be approximated by its argument (linear

function) at zero
(

lim
x→0

arctan(x)
x = 0

)
. Simpler approach is based on an approximation of the

characteristics (Fig. 5.3) in intervals Vin ∈ 〈V2 + VTHN ,VSP 〉 and Vin ∈ 〈VSP ,V1 − |VTHP |〉 by

linear interpolation from two values:

• At point coressponding to the known voltage VSP that is substituted into equation (5.7):

Imax|Vin=VSP = IDsatN |VGS=VSP−V2 ' IDsatP |VSG=V1−VSP

• At the point |VGS |, that must be greater than threshold voltage |VTH | (strong inver-

sion region). Transistor is operating on the edge of the saturation region (M1 for Vin ∈
〈VSP ,V1 − |VTHP |〉 and M2 for Vin ∈ 〈V2 + VTHN ,VSP 〉), where the drain current is ap-

proximately linear function of the gate-source voltage. It means that quadratic part of

VGS voltage from expression (VGS − VTH)2 must be less than its linear part. Assuming

the equality of these parts, then two solutions exists. The first one is VGS = 0, that is

ignored and the second is VGS = 2|VTH |3:

I1 =

I1N = IDsat0N |VGS=V1N=2VTHN , for NMOS

I1P = IDsat0P |VSG=V1P=2|VTHP |, for PMOS

thence, new formula for cross current characteristics can be expressed as

Ĩcross ≈


I1N

VSP−Vin
Vsp−V2−2VTHN

+ Imax
V2+2VTHN−Vin
V2+2VTHN−VSP , V2 + VTHN ≤ Vin ≤ VSP

I1P
VSP−Vin

Vsp−V1+2|VTHP | + Imax
V1−2|VTHP |−Vin
V1−2|VTHP |−VSP , VSP < Vin ≤ V1 − |VTHP |

0, otherwise.

(5.22)

Using the condition Ĩcross = 0 for both of the intervals, where Icross 6= 0, then the limit values

of the input voltage for the valid output logic levels are given by

VIL ≈
Imax(V2 + VTHMNi

)− I1NVSP
Imax − I1N

|Vinv=V1 , (5.23)

VIH ≈
Imax(V1 − 2 |VTHMPi

)− I1PVSP
Imax − I1P

|Vinv=V2 . (5.24)

Equation (5.22) allows to calculate the static power as the triangle area:

P̃DC ≈
1

2
Imax

(
Imax(V1 − 2|VTHP |)− I1PVSP

Imax − I1P
− Imax(V2 + 2VTHN )− I1NVSP

Imax − I1N

)
. (5.25)

Average current during the transition between both of logic levels is coinciding DC power divided

by power supply voltage:

Iav =
PDC

V1 − V2
. (5.26)

2Analytical expression is given by the sum of the functions arcatn() and ln().
3This value is also included in the coefficient at the arctan in solution of Eq. (5.21).
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Dynamic behavior is well known for all operating regions [11,12,15–17,19–21,23,24]. As it was

explained, the propagation delay is not critical parameter from the view of the pump static and

dynamic properties in wide range of their values. However,it is useful to estimate propagation

delays because of the optimal inverter draft. Providing the inverter capacitive load, labeled CL,

the dynamic properties follow from the state equations,

− idMn

C ,L
= ˙vinv, for vinv(0) = V1, (5.27)

idMp

C ,L
= ˙vinv, for vinv(0) = V2, (5.28)

where idMn(p)
is the N(P)MOSFET drain current and C ,L is total load capacitance consisting

of the load capacitance and MOSFET capacitances. This part will be explained bellow. From

Eq. 5.27 is posssible to calculate fall time and from Eq. 5.28 rise time.

5.2.2 Subtreshold region and other cases

Apart from the subtreshold region of the inverter, the uncommon configurations exists in the

charge pump, for example, during the rise time when the pump output voltage starts from 0 to

the final value in steady state, for low power supply voltage, VDD → VTH , overlap of the clock

signals, etc. . One of them admits the reverse inverter configuration, when V1 < V2. Transfer

(a) (b)

Figure 5.5: Voltage transfer characteristics of the CMOS inverter operating in subtreshold
region: V1 > V2 (a) and V1 < V2 (b)

characteristics for both the subtrehold and reverse configuration are shown in Fig. 5.5. Equation

for the drain current in subtrehold region is also valid for negative bias gate-source or drain-

source voltage VGS � 0, where the transistor is considered OFF. Description of the VTC comes
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from equation for subtreshold region [27],

IDs = I0 · e

(
VGSeff

−VTH−Voff
nVt

)
︸ ︷︷ ︸

IS0

·
[
1− e−

VDS
Vt ,

]
(5.29)

where n is subtreshold swing parameter, Vt is thermal voltage, VGSeff is effective gate-source

voltage, Voff is cutt-off voltage, which determines channel current at VGS = 0 and

I0 = µ
W

L

√
qεSiNDEP

2φs
V 2
t , (5.30)

where q is electron charge, εSi is permittivity of silicon and NDEP is depletion doping conce-

tration. Respecting Eq. 5.29 and Vgseff ≈ VGS 4, the VTC is given by

Vinv (Vin) = Vt · ln

−1

2

IS0N − IS0P −
√

4IS0P IS0N e
V2−V1
Vt + (IS0N − IS0P )2

IS0P e
−V1
Vt

 |n=1, (5.31)

where I0N(P )
is the drain current of the MNi (MPi) MOSFET for VGSN = Vin − V2 and VSGP =

V1 − Vin.

This is only case from the description of the pump block, in which Eq. 5.29 is applied to express

the voltage but not the current. In the first case of VTC (Fig. 5.29a) inverter has defined

the output logic levels and in the second case (Fig. 5.29a), the characteristics has ”continous

character”, output voltage is strongly dependent on the drain-source resistance. All the other

cases are given by combining equations for strong (Eq. 5.8, 5.9) and subtreshold region (Eq. 5.29).

In simulator this function is determined based on the single equation (only numerical solution).

5.3 Model of the pump stage

Full-description of the pump model allow to analyze the pump losses (reverse switch current,

inverter cross current) and their relations between the component sizing (main capacitors value,

transistors width and lengths) and other pump parameters, as the clock frequency. The aim is

the to include dominant phenomena of the real circuit through the symbolic expression, so that

the optimal circuit design will be done.

5.3.1 Static part of the model

One stage of the cross-coupled charge pump is shown in Fig. 5.6. The drain current of the each

MOSFETs is controlled by the input voltage Vin. Adjustable DC source voltage is used for

analysis instead of the main capacitor in real circuits. All other DC voltages in diagram are

referenced to the ground. The basic condition (3.6) must be valid. The output voltage of the

4Expression is not very accurate because the effective gate-source voltage is not considered. Drain
current calculation error strongly depends on the specific vales of the bias voltages–error increses, when
VGS is approaching the zero point.
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Figure 5.6: Diagram of the cross-coupled charge pump stage

inverter Vinv = f(Vin) is setting the drain current of the switch transistor MSi, labeled IS . The

linearized VTC (Eq. 5.16) is considered. Voltage on the capacitor is changing continuously from

0 to the supply voltage V2 in the passive time interval and voltage at the terminal ”IN” may be

theoretically doubled in the active interval of the clock signal, i.e. VIN = 2V2.

Thus, the drain current IS through the switch transistor MSi (and its orientation) will be

analyzed in the interval of the input voltage Vin ∈ 〈0,V1〉 (the D,S pins of the switch transistor

are not distinguished in the scheme). Orientation of the forward–”charging” current (that is

required) matches the orientation in the scheme. The control voltages configuration for the

setting both the forward (ISF ) and reverse drain current (ISR) of the MSi transistor are shown

in Tab 6.9. Respecting the condition (5.12), transistor MSi is always ON in the interval Vin ∈

Table 5.1: MSi transistor control voltages configuration for the setting of IS
Parameter Value

IS > 0 ≤ 0

Vin Vin ∈ 〈0,V2) Vin ∈ 〈V2,V1〉
VDSMSi

V2 − Vin Vin − V2

VGSMSi
Vinv − Vin = V1 − Vin Vinv(Vin)− V2

VSBMSi
Vin − VBN V2 − VBN

〈0,V2). The bulk both of the MNi and Msi transistors is connected to the same bias voltage

VBN (usually to the ground) and VSBMSi
≤ VSBMNi

, then VTHMSi
(VSB) ≤ VTHMNi

(VSB) in the

same technology process. Moreover, this transistor is operating in the triode region, as it is

shown bellow. In this case, the condition VDS < VDSsat is valid, where the saturation voltage

is calculated from Eq. (5.6). Substituting the specific values from Table (6.9) into the VDSsat
equation, the inequality is obtained:

V2 <
V1 − Vin − VTHMSi

(Vin,VBN )

AbulkMsi
(V1,Vin,VBN )

+ Vin (5.32)

Expression on the right hand sight of Eq. (5.32) must also satisfy the condition (5.12). Consid-
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ering the worst case of the threshold voltage, VTHMSi
= VTHMNi

, then

|VTHMPi
|+ Vin >

(
1− 1

AbulkMsi

)
︸ ︷︷ ︸

≤0

(V1 − VTHMsi
− Vin). (5.33)

Saturation voltage VDSsat can be approximated by the function VGS − VTH near the point

Figure 5.7: Reverse current of the switch transistor vs. input voltage

VGS = VTH (long channel MOSFET is provided). However, real saturation voltage is greater

than function expressed in Eq. (5.6) for higher voltage VGS , VDSsat > VGS−VTH , i.e. Abulk < 1,

for VGS � VTH . Subsequently, the inequality (5.33) is always true. The drain current direction

is changed and it is controlled by the constant gate-source voltage V1−V2, while V2 < Vin ≤ VIL.

The gate-source voltage decreasing quickly in the interval 〈VIL,VIH〉, while a change of the drain-

source voltage is negligible. Hence, the drain current achieves the maximal value at point VIL and

transistor is abruptly switched off after exceeding the switching point. Neglecting the transition

part of the inverter transfer characteristic, drain current can be considered the constant in the

interval Vin ∈ 〈VIL,VSP 〉. Total current IS is given by the following formula:

IS(Vin) ≈


IDS0F , Vin ∈ 〈0,V2)

ISR , Vin ∈ (V2,VSP 〉

0, Vin ∈ (VSP ,V1〉

(5.34)

Current ISR is calculated on the basis of the two following cases:

• if VIL > V2 + VDSsatMSi
, then

ISR(Vin) ≈

IDS0R , Vin ∈ (V2,V2 + VDSsat〉

IDsat0R , Vin ∈ (V2 + VDSsat ,VSP 〉 ,
(5.35)
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• if VIL ≤ V2 + VDSsatMSi
, then

ISR(Vin) ≈

IDS0R , Vin ∈ (V2,VIL〉

IDS0R |VGS=V1−V2,VDS=VIL−V2 , Vin ∈ (VIL,VSP 〉 ,
(5.36)

where IDS0 is the drain current in triode region and IDsat0 is the drain current in saturation

region at VDS = VDSsat . Reverse current waveform for the both cases is shown in Fig. 5.7. The

source-bulk bias voltages is the parameter. The drain current of the MDi transistor is zero in

the reverse configuration due to shorted its electrods gate and source,

ID(Vin) =

IDsat0, Vin ∈ 〈0,V2 − VTHMDi
)

0, otherwise.
(5.37)

Pump model was created for the test purposes by numerical simulator (Spice). The static

part of the i-pump stage is shown in Fig. 5.8a. Internal structure includes two nonlinear de-

pendent current sources controlled by the voltage at the external terminals. Current source BI1

represents both the currents through the diode and switch transistor(reverse+forward current)

and BI2 models the inverter cross current. Subcircuit of the last stage (Fig. 5.8 b) is different

from the other stages–two controlled sources only represent the drain currents thhrough the

diode transistors MDN+1
and MDN+2

.

(a) (b)

Figure 5.8: Subcircuit of the i-pump stage (a) and the last stage (b)

5.3.2 Dynamic part of the model

Substrate capacitances comparable to main capacitances are well-known design complication

because they significantly reduce the voltage potential at each of the stages. The stage model

will be completed by the dynamic part including Ward’s capacitance piece-wise model and

relationships for the pump stage internal capacitances will be derived. The aim is to achieve

the coincidence of the model and real circuit characteristics on the largest set of input pump

parameters, as the low main capacitance (C → Cs) or a wide range of the clock signal frequency.

Then, the model is not devoid of its universality. The following procedure assumes that substrate

capacitances are the key part of the model, other effects, like a charge injection, will not be

taken into account. Individual capacitances of the subcircuit are transformed between the



34 CHAPTER 5. DESCRIPTION OF THE PUMP FUNCTIONAL BLOCKS

external terminals and ground. The situation is in Fig. 5.9. Each of the blocks Xi, XLS

respective, in N-stage charge pump has input and output nonlinear capacitance. Other currents

iin, iout, . . . represent static part of the model. Definition according to Eq. 5.10 makes it quite

easy to express particular capacitances that are shown in Fig. 5.9 without calculation serial-

parallel combinations of the MOSFETs capacitances. Each of the input/output capacitance is

approximately given by the sum of those MOSFETs capacitances, which are connected between

the considered external subcircuit terminal and GROUND (substrate in case of the NMOS). In

according to Fig. 5.9, input pump stage capacitance Cin is determined by the drain capacitance

of Md and Ms transistors, gate capacitance of MD transistor and source capacitance of the

inverter transistor MN ,

Cin ≈ CDDMD
+ CGGMD

+ CDDMs
+ CSSMn

. (5.38)

Similarly, for other cases:

Cout ≈ CSSMD
+ CSSMs

+ CSSMp
, (5.39)

Cfb ≈ CGGMn
+ CGGMp

,

Cinls ≈ CDDMDn+1
+ CGGMDn+1

+ CDDMDn+2
+ CGGMDn+2

,

Cout1ls ≈ CSSMDn+1
,

Cout1ls ≈ CSSMDn+2
.

That observation is not preferred because it is necessary to express three equations for the three

charges QD QS and QG. Simplification process is based on using of the following equation for

charge balance (Eq. 5.11) and minor components, as drain-source capacitance that is very small,

can be neglected [23]. As an example, for capacitance CDDMD
is valid:

CDDMd
= − (CDGMd

+ CDSMd
+ CDBMd

) ,

iin iout

vout

vbp
vfb

icrossinv

vin

vbn

Cin
Cout

iCin

iCfb

iCout

Xi

Cfb

IN OUT

FB

BN
vbn

iout1ls

vout2ls

iinls

iCfb
Cout1ls

iout2ls

vout1ls

Cout1
iCout

vinls

Cin1

iCin

XLS

IN OUT1

OUT2

(a) (b)

Figure 5.9: Complex model for synthesis procedure: pump stage (a) and the last pump
stage (b) block diagram.
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where CDG is zero due to VDG = 0 and CDS → 0, after that

CDDMd
≈ −∂QdMd

∂Vg
= −∂QgMd

∂Vd
.

The other components can be rewritten in a similar way. Finally, spare models input/output

capacitances, including maximal two charges Qg and Qs expressions, are defined as,

Cin ≈ −
∂QbMd

∂VdMd
+
∂QgMd

∂VgMd

− ∂(QbMs
+QgMs)

∂VdMs

−−∂(QbMn
+QgMn)

∂VsMn

Cout ≈ −
∂(QbMd

+QgMd
)

∂VsMd

− ∂(QbMs
+QgMs)

∂VsMs

−−
∂(QbMp

+QgMp)

∂VsMp

Cfb ≈
∂QgMn

∂VgMn

+
∂QgMp

∂VgMp

Cinls ≈
∂(QbMd

+QgMd
)

∂VdMd

+
∂QgMdn+1

∂VgMdn+1

+ +
∂(QbMdn+2

+QgMdn+2
)

∂VdMdn+2

+
∂QgMdn+2

∂VgMdn+2

Cout1ls ≈
∂(QbMdn+1

+QgMdn+1
)

∂VsMdn+1

Cout2ls ≈
∂(QbMdn+2

+QgMdn+2
)

∂VsMdn+2

. (5.40)

The waveform of the voltage-dependent pump stage input/output capacitance was tested in

vbn

Xi

Vin

VfbVbp

Vout

Cin Cout

Cfb

IN OUT

FBBP

BN

(a) (b)

Figure 5.10: Analysis of the pump input capacitance: block diagram (a) and waveform (b)

the simulator by using linearized MOSFETs parameters in the operating point, i.e.small signal

model (DCOP analysis) [30]. Capacitances were gradually measured depending on the selected

control voltage, while other voltage sources have been set to a constant. Example of the input

capacitance waveform Cin = f(vout) at vin = ±1 V, vfb = 2 V, vbp = 3V and vbn = 0 is shown in

Fig. 5.10.
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5.4 Testing of the behavioral model in the simulator

The found analytical formulae of the subcircuit (Fig. 5.9) are tested in N-stage model by LT Spice

in order to achieve the concurrence between model and real circuit characteristics, i.e. verifying

of the dominant effects, which were be described in the previous sections. The main benefit is

to find the design algorithm including the relationships for optimal transistors sizing and other

pump parameters arising from the input application requirements. The pump parameters were

Figure 5.11: Two-stages charge pump model

tested in the two-stages charge pump, see Fig. 5.11. Some real charge pump properties have been

analyzed by the professional simulator ELDO Spice including real models of the components

(library MGC Design Kit). Simulation parameters are given in Tab.7.1.

Table 5.2: Simulation parameters
Parameter Value

Temperature ϑ 24◦C
Supply voltage VDD 1V
CLK frequency fc 10 MHz

Main capacitance C 10 pF
Parasitic capacitance Cs 0.6 pF

Load resistance RL 100 k
Load capacitance CL 10 pF

Threshold voltage of VTH0N 0.35 V
NMOS and PMOS at V=0 |VTH0P | 0.33 V

Channel length of N(P)MOS L 1µm
W/L ratio of the MSi Ws/Ls 2

MPi Wp/Lp 20
MNi Wn/Ln 9
MDi Wd/Ld 20

Simulation results of the static and dynamic characteristics are shown in Fig. 5.12. Sim-

ulation results show conformity of the model and real circuits assuming defined conditions.

Deviation of the output voltage increases, when the node voltage(s) drop(s) bellow a certain
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limit (due to low supply voltage, high load current,. . .) so that MOSFETs are operating in

subtreshold region, see Fig. 5.12b. This state is not suitable in high voltage circuit.

(a) (b)

(c)

Figure 5.12: Comparison characteristics between the pump model and real circuit: Output
voltage vs. load resistance (a) and supply voltage (b), dynamic char. (c)

5.5 Summary

The description of the pump functional blocks based on the simplified BSIM model v. 4.6.4 was

discussed in this chapter. Long channel and strong inversion region of MOSFETs is expected,

thus results are valid in the specified technology process, as PSP or EKV models. The complex

model inlcudes equations, which faithfully represents behavior of the real circuit, as it was

verified in section 5.4. Mathematical models allow to design circuit components in order to



38 CHAPTER 5. DESCRIPTION OF THE PUMP FUNCTIONAL BLOCKS

achieve maximum voltage gain or other criteria. in summary, the primary phenomena used in

the description of the model structure are:

• threshold voltage and body effect,

• bulk charge effect,

• dibl effect

• iverter voltage transfer characteristics for all MOSFETs operating regions,

• cross current characteristic of the inverter operating in strong inversion region,

• forward+reverse switch currents, diodes forward current,

• substrate input/output capacitances of the pump stage model expressed by the Ward,s

capacitance piece-wise model for CAPMOD=0 and XPART=1,

• temperature effects.



Chapter 6

Design of the pump functional blocks

6.1 CMOS inverter draft

The inverter design for digital applications as the component in the combinational and sequential

circuits is known The width of the PMOS must be 2-3 times width of the NMOS [23] (at the

same MOSFET lengths) because of the symmetrical transfer characteristics. However, this

setting may not suit in analog circuits. Inverter draft for charge pump applications is based on

the minimize average cross current during the period of the clock signal.

6.1.1 Static power minimization

The principle of the draft is based on the shifting inverter switching point (see Fig. 6.1a), at this

the cross current is maximal, to down or up limit, where one of the MOSFET is at the cut-off

border. Because completely closed transistor can never be achieved, the transistors sizing was

found from the sensitivity analysis of the switching point to the parameter R = Wn
Ln

Lp
Wp from in

Section 5.2. The sensitivity is defined as

S =
dVSP
dR

R

VSP
= −1

2

βcN R (V1 − |VTHP | − V2 − VTHN )(√
βcN R

βcP
+ 1

)√
βcN R

βcP
βcP

[√
βcN R

βcP
(V2 + VTHN ) + V1 − |VTHP |

] (6.1)

and decrease of the maximum sensitivity to the desired value is expressed by parameter δ:

δ =
Sopt
Smax

. (6.2)

The δ parameter will be determined from the simulations results, as it is shown bellow. δ is

usually put to 0.5 because the voltage VSP depends on the square root of R. Maximum sensitivity

(in absolute value) given by condition dS
dR = 0 is at point

RSmax|S=Smax =
V1 − |VTHP |

βcN
βcP

(V2 + VTHN )
. (6.3)

39
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(a) (b)

Figure 6.1: Switching point analysis – dependence on the ratio R and normalized sensi-
tivity curve

Normalized sensitivity curve to the maximum absolute value is shown in Fig. 6.1b. Finally, the

optimal parameter S is derived from equations (6.1), (6.2) and (6.3),

Sopt =
1

16

2Smaxδ (V1a + V2a) + V12 ±
√
V12

√
4Smaxδ (V1a + V2a + SmaxV12δ) + V12√

βcN
βcP

SmaxδV2a


2

,

(6.4)

where V1a = V1− |VTHP |, V2a = V2 + VTHN and V12 = V1a− V2a. Two solutions of the equation

(6.4) exists. The first one: Ropt1 for Wn
Ln
� Wp

Lp
and the second one: Ropt2 for Wp

Lp
� Wn

Ln

(Fig. 6.1).

6.1.2 Switching characteristics

Equation 6.4 provides the ratio between MOSFET size that mus be kept to achieve the primary

criterion. Absolutute dimensions–transistors width will be derived based on the propagation

delays. For calculation of the time delay tHL and tLH from Eq. 6.7 is necessary to estimate the

inverter load capacity value, labeled C ,L. Due to the fact, the output is connected to gate of the

switch transistor1, special demands on the inverter are not put. This matter will be explained

to supplement. Using the pump MOSFET capacitance model, the inverter load capacitance in

each of the pump stage is approximately given by

C ,L ≈ CDDMp
+ CDDMn

+ CGGMs
, (6.5)

where CDDMp
is drain capacitance of the Mp transistor, CDDMn

is drain capacitance of the

Mn transistor and CGGMs
is gate capacitance of the switch transistor Ms in (F). Expressing

1Switch MOSFET sizes are very small, as it will be proved.
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the voltage-dependent capacitances by the time time derivation of the terminal charges Qi and

transformation according to (5.10) and (5.11), Eq. 6.5 now becomes to

C ,L ≈
∂(QDMp

+QBMp
)

∂VDMp
+ +

∂(QDMn
+QBMn

)

∂VDMn

+
∂QGMs

∂VGMs

, (6.6)

As the consequence of Eq. 6.4, tHL > tLH , thus the fall time will guide on the PMOS sizing, i.e

stricter criterion. Inverter is usually designed so that the propagation delay was negligible small

to the pulse width. To satisfy of this, it is nenecessary choose the worst case of the inverter

power supply voltages over all stages and maximal load capacitance. Calculation of the time

delay besed on the general definition (Eq. 5.27, 5.28) is complicated, thus it is possible to use

simplified equations [23],

tHL = 0.7RnC
,
L, (6.7)

tLH = 0.7RpC
,
L, (6.8)

where Rn(p) is the equivalent N(P)MOSFET resistance [23].

6.1.3 Experimental part

Simulation circuit parameters are shown in Tab. 6.1. The dependence of the average cross

current on the width of the PMOS (Wp) or NMOS (Wn) transistor was analyzed at the fixed

channel lengths Ln, Lp that were determined from condition 5.1.

Table 6.1: Simulation circuit parameters
Parameter Value

Temperature ϑ 24◦C
Power V1 = VBp 4 V

suppply voltage V2 = VBn 2 V
Threshold voltage VTHN 0.356 V

of N(P)MOS at 0V |VTHP | 0.33 V
Transcoductance βcN 3.43 · 10−4 AV−2

coefficients βcP 7.45 · 10−5 AV−2

Analysis results in Tab. 6.2 show, the effective reduction of Iav is achieved, when R� RSmax

(solution Ropt1 of Eq. 6.4), consequently Wn � Wp and VSP approaches lower limit, VSP →
V2 + VTHN . It is physically caused by greater mobility of electrons in the NMOS structure

compared to mobility of holes in the NMOS dimensions. Otherwise, when R � Rsmax, very

large disproportion between sizes of both transistors adversaly affects other properties of the

inverter (transistors area, dynamic properties,. . .), as is shown bellow.

Choice the solution Ropt1 is also favorable from the view of the reverse switch current. Static

characteristic of the pump stage in Fig. 6.2 shows that loss performance proportional to the

total area below the vout axis falls off with increasing of the parameter R. Morover, correlation

between the inverter and switch transistors sizing is proved by the mathematical model.
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Table 6.2: Simulation results
Lp = Ln = 1µm

Wn = 40µm Wp = 40µm
δ (−) Ropt1,2 (−) VSP (V) Iav (mA)
0.51 0.01 3.47 1.92 0.018
0.63 0.02 3.4 1.69 0.031
0.92 0.1 3.16 1.07 0.106
0.985 0.2 3.047 0.798 0.159

1 0.34 2.76 0.309 0.309
0.83 2 2.67 0.186 0.372
0.7 4 2.59 0.107 0.430

0.66 5 2.57 0.089 0.447
0.5 11.7 2.5 0.047 0.507
0.41 20 2.46 0.026 0.541
0.31 40 2.42 0.013 0.582

Figure 6.2: Static characteristic of the pump stage with parameter R

Of course, the mean value of the cross current is not only a function of R, but depends on

the specific value of Wn/Ln, respectively Wp/Lp, as is shown in Fig. 6.3a. R factor is plotted

on a logarithmic scale due to its wide range. Experience says, that optimal value of parameter

δ is 0.4 ÷ 0.6 for practical design. Values of the ratio R and average cross current Iav for this

range of the δ parameter are bold in Tab. 6.2.

Analysis of Iav vs. the ratio R, while keeping the constant inverter area is shown in Fig. 6.3b

However, optimal setting of the R is not responsible to the design of inverter operating in digital

circuits, where the switching point should be closed to the ideal value of the half of the supply

voltage. Therefore

R|VSP=VDD/2 =
βcP
βcN

[
V1 − V2 − 2 |VTHP (VBS)|
V1 − V2 − 2VTHN (VSB)

]2

(6.9)

and corresponding sensitivity is about 0.98 and simulated Iav value is higher about ten times
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(a) (b)

Figure 6.3: Average value of the cross current vs. the Wp/Lp ratio for Wn = 40µm(a)
and Iav vs. R ratio for Ainv = konst.(b)

compared to the optimization process. Width of the PMOS transistor is sized to 2 ÷ 3 the

width of the PMOS [23] transistor (lengths are the same), provided that VTHN ≈ |VTHP |. This

condition can not be satisfied in voltage convertors due to different supply voltage V1, V2 in each

of convertors’ stages and different threshold voltage of each of the transistors.

6.2 Switch transistor sizing

Switch a diode transistor sizing is derived from the the time response characteristics based on

he static model of the pump stage presented in Section 5.3. The main benefit is the symbolic

relationships for optimal transistors sizing, so that the pump voltage gain is maximal.

6.2.1 Time response characteristics

Step response is typical characteristic situation in the switched-capacitor circuits. Step response

characteristics of the circuits are shown in Fig. 5.6. The time-varying voltage on the main

capacitor to the clock signal will be found for both the forward and reverse configuration to

determining pumping losses. The extreme values of the bias voltage have been chosen for the

following optimization process. The time domain method must be used for the calculation due

to the nonlinerity behavior of this system. It is also necessary to define the next conditions for

the analysis process:

• parasitic capacitances are negligibly small compared with the main pumping capacitors,

Cs � Ci.

• rise time and fall time delay of the clock signal and propagation delays of the inverter are

very short compared with the charge/discharge time of the main capacitors.
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• leakage currents of all the components are neglected.

• settling time of the switches is zero.

The main capacitor is charged, when the gate of the switch transistor is connected to high output

voltage level of the inverter Vinv = ”H” = V1, drain is connected to the input stage voltage V2

and the main capacitor is connected to ground. This situation is shown in Fig. 6.4. When the

Figure 6.4: Configuration for the charging of the main capacitor

switches S1, S2 and S3 will be on at t = 0, the current flowing through the capacitors icF is

supplied both of the transistor until the capacitor voltage does not exceed the value V0F at time

t0F , see Fig. (6.4). Total current icF is given by

icF (t) =


is(t) + id(t), for 0 < t ≤ t0F
is(t), for t > t0F

0, otherwise.

(6.10)

The voltage on the capacitor is equal to V2 in steady state and the specific value of the voltage

V0F can be derived from

V0F = V2 − VTHMDi
(vSB), (6.11)

Combining Eq. (6.11) and (5.2), the instantaneous value of the voltage in which the transistor

MDi will be OFF, is calculated from

V0F =
V2 +K1 − VTH0MDi

K2ox + 1
+

1

2

K1ox

(
K1ox −

√
γ
)

(K2ox + 1)2 , (6.12)

where

γ = 4φs (K2ox + 1)2 + 4 (K2ox + 1)
(
K1

√
φs + V2 − VTH0MDi

+K2
1ox

)
.

Substituting the voltage vcF in the static model for Vin and using equations for the drain current

([23]-[24]), time response characteristics is generally found by the solving of the differential

equation ∫
C

icF
dvc = t+ IC (6.13)
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Figure 6.5: Time response characteristics of the circuit from Fig. 6.4

with the initial condition vc(t0) = vc0 for each of the intervals, as it is shown in Eq. 6.10. IC is

the constant of integration. The drain current equation is the composite function (NF) in the

form

ic = f [vds(t),vgs(t),vTH(vc(t)),Abulk(vc(t)),µeff (vc(t))] ,

consequently, analytical solution would be unreasonably complicated for practical design. Thus,

the estimation is done providing the constant nested functions vTH ,Abulk and µeff according

this criteria: When t ≤ t0F , the voltage vcF change in time is approximately same as in the

beginning of the transient process. Contrariwise, when t > t0F and iD = 0 the characteristic

curve is approximated by the nested function values which would acquire in the steady state.

The same principle is also used for the reverse configuration, as it is shown in Fig. 6.6. Bias

voltages are listed in Table 6.3.

Table 6.3: Bias voltages of the nested functions (NF) VTH , Abulk and ueff
Condition Index of NF. Vin[V]

MDi MSi MDi MSi

is > 0 t < t0F D0 S0 vcF (0+) vcF (0+)
t ≥ t0F X S X V2

is < 0 t < t0R X SR X vcR(0+)
t ≥ t0R X S X V2

Therefore, solving of Eq. (6.13) can be only found by integrating the quadratic part of the

voltage [vgs(t)− VTH ]2, eventually vds(t) and v2
ds(t) for triode region. The time-varying voltage
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vCF for the forward configuration is given by

vCF (t) =



VCF (0), for t ≤ 0
√
C1C2·tan

[
(t+ICF1)

√
C1C2coxe

2L·CAbulkD0

]
−C3

µeffD0
WMS

+C1(AbulkS0
−2)

, for 0 < t < t0F

C4e
t+ICF2
C5 −V2

e
t+ICF2
C5 (AbulkS−2)−1

, for t ≥ t0F ,

(6.14)

where L is channel length and coxe is electrical oxide capacitance. Integration constants, la-

beled IC1 and IC2, are generally calculated from the initial conditions that are substituted into

Eq. (6.13) (Cauchy’s equation):

IC1 =
2LCAbulkD0√
C1C2coxe

arctan

[
vc0
(
µeffD0

WMS
+ C1 (AbulkS0

− 2) + C3

)
√
C1C2

]
, (6.15)

IC2 = C
VDSsatMs

IDsat0Ms

|Vin=V2 ln

(∣∣∣∣AbulkS [V2 − vc0 ]− 2 [V1 − VTHS
− vc0 ]

V2 − vc0

∣∣∣∣)− t0, (6.16)

ICF1 = IC1|vc0=VCF (0+), for 0 < t < t0

ICF2 = IC2|t0=t0F ,vc0=VCF (0+), for t ≥ t0.

Using the voltage V0F in Eq. (6.15), the initial time t0F is given by

t0F = ICF1|vc0=V0F
− ICF1|vc0=VCF (0+), VCF (0+) < V0F . (6.17)

Coefficients C1, C2, C3, C4 and C5 are calculated from:

C1 = −AbulkD0
µeffS0

WMS
,

C2 = −C1(V1 − V2 − VTHS0
)2 − µeffS0

WMD
(2V1 − 2V2 −AbulkS0

VTHS0
),

C3 = −C1(AbulkS0
V2 − V1 − V2 + VTHS0

)− µeffD0
WMD

(V2 − VTHD0
),

C4 = AbulkSV2 − 2(V1 − VTHS
),

C5 = −C VDSsatMS
IDsat0MS

|Vin=V2 .

Discharge of the main capacitor is shown in Fig. 6.6. The CMOS inverter is modeled by the

voltage source BV controlled by the time-varying voltage vcR. The switch transistor is on after

the switches S1, S2, S3 are closed at t = 0 and the capacitor Ci was charged on the value in the

interval of the voltages vCR(0) ∈ (V2,VSP ).

The initial condition vCR(0) ∈ (VIL,VSP ) will be considered to a complete description of time

response characteristics. Then, the main capacitor is firstly discharged by the constant current

IS until the voltage of BV achieves V1 at time t = t0R ,

iCR(t) =

ISR , for 0 < t ≤ t0R
is(t), for t ≥ t0R .

(6.18)
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Figure 6.6: Configuration for the discharge of the main capacitor

Calculation of the constant current ISR follows from the static model, but it additionally con-

siders the control voltages reffered in Table 6.3 (index SR). The default differential equation for

Figure 6.7: Time response characteristics of the circuit from Fig. 6.6

each of the time interval is the same as in the previous case,

vCR(t) =



vCR(0), for t ≤ 0

− ISR
C t+ vCR(0), for 0 < t ≤ t0R

V2

(
AbulkS−e

t+ICR
C5

)
+2(V1−V2−VTHS )

AbulkS−e
t+ICR
C5

, for t > t0R .

(6.19)

Because the voltages are equal to V2 in steady state for both the configurations, the coefficients

in the exponential functions are also the same. The integration constant ICR can be easily

expressed as

ICR = IC2|vc0=VCR (0),t0=t0R
(6.20)
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and the point t0R is given by

t0R =


C
ISR

[vCR(0)− VIL] , for VSP ≥ vCR(0) > VIL.

0, otherwise.
(6.21)

6.2.2 Minimization of the pumping losses

The sizing of the switch transistor will be discussed in this part. The main criterion of the

optimal pump design is based on the maximum voltage gain at the end of each phase of the

clock signal, as it is shown in Fig. 6.8. Sizing of the switch transistor MSi can be set, so that the

voltage gain is greater than 2V2, better Vmax at point T/2. The transistor length is determined

from condition (5.1) and the width is determined based on the following condition:

max{VCF (WMS) + VCR(WMS)}|t=T/2,t>t0 . (6.22)

The optimal width WMSopt will be searched while using the limit initial conditions to satisfy

the worst case that can be taken into account in the real circuit. Using the condition (6.22) and

Eq. (6.14), (6.19) then the following equality is true:

dVCF
dWMS

|t=T/2,t>t0F = − dVCR
dWMS

|t=T/2,t>t0R , vCF (0+) = 0, vCR(0+) = VSP , (6.23)

and it is giving desired value of the width at the known clock frequency. However, the optimal

Figure 6.8: Time response characteristics for the pumping losses minimization

point can be estimated even in a simpler way. Both the time response characteristics vCF (t)

and vCR(t) in the intervals t > t0F and t > t0R are compared to each other via its linearization

in the initial time, as it is shown in Fig. 6.9. Providing the linear change voltage as in the

initial time, transient process would be terminated at time τ–this parameter is equivalent to the

time constant, but is function of the bias voltages (is not constant) unlike the first order linear
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Figure 6.9: Linearization of the time response characteristics

systems. Generally, it is derived from the first order Taylor approximation,

τ(v) =
vC∞ − vc|t=t0

v̇c|t=t0
. (6.24)

If the capacitor is charged from the inital value vc(t0) to value in the steady state vc∞ , then the

voltage on the capacitor reaches the value ∆vc = α (vC∞ − vc0) during time t = kτ . Parameters

1 > α > 0 and k ≥ 0 are multiple constants. The specific values of α and k parameters calculated

for exponential function of vCR(t), are shown in Table 6.4.

Table 6.4: Relationship between parameters k and α calculated from Eq. (6.14)
k 0.75 0.9 1 1.5 2 3 5
α 0.5 0.6 0.63 0.76 0.84 0.93 0.98

The voltage increment of the pump stage must not fall bellow the value ∆Vmax ≥ V2 during

the half of the period, as it is shown in Fig. 6.6. Discharge time through the parameter τR

primarily determines the amount of the pumping losses and τR > τF , thus

{∆vCF + ∆vCR ≈ V2}|t=k·τR+t0F =T/2. (6.25)

Thence the parameter α is given by

α =
V2

VSP
. (6.26)

Parameter τR can be calculated from equation 6.24, however it is approximately given by the

reverse current ISR ,

τR(WMS
) ≈ (VSP − V2)C

ISR |Vinv=V1,Vin=VIL

. (6.27)
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Using the condition from Equation 6.25, the found width is given by

WMSopt
=
kC(VSP − V2)

T ÎSR
+
ÎSR(Tct0 + 2at0) +

√
Dt0

2T ÎSRbt0
, (6.28)

where

at0 =
2C·AbulkD0

WMD
LµeffD0V0F

coxe
,

bt0 = −AbulkD0
µeffD0

µeffSRWMD
(Vta + VtbVtc) ,

ct0 = (µeffD0
WMD

)2 (−V2 + VTHSR
)V0F + (µeffD0

WMD
)2 (−V2 + VTHSR

)2 ,

Dt0 =
[
2kC · bt0(V2 − VSP )− ÎSR (Tct0 + 2at0)

]2
+ 16kCat0bt0 ÎSR(V2 − VSP )

and

Vta = VTHSR
(VTHSR

AbulkSR − 2V1 + 2V2) ,

Vtb = V2 (AbulkSR − 1)− V1 + VTHSR
,

Vtc = V0F − 2 (V2 − VTHSR
) .

Parameter k is selected from Table 6.4 based on the parameter α from Eq. (6.26), ÎSR is the

drain current calculated for the unity width
(
ÎSR = ISR/W

)
.

In case the multiple of the time constant satisfies the session kτR � t0F , Eq. (6.28) now

becomes to

WMSopt

.
=

2kC(VSP − V2)

T ÎSR
. (6.29)

6.2.3 Sizing of the ”diode” transistor

Analysis results show that dynamic properties are not practically dependent on the sizing of the

transistor MDi in the wide range of the ratio W/L. It is only need to be adequately dimensioned

for the pump output load current iL in steady state. After the clock signal φ̄ goes to H logic

level (corresponds to VDD), the output voltage starts from the initial value Vout,av − Vr/2 and

can theoretically achieve the maximum value Vout,max during T/2; Vout,av is the required average

value of the output voltage and Vr is the peak value of the ripple voltage. Situation is shown

in Fig. 6.10. The transistor MDN+1
is on in the active interval of the clock signal. Time

response characteritics will be firstly determined. Providing the capacitive character of the load

impedance, the state desription of the voltage on the capacitor vout,av(t) is in an accordance to

Eq. (6.13) (RL → ∞). The step response characteristics of the circuit in Fig. 6.11 after closed

S at t=0, when the capacitor is charged from the initial value vc(0+) = vc0 to the steady state

vc∞ , is given by

vc(t) =


vc0 , for t ≤ 0,

WMD
βDvc∞ t(vc∞−vc0 )+Cvc0

WMD
βDt(vc∞−vc0)+C

, for t > 0.
(6.30)
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Figure 6.10: The last stage of the charge pump and waveform of the output voltage in
the steady state

Figure 6.11: Time response characteristics of the diode transistor

The maximal output voltage value vc∞ is equal to V0F from Equation 6.12 and β factor is

calculated at the bias voltages in steady state,

βD =
1

2L

µeffcoxe
Abulk

|VGS .=VDD,VSB=Vmax
.

The voltage increment αD at time expressed as the multiples k of the τD parameter, vc|t=kτD =

αD(vc∞ − vc0), is listed in table 6.5.
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Table 6.5: Relationship between parameters k and αD calculated from Eq. (6.30)
k 0.5 0.7 1 2 5 10 20 40 ∞
αD 0.32 0.39 0.48 0.63 0.77 0.85 0.91 0.97 1

The optimal width of the MD transistor is determined from condition, that the voltage vout

increment from Fig. 6.11 must achieve the maximal allowable ripple voltage Vr during T/2 at the

desired average value of the output voltage. The maximal output voltage Vout,max is calculated

from Eq. (6.30), into which the concrete values are substituted for input voltage V2,

vc∞ = V0F |V2=Vout,av+Vrmax/2+VDD . (6.31)

Of course, the specified amplitude of the AC voltage value vr(t) depends on both the external

load RL, CL and on the equivalent internal pump impedance including Rpump, Cpump. Conse-

quently, the following inequality must be true2:

{Vout (WMD
) ≥ vc0 + αD (vc∞ − vc0)} |t=T/2. (6.32)

Therefore,

Wd ≥
2 (CL + Cpump)

TβD (vc∞ − vc0)

αD
1− αD

, (6.33)

where pump capacitance may be neglected, provided CL � Cpump and α ≥ Vrmax
vc∞−vc0

with the

minimal value of the average voltage Vout,av. However, parameter αD should be chosen, so that

the load capacitor was charged by the large current all along of the active interval. Consequently,

the transistor is fully switched on (vgs � vTH , strong inversion) and the load voltage is the

approximately linear function of time. Results from Table 6.5 show that significant voltage

change meets this assumption for α, which no exceeding the value about 0.7. Otherwise, the

width quickly grows with α→ 1 despite the improvement of dynamic properties. Example of the

width calculation vs. α parameter is shown in Table 6.6.

Table 6.6: Width of the MDi transistor vs. α parameter
Parameters

L = 5µm, βD = 135 AV−2m−1,VDD = 1 V, Vout,av = 3.3 V,
Vrmax = 50 mV, CL = 20 pF, T = 100 ns

α[−] 0.1 0.2 0.4 0.6 0.8 0.9 1
WMD

[µm] 5 11 30 68 182 411 ∞

6.2.4 Experimental part

All assertions from the previous parts were be verified in the three-stages charge pump including

the real models of all the components. The various types of MOSFETs, MSi, MNi , MPi and MDi

2The procedure will be further refined.
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are the same sized in each the pump stage. Simulation parameters (unless noticed otherwise)

are specified in Table 6.7. Firstly, the equation validity expressing the optimal point Ws/Ls

Table 6.7: Simulation parameters
Parameter Value

Temperature ϑ 24◦C
Number of stages N 3

Supply voltage VDD 1.5 V
CLK frequency fc 10 MHz

Main capacitance C 40 pF
Load ressistance RL 200 kΩ
Load capacitance CL 20 pF

Channel length of N(P)MOS L 1µm
W/L ratio of the MSi Ws/Ls 2

MPi Wp/Lp 3
MNi Wn/Ln 1
MDi Wd/Ld 10

Figure 6.12: Pump output voltage vs. the ratio Ws/Ls

(Fig. 6.12) will be tested via the comparison of the calculated functional values Vc = vCF +

vCR |t=T/2 from Eq. (6.14, 6.19) and the pump output voltage value Vout,av dependending on the

ratio Ws/Ls. The optimal width calculated from simplified Eq. (6.29) is listed in the last line.

Setting of the voltages V1, V2 and source-bulk bias voltage of the N/PMOS for the calculation

must first be resolved. Starting from the fact, that the maximal output voltage value with change

of the circuit parameters (clock frequency, main capacitances, etc.) is achieved, just when the

voltage gain of the first pump stage is the maximal (it decreses with increasing the number of

stages). In accordance to situation in Fig. 5.3, the power supplies of the pump stage (Fig. 5.6)

are V2 = VDD, V1 = 2VDD. Bulk of the NMOS is connected to ground (VSBN = VDD) and bulk
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of the PMOS is selected, so that the inverter switching point was the maximum (at the constant

setting of the inverter transistors sizing). Using the definition VSP [23, 24], then VBSP = 0 (in

the last pump stage). As a consequence, the worst case of the VSP voltage, labeled VSPmax in

the N-stages pump is taken into account. Then, general formula of the VSPmax (VBP = VBN = 0)

can be written as,

VSPmax = VSP |V2=VDD,V1=2VDD,VSBN=VDD,VBSP =0. (6.34)

Table 6.8: Simulation results
vc∞ = 2V2 = 3 V, Vc(0) = VSPmax = 2.41 V

T = 50 ns T = 100 ns T = 200 ns
Ws

Ls
[−] Vc[V ] Vout,av[V ] Vc[V ] Vout,av[V ] Vc[V ] Vout,av[V ]

0.5 2.39 2.36 2.42 2.05 2.49 2.15
1 2.42 2.4 2.48 2.22 2.59 2.27
2 2.49 2.46 2.60 2.43 2.75 2.55
5 2.64 2.64 2.81 2.88 2.99 2.99
8 2.76 2.78 2.94 3.04 3.06 3.09
10 2.81 2.82 2.99 3.07 3.07 3.1
15 2.92 2.85 3.05 3.05 3.05 3.06
20 2.98 2.82 3.07 2.92 3.04 2.98
50 3.06 2.47 3.02 2.5 3.01 2.5
100 3.02 2.14 3.01 1.96 3.01 1.96
200 3.01 2.0 3.0 1.4 3.0 1.42
400 3.0 1.85 3.0 1.21 3.0 1.19
800 3.0 1.72 3.0 1.15 3.0 1.097

WMSopt [µm] 43.8 21.9 10.9

Example 6.1

Estimate the switch transistors width for the cross-coupled charge pump, when: VDD = 1.5 V,

VBn = 0, VBp = 0, T = 100 ns, C = 40 pF. Channel length L = 5µm is same for all the

transistors.

• the maximal inverter switching point at appropriate bias voltage values V2 = VDD =

= VSBN = 1.5 V, V1 = 2VDD = 3 V and VBSP = 0 (Eq. 6.34) is VSPmax = 2.41 V

• α factor is written as α = V2
VSPmax

= 1.5 V
2.41 V = 0.62 [−],

• corresponding coefficient alpha detremined based on the data from Tab. 6.4 is k ≈ 1 [−],

• value of the drain current is calculated from Eq. 5.36 as

ÎSR = ÎDsat0|VGS=V1−V2=1.5 V,VSB=V2=1.5 V ≈ 34 A/m, for VIL > V2 + VDSsatMs
,

• finally, the strength from Eq. 6.29 is equal to

WMS

.
=

2kC(VSP − V2)

T ÎSR
=

2 · 1 · 40 pF · (2.41− 1.5) V
100 ns · 34 A/m

.
= 21.9µm.
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Conversely, the voltage gain is not change in a wide ratio range WD/LD of the diode

Figure 6.13: Pump output voltage vs. the ratio WD/LD

transistor, as it is shown in Fig. 6.13. The data from table show that the pump output

voltage is the maximal, if the time response characteristic of the pump stage at time T/2

does not exceed the value Vmax, as it is shown in Fig. 6.8. The optimal width Ws must

be less than the calculated value from equation, otherwise, the pumping losses cause the

discontinuous decrease of the output voltage due to the openning the feedback of the

system (the condition 5.12 is not satisfied). It is a critical parameter from the view of the

design process.

6.3 Guidlines on the main capacitor sizing

Value of the main capacitor(s) value is an important parameter for optimal voltage gain

in each of the pump stages. The goal is to achieve such an equivalent internal impedance

so that the pump provides the required output voltage at the defined load current IL.

As it is well known, the solution from this point of view is ambiguous because low pump

equivalent impedance can be ensured by setting one or more of the other pump parameters,

as the number of stages, clock frequency, etc. However, not only the voltage gain is a

design criterion. Other design aspects, for example, power efficiency, total pump area,

etc. should be taken into account. In this article, the main capacitor sizing is presented

through the following two design criteria:

• maximal pump voltage gain, while the number stages is minimal
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• satisfaction of dynamic properties–rise time

Relationship for the switch transistor sizing, which minimalizes dominant part of pump

losses, assumes known main capacitor value. On the contrary, output voltage and other

MD

CVDD
vc(t)

iC

Vφ

Vφ

VDD

0 Tclk/2

vc(t)

t [s]

Vφ [V ]

v [V]

t [s]

VDD − VTH

(a) (b)

Figure 6.14: Charge of the main capacitor in the first pump stage: diagram (a) and time
response characteristics (b)

and other pump parameters in the steady state are not practically dependent on the diode

transistor sizing, setting of the minimal ratio WD/LD is necessary to supply the current to

load in the active interval of CLK. However, the situation may be quite different in terms

of dynamic characteristics. Diode transistors ensure charge transport between capacitors

when the output voltage rises from the initial (zero) to the final value. sufficient voltage

increase at each node is a necessary condition that the feedback loop in each of the

pump stage has been closed. Next part will be focused on the finding of both parameters

C and WD/LD that fulfill the previous criteria. Diode transistors must transport the

maximum possible amount of charge per half of the period of the clock signal, even if

the switch transistor of the stage is OFF. The worst case occurs in the first pump stage

when the power supply VDD is connected and all the capacitors were discharged (uc = 0)

before initialization at t = 0. Fig. 6.14 shows the main capacitor charging from the DC

voltage source through the MD transistor in the first pump stage, while the main capacitor

terminal is connected to a low logic level (Vφ = 0) of the clock signal. The symbolic

description of the time response characteristic of the equivalent circuit from Fig. 6.14a

was derived in section 6.11. Relationship between main capacitor value and MD transistor

sizing follows from the stored charge in passive interval of CLK, vc|t=Tclk/2 = α ·vc∞ , where

vc∞ is the end (maximal) value in steady state and parameter α determines the proportion

of total charge. After that,

WMD =
2C

vc∞βDTclk

α

α− 1
, for α ∈ (0,1). (6.35)

The second equation satisfying required pump voltage gain will be found based on

the time response characteristic of the last pump stage, see Fig. 6.15. In active interval,
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C2
RL CL vz(t)

C1

iinls

iout1ls

iout2ls

vC1(t)

Vφ
vC2(t)

XLS

Vbn

Vφ̄

IN

OUT1

OUT2
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nTclk/2

Vout,av − Vr/2
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Vout,av + Vr/2
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(n− 1)Tclk/2 (n+ 1)Tclk/2
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Figure 6.15: Energy transport in the last pump stage: block diagram (a) and time response
characteristics (b)

current through capacitor C1 is splitted between main capacitor C2, labeled iout2ls and

load impedance RL and CL, labeled iout1ls. Then

iinls(t) = iout1ls(v(t)) + iout2ls(v(t)).

Analytical description of the input/output current is following from simplified BSIM

model equation, see Chapter 5. In steady state, the output voltage vz(t) is moving

between values Vout,av − Vr/2 and Vout,av + Vr/2, where Vout,av is average value of the out-

put voltage and Vr is peak-ripple voltage value (Fig. 6.15b). Circuit from Fig. 6.15a is

described by the three following state equations,

˙vc1 =
−1

C1

iinls (6.36)

˙vc2 =
1

C2

iout2ls

v̇z =
1

CL

(
iout1ls −

vz(t)

RL

)
,

with general initial conditions vc1(t0), vc2(t0), vz(t0) and Vφ = VDD for t ∈
〈
(n− 1)Tclk

2
, nTclk

2

〉
,

where n = {1,2, . . . ,k}. Graphical solution of Eq. 6.36 for specific values is shown in Fig.

6.16 Initial conditions for design purpose are determined from theoretical maximal end

values of the node voltages in passive interval of CLK at t = t0 = (n−1)Tclk
2

, when Vφ = 0

and Vφ̄ = VDD:

vC1(t0) =
1

k
· (Vout,av − Vr/2)− VDD + +VTH |VBS=−1/k·vz(t0)

vC2(t0) = vC1(t0)|k=1 + VDD − Vr/2−−VTH |VBS=−vC1(t0)|k=1,

vz(t0) = Vout,av − Vr/2, (6.37)

where k has same meaning as parameter α from Eq. 6.35. It is assumed that C = C1 = C2



58 CHAPTER 6. DESIGN OF THE PUMP FUNCTIONAL BLOCKS

and C � Cs, where Cs is strange pump capacitance. Parameter k must be less than one,

for example k = 0.95, because it is provided that internal transistor(s) is ON at the

beginning of the transition and vz(t) must exceed the value Vout,av + Vr/2 < Vmax. When

k were too small, total storage charge would not be utilized in the real circuit. Final

solution for charge pump design is given by numerical intersection of Eq. 6.35 and time

response characteristic vz(t) from Eq. 6.36, which meets the inequality:

vz(WMD,C)|t=nTclk/2 ≥ Vout,av + Vr/2 (≤ Vmax). (6.38)

If the numerical algorithm will not find a suitable pair C and WMD, then parameter

α must be decreased in the next step. The optimal solution is at the point vz = Vmax

because load capacitor is not discharged in the active interval. It is favorable from the

view of static efficiency. After that, the output voltage drop in the passive interval is

caused by only the real part of the load impedance ZL (leakage current is neglected)

according to the known equation,

vz(t) = Vmax · e−
t
τ , for t ∈ 〈nTclk/2, (n+ 1)Tclk/2〉 (6.39)

Using the simplified formulae for start and end values Vmax ≈ Vout,av+Vr/2, vz|t=(n+1)Tclk/2 =

Vout,av − Vr/2, then the ripple output voltage for sufficiently small voltage change during

Figure 6.16: Time response characteristic of the last pump stage–calculated waveform
and simulation results
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period can be estimated from:

Vr ≈ 2Vout,av
1− e−

Tclk
2τ

1 + e−
Tclk
2τ

, (6.40)

where τ = RLCL is time constant. Equation (6.40) is suitable for estimation of the

output filter capacitor value:

CL ≥
Tclk

2RL · ln
(

2Vout,av+Vrmax
2Vout,av−Vrmax

) . (6.41)

6.3.1 Experimental part

Verification of the mentioned procedure is done on the specific example. The task is to

estimate main capacitor value and diode transistor sizing (under given criteria) for the

charge pump, which gives output voltage Vout,av = 4 V and load current IL = 4µA. The

maximal peak value of the ripple output voltage at nominal load current must not exceed

20 mV. Power supply voltage is VDD = 1 V and clock signal frequency is fclk = 10 MHz.

Channel length of the MOSFETs is L = 1µm.

• Minimum load capacitor value is calculated from Eq. 6.41 is,

CL ≥
1/107Hz

2 · (4V/4 · 10−6A) · ln
(

2·4V+0.02V
2·4V−0.02V

) .
= 10 pF,

• initial conditions for solution of state equations (Eq.6.36) are calculated from Eq.

6.37 for k = 0.95 with using BSIM model parameters. Active interval, i.e. time

range of the response characteristic lies in interval t ∈ 〈0,Tclk/2〉,

vC1(0) =
1

0.95
(4− 0.01)V− 1V + 0.93V

.
= 4.17 V,

vC2(0) = (3.94 + 1− 0.01− 0.945) V
.
= 3.986 V,

vz(0) = (4− 0.01) V = 3.99 V,

• keeping both design criteria and condition 6.38, both the parameters are found from

numerical solution of equations 6.35 and 6.36. One solution is also set

{C, WMd} = {9.9 pF, 4.8µm}, for α = 0.7.

Graphical representation of the responses is shown in Fig. 6.17. When the diode transistor

was sized only under the fist criterion, width is WMd ' 26µm for α = 0.95 at the same

capacitor sizing.
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(a) (b)

Figure 6.17: Time response characteristics of Example

It remains to verify obtained results in real-model pump structure, where the other

component values are: Wp = 5µm, Wn = 16µm and Ws = 2µm. The minimal number

of stages is N = 4, as implies from the following graph in Fig. 6.18. The characteris-

tic is compared to the simulation results of the complex N-stage pump model. Relative

error in the given range is listed in the graph. The following table shows that by re-

Figure 6.18: Pump output voltage vs number of stages

ducing the number of pump stages it is no longer possible to reach the required output

voltage level while the main capacitor value is distinctly increased. Generally, condition

limC→∞ Vout,av = Vk, for each Vk ∈ R is allways valid.
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Table 6.9: Pump output voltage vs. main capacitance value
N = 4

C [pF] 1 2 4 8 9.9 20 40 80
Vout,av [V] 2.055 2.5025 2.94 3.31 3.40 3.61 3.71 3.78

6.4 The MOSFET capacitor sizing

Main capacitors are commonly implemented using MOS transistors on design chip, where

these MOSFETs are realized in the same technology process. This is one of the main

advantages of realization. Nonlinear character of the component can be undesirable in

these applications, where the emphasis is placed on analog signal processing (analog-

digital converters). Charge transport in voltage converters via non-linear capacitances

does not matter much (it may be even beneficial in some cases) but only the condition

of the minimum capacitance value during its changes must be kept due to the correct

function. Using BSIM model equations, the symbolic description of the MOS capacitor

sizing will be introduced. Supposing the configuration from Fig. 6.19, total capacitance

Figure 6.19: MOS gate capacitance

is given by

CMOS(V ) =
∂Qg

∂Vg
. (6.42)

If the MOS will be used as a capacitor, operation in accumulation region (VGS � VTH)

is required. After that, for long channel technology process, total capacitance is ap-

proximately equal to C ≈ WeffLeffcoxe [23]. However, during the pump rise time and

overcharging, the voltage on capacitors can become to zero or negative value. In the sub-

threshold region, real MOS capacitance is markedly smaller, see Fig.6.19. Charge Qg,sub
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is defined as [27]

Qg,sub = WeffLeffCoxe
K2

1ox

2

(
−1 +

√
ζ
)
, (6.43)

where ζ = 4(VGS−VFBCV−VBS)

K2
1ox

, Coxe is electrical oxide capacitance, K1ox is body effect

parameter and VFBCV is flat-band voltage. If the parameter VFBCV is not given, then

is calculated from [27]

VFBCV = VTH0 − φs −K1

√
φs,

where φs is surface potential and VTH0 is threshold voltage at zero bias voltages. From

the both previous equations, minimal capacitor value for charge pump is defined at bias

voltage VGS = VTH :

Cmin|V=VTH0
=

WeffLeffCoxe√
1 + 4(φs+K1

√
φs)

K2
1ox

. (6.44)

6.5 Summary

Design of the pump functional blocks was discussed in this chapter. The main criterion

of the design process is maximal pump voltage gain, the static efficiency, respectively.

Description of these blocks was beased on equations, which were declared in the pre-

vious chapter. All the formulae were verified in ELDO Spice. Important results and

consequences will be summarized.

Inverter draft is based on the low cross current during the transition between logic

high and logic low levels. The sensitivity analysis of the switching point to the sizing of

the transistors shows that it is possible to find the optimal ratio R = Wn

Ln

Lp
Wp

, while keeping

a relatively big ratio W/L of the NMOS and PMOS transistors. It is very favorable from

a time response perspective. It is recomended to select solution satysfying relationship

Wn � Wp because the pump losses caused by the reverse current through the switch

transistor are also minimized. Average value of the cross current is the linear function of

the strength of the inverter MOSFETs.

Other important implications of the design process can be summarized in the following

items:

• Asymmetric DC characteristics; switching point is not equal to the half supply

voltage. It is not an appropriate configuration in a digital circuit (rise time versus

fall time, noise margine for high versus low logic level,. . .), while these properties

are not meaningful in analog circuits.

• Propagation delays between logic levels should be short because of the possibility of

setting small effective switching resistances (large width) of the NMOS and PMOS.

Propagation delays are not the same. Propagation delays of the inverter must be

very short in comparision to the pulse width of the CLK.
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• The cross current is very small if the operating point of the inverter is set to the

linear region of the voltage transfer characteristics.

• Static and dynamic properties are insensitive to the dimensional tolerance of the

transistors. It follows from the principle of the design process.

All proposals were validated by real circuit simulations.

The width of the switch and ”diode” transistor were determined based on the analytical

expression of the time response characteristics of the pump stage as an analog block. The

switching ressistance of theMS transistor cannot be very small because increasing the ratio

W/L, the reverse switch current decreases pump efficiency. This fact emerged from the

study of basic properties of the pump topology. Design process was based on the reverse

switch current minimization during a period of the clock signal. The found relationship

WMsopt , see Eq. 6.28, (6.29), can be applied for N-stage charge pump, providing the

adequate bias voltages (power supply, source-bulk voltages). This ratio can be smaller

than one at the extreme input parameters (power supply, clock frequency). Exceeding the

critical value of the reverse current, the pump output voltage is discontinously decreased

because the basic condition (5.12) is not valid. Thus, the width (equivalent MOSFET

resistance) cannot be excessively large.

The pump properties (static and dynamic) are near not dependent on the width of the

”diode” transistor, as is prooved by the simulation results. An estimation of the minimal

width WD, see Eq. (6.33), is possible to determine from the requirements of the output

load current and the output ripple voltage.

Main capacitor value in charge pump was found, so that the static efficiency (maximal

voltage gain - low equivalent internal impedance at defined load current) and dynamic

properties (rise time after connecting power supply voltage) were secured. Under given

conditions, capacitor sizing is connected with the diode transistor sizing. Both the pa-

rameters WMD and C were found as intersection of time response characteristics in first

stage (Fig. 6.14) with zero initial condition (Eq. 6.35 ) and the last pump stage (Fig.

6.15) in steady state (Eq. 6.36), so that the energy transport would be maximal in half of

the period of CLK. As a result of this, the load capacitor is discharged only in the passive

interval. Thence, the minimal load capacity value was derived from the peak value of the

output ripple voltage (Eq. 6.41). Determination of these parameters was shown in the

practical example with simulation results in N-stage circuit topology (Fig. 6.18). The

solution was designed for the minimal number of stages, as it is evidenced in Tab. 6.9.

But in general terms, this task is not unambiguous (N vs. C, etc.), as it was explained. If

the nonlinear MOS capacitor is used, then the minimal capacity value (Fig. 6.19) should

be respected (Eq. 6.44).
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Chapter 7

Estimation of the pump properties

Estimation of the static and dynamic properties of the cross-coupled charge pump (Fig. 3.1)

through the mathematical description is a comprehensive task. Many reasons have been

mentioned and demonstrated by the simulation results. Simulations are the usual way of

the optimal quasi-analog circuits design. Digital model is not an option due to its low

Figure 7.1: Cross-coupled charge pump diagram implemented with MOS capacitors and
parasitic impedances

accuracy, as it was outlined in the previous chapters. In this chapter, the attention will be

focused on the program procedure, which allow to estimate the charge pump properties.

Firstly, the strategy of the solution through the state description of the system will be

explained. The main part deals with principle of the computational algorithm which core

is operating with previously derived analytic formulae of the analog blocks, i.e. complex

model of the pump stage blocks from Fig. 5.9 is applied. Moreover, MOSFET nonlinear

main capacitors and the higher-level effects–added parasitic capacitances Cmont and leak-

age resistors Rl are included into description, see Fig. 7.1. Algorithm is implemented in

Maple SW and achieve results are compared with the full transistor-level properties of the

charge pump, which are simulated in professional design environment ELDO. The main

65
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benefit is the development of step-by step synthesis procedure by using known relationships

without the necessity to use computationally demanding iteration processes.

7.1 State model of the system

Generally, the classical control theory and methods that are used to simple input-output

description of the plant can not be applied in this case. The reasons are based on the

non-linear nature of the circuit, which handles discrete values–discontinuity of the inner

states in time. But considering the selected time interval defined by the valid logic

levels of the clock signals, the circuit may be described as multidimensional continuous

nonlinear dynamic system [45]. The internal description leads to the state model of the

system [46], block diagram is shown in Fig. 7.2. Each of the i-pump stage represents

C1

Vφ

C ,s1 Rl1
ϑ

ic1

vc1

C2

Vφ̄

C ,s2 Rl2
ϑ

ic2

vc2
CN

Vφ

C ,sN RlN
ϑ

icN

vcN

CN+1

Vφ̄

C ,sN+1

ϑ
RlN+1

icN+1
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iin1
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vout1

iin2

vin2
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iout2
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iout2ls
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vinls

VDD
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vout1ls

vout

vbn vbn vbn vbn

Figure 7.2: Block diagram of the N-stage cross-coupled charge pump

block, where the output current iouti is given by the sum of the input and cross inverter

current, iouti = iini + icrossi , and the block of the last stage splits the input current iinls
into load current and current, whose part charges the last main capacitor CN+1, then

iinls = iout1ls + iout2ls .Capacitors C ,
s1, C ,

s2 . . . C
,
sN+2 represent total substrate capacitances

of the i-pump stage. Each of them is given by the part of the its pump strange capacitance

(dynamic part of the model) and added strange capacitance (linear) Cmont. After that,

C ,
si = Csi + Cmont. (7.1)

The dynamics of the state-space system refers to state variables represent by the voltage

on the capacitors, that fully describe the system at time 〈0, Tclk/2〉 and its response to

any given set of inputs. Asuming the constant clock signal amplitude, the number of

state variables with knowledge of those variables at initial time t0 ∈ 〈0, Tclk/2〉 is equal to

number of main capacitors because the time-varying component of the voltage vCi is the

only one on the parasitic capacitor. In the other words v̇,Cs = v̇Ci + v̇clk = v̇Ci for valid

logic levels. In the standard form, the mathematical description expressed as a set of N+2
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(including load capacitance CL) coupled first-order ordinary differential equations,

v̇C1 =
1

C1 + C ,s1

[
iin1 − iin2 + icross1 −

vC1 + Vclk
Rl1

]
v̇C2 =

1

C2 + C ,s2

[
iin2 − iin3 + icross2 −

vC2 + Vclk
Rl2

]
...

v̇Ci =
1

Ci + C ,si

[
iini − iini+1 + icrossi −

vCi + Vclk
Rli

]
...

v̇CN =
1

CN + C ,sN
[iinN − iinls + icrossN ]− 1

CN + C ,sN

vCN + Vclk
RlN

v̇CN+1
=

1

CN + C ,sN+1

[iout2ls − icrossN ]− 1

CN + C ,sN+1

vCN+1
+ Vclk

RlN+1

v̇out =
1

CL

[
iout1ls −

vout
RL

]
(7.2)

where v̇ = dv/dt. and each of the functions iini , icrossi , iout1ls , iout2ls is nonlinear time-

varying function of the nodes voltages vCi , the system inputs (transistos sizing, power

supply, etc.) and time.

7.2 The basic principle of the algorithm

The state model is the core of the analysis algorithm despite its limitations that is men-

tioned in the previous text. The philosophy of the following approach that allow to

estimate static a dynamic charge pump parameters is based on idea of the quasi-analog

system. Block structure of the N-stage charge pump (Fig. 7.2), is described as analog

circuit in each phase of the clock signal, while the transition into next phase is char-

acterized by the discrete changes of some input variables (clock signal). The influence

of the rising and falling edges of the clock signal is not considered. The new state is

dependent on the new input variable but also on the previous state, i.e. recurrent ex-

pression. Algorithm diagram is shown in Fig. 7.3. Reffering to the input parameters

(number of stages,clock frequency,. . .), program procedure automatically generates set of

the paremetric state equations according to (7.2) for the actual cycle, labeled k+1, where

k = {1,2,..., n}. A set of initial conditions and parameters are determined by the end

values of state variables from the k-cycle and the amplitude of the clock signal:

Vφ =

0, for odd k

VDD for even k.
(7.3)

Zero intial conditions are set in the first cycle that corresponds to the half of the pe-

riod of the clock signal. It is very important point due to solution convergence. After
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Figure 7.3: Charge pump analysis algorithm

initialization, the time response characteristics vCi(t) and vout(t) are computed at time

interval

t ∈
〈

(k − 1)
Tclk
2
, k
Tclk
2

〉
.

In general form, the inital condition of each of the state variables, labeled v(k+1)
Ci0

,v(k+1)
out0 , in

the next cycle is determined as

v
(k+1)
Ci0

=sgnVDDVDD ·
C
,(k+1)
si (v)

C(k+1)(v) + C
,(k+1)
si (v)

+ v
(k)
Ci
|t=k·Tclk/2, (7.4)

v
(k+1)
out0 =v

(k)
out|t=k·Tclk/2, (7.5)
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where t ∈
〈
k Tclk

2
, (k + 1)Tclk

2

〉
, factor sgnVDD provides sign of the clock signal amplitude:

sgnVDD =

{
+1, for the passive interval of CLK

−1, for the active interval of CLK.

If the nonlinear-capacitors are used, then its capacitance will be jump changed at the

beginning of the next phase. C ,(k+1)
(s)i (v) labels instante capacitance value at bias voltages,

which correspond to the voltage values from k-cycle and this state variable value at the

time kTclk/2 increased by the clock voltage level Vφ, Vφ̄ of the actual voltage level,

C
,(k+1)
(s)i (v) =

 C
,(k)
(s)i |v, v(k)

ci +max{Vφ,Vφ̄}
, for active interval

C
,(k)
(s)i |v, v(k)

ci +min{Vφ,Vφ̄}
, for passive interval.

(7.6)

When one of the Md transistors becomes from strong inversion region to subthreshold

region (considering ID = 0 in the model) during the active interval of CLK while the

switch transistor is OFF, then the end value at kTclk/2 is corrected according to equation

v
(k+1)′
Ci0

= v
(k+1)
Ci0

+ |VOFF | , (7.7)

where VOFF is cut-off voltage. The same correction is applied, if the bias voltage of the

switch transistor vDS = vGS.

After the compution of the new state variables, all the mentioned steps are repeated.

As a result, dynamic behavior of the system within the interval t ∈ 〈0, k · Tclk/2〉 is

obtained by composing partial response characteristics in the appropriate scale. Com-

putional procedure runs until the the output voltage vout(t) achieves the steady state. It

means that average value of the output voltage is practically constant over time. Steady

t

vz

VrVout,av
ε

ti ti + n · Tclk

Figure 7.4: Time response characteristics of the pump output voltage

state is simply indicated by comparing two arbitrary values that are temporarily shifted

by just one period of the clock signal (see Fig. 7.4). Consequently,

vout(ti + Tclk)− vout(ti) < ε, (7.8)

where parameter ε should be chosen with regard to the numerical calculation accuracy,

for example ε = 1 mV.
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7.3 Experimental part

The computational algorithm has been programmed in Maple SW according to the struc-

ture that is shown in Fig. 7.2. The influence of the parasitic capacitances Csi and shunt

resistances Rli is taken into account. All the simulations parameters are given in Tab. 7.1.

Table 7.1: Simulation parameters
Parameter Value

Temperature ϑ 24◦C
Supply voltage VDD 1V
Clock frequency fc 10 MHz

Main capacitance Ci 5 pF
Parasitic capacitance Cmont 0.6 pF

Shunt resistance Rl 107 Ω
Load ressistance RL 100 k
Load capacitance CL 10 pF

Threshold voltage of VTH0N 0.35 V
NMOS and PMOS at V=0 |VTH0P | 0.33 V

Channel length of N(P)MOS L 1µm
Channel width of the MSi Ws 2µm

MPi Wp 20µm
MNi Wn 9µm
MDi Wd 10µm

Under condition (7.8), the values of the system state variables can be used used to

calculate other significant parameters, as power consumption, etc. In addition, procedure

checks correct function of the circuit (open loop of feedback is a typical problem for this

topology), operation mode of each of the transistors and exceeding the limit parameters

(VDSmax , VGSmax , etc.).

Total number of cycles, labeled n, when the output voltage vout starts from the initial

value to the final value in steady state is approximately equal to Rise time Tr,

Tr ≈
n

2
Tclk|k=n. (7.9)

The voltage trend over time vout(t) is actually difficult to describe, because it is influenced

by many dynamic effects in circuit, as capacitive couplings between stages and charge

injection. An example of time response characteristic is shown in the Fig. 8.5.

Average value Vout,av of the output voltage is estimated as the average value of the

minimum and maximum values instead of the numerical integration of vout(t) in steady

state,

Vout,av
.
=
v|t=k·Tclk/2 + v|t=(k+1)·Tclk/2

2
, (7.10)

where k is close to n. The output ripple voltage, labeled Vr, is given by the difference of
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the maximal and minimal values,

Vr = |vi − vii| for k → n, (7.11)

where vi = v|t=k·Tclk/2 and vii = v|t=(k+1)·Tclk/2. Static and dynamic characteristics were

compared with values that have been analyzed by the professional simulator ELDO in-

cluding SPICE-level models of the components (library MGC Design Kit). Some results

are summarized in the following table, including relative average output voltage error

εVout . Naturally, the computional time increases with the number of circuit nodes, which

Table 7.2: Simulation results
ε = 1 mV Calculation ELDO

N [-] n [-] Vout,av [V] Vout,av [V] εVout [%]
1 33 1.12 1.10 1.8
2 59 1.61 1.53 5.2
3 87 2.02 1.93 4.6
4 109 2.16 2.18 0.91
5 163 2.53 2.48 2
6 202 2.61 2.67 2.2
7 207 2.57 2.47 4

Figure 7.5: Time response characteristic of the five-stage pump output voltage

is associated with the number of pump stages. However, total cycle count is a crucial

indicator of computational difficulty. The growth trend, as it is shown in Fig. 7.6, is

limited by the pump efficiency.
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7.4 Summary

The analysis algorithm for estimation of static and dynamic parameters of the cross-

coupled charge pump was discussed in this chapter. The principle is based on the state

model analyzing circuit behavior at each phase of the clock signal. The block structure was

built from the subcircuits, which include dominant effects via the BSIM model equations.

N-stage charge pump structure is described by the N+2 first-order differential equations.

Figure 7.6: Number of cycles vs number of stages

Total response characteristics of the output voltage is obtained through the compo-

sition of partial responses for each phase of CLK with initial conditions. This method

is very accurate because the transistor-level properties can be arbitrarily included in the

sub-blocks description, unlike the ”digital circuit perception”. Furthermore, the knowl-

edge of the state variables allows to estimate many other parameters, for example, static

efficiency. On the contrary, the disadvantage is the need to use a recurrent description

associated with the total number of cycles. Computational difficulty is derived from the

complexity of the circuit topology and pumping efficiency (voltage increase) in time, see

Fig. 7.6.



Chapter 8

Charge pump design on the

circuit-level HW realization

Design utility for the cross-coupled charge pump is presented in this chapter. Synthesis

process includes the design of the pump functional blocks and application of the pump

stage complex model for estimation of the number of pump stages via state-space model

description. in algorithm. One of the main reason for its use is still an unknown re-

lationship between number of stages and pump output voltage [35, 38], Vout,av = f(N),

which would consist properties of the real structure. Access is designed to stress the max-

imum pump voltage efficiency. The whole procedure is summarized in practical example

with the evaluation of the achieved results and comparision with simulation results of the

real structure in professional simulator. The solution is shown both in terms of maximal

voltage efficiency and the optimal pump area on chip.

8.1 Synthesis process

The charge pump draft is divided into two basic steps, as the outcome of the current

research on the issue: Design of the partial pump blocks and finding number of the pump

stages at the input requirements. As in other circuits, the procedude also start by eval-

uating of the input requirements to the circuit and setting the limit values for given

technology process. This includes, in particular, maximal bias voltage and current values

{VDSmax, VGSmax} and permissible range of the technolgy parameters and their dispersion

(L(W )min L(W )max, etc.). Sizing of the components (MOSFETs sizing, main capacitor

value, etc.) is interrelated and consequences of these settings was evidenced in Chap-

ter 6. Recommended sequence of individual blocks design is shown in Fig. 8.1. The

algorithm that finds the pump number of stages N represents the computationally the

most demanding part of the complete procedure, see Fig. 8.2. It consists of three basic

steps:
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Figure 8.1: The hierarchy of the pump functional blocks design procedure

• generating of the state equations of charge pump model having N̂ stages,

• calculation of the time response characteristics vout(t),

• evaluation of the results and estimation of the new pump stages N̂i+1.

The initial number of stages is set based on the input parameter values–output voltage

and load current, ripple voltage and clock signal frequency for analysis algorithm via to

state-space model. The following equation comes from the theoretical relationship 3.2,

which is modified for the BSIM model:

N̂i0 = round

(
RLCfclkχϕρ

2C2RLVDDfclk − 2Vout,av (C + Cmont)

)
, for Csi � Cmont, (8.1)

where

χ = (C + Cmont)
(
K1ox

√
4φs + 2Vrmax − 2K1

√
φs

)
,

ϕ = C (K2oxVrmax + 2Vout,av − 2VDD + 2VTH0) ,

ρ = Cmont (K2oxVrmax + 2Vout,av + 2VTH0) ,
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Figure 8.2: Basic principle of the charge pump synthesis algorithm

where RL is load resistance, C is main capacitor and Cmont is added strange capacitor

value (see Fig. 7.1), fclk is clock signal, VDD is power supply voltage, Vout,av is average

value of the output voltage, Vrmax is ripple of the output voltage and VTH0 is threshold

voltage of NMOS at zero bias voltages, φs is surface potential and K1, K1ox, K2ox are

body effect coefficients [27].

Equation 8.1 does not provide the correct result in the vast majority of cases, the reasons

of this are explained in detail in [35, 36, 38], thus in real N > N̂i0 . In the next step, the

procedure automatically generate set of the first order differential equations with initial

conditions, which describe the behaviour of the Ni-pump stage model for each phase

(φ,φ̄) of the clock signal (analogue domain). Philosophy of the analysis part including an

estimation of some static and dynamic characteristics is listed in Chapter 7. Calculation
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of the state variables, which also include output voltage, is similar to the principle of state

machine. The process is ended in the steady state, this is detected mainly based on:

• trend of the pump voltage gain in time, see Chapter 7, Gv = f(t),

• evaluating of the previous time response characteristics vjout (if they have already

been implemented), where j labels the rank of the calculated time response char.,

• trend of the calculated average output voltage V j
out, V

j−1
out . . . , V

1
out, with N ,

Providing the output voltage Vouti does not reach the required level Vout,av, the number

of the stage for next iteration, labelled N̂i+1, is estimated from Lagrange´s polynomial

function and the procedure is repeated.

Example:

Considering the set of the parameters N and output voltage Vout(< Vout,av) after two N-

iterations [Ni,Vouti ],
[
Ni+1,Vouti+1

]
. The number of stages Ni+2 for next cycle is calculated

from:

Ni+2 = round

[
Ni(Vouti+1 − Vout,av)−Ni+1(Vouti − Vout,av)

Vouti+1 − Vouti

]
. (8.2)

The first order polynom is sufficient for monotone functions Vout,av = f(N), however

with more iterations is better to use the interpolation of the multiple points for effective

computional process.

8.2 Other properties of the design environment

Program procedure offers the user in the additional design features. Among other things,

these include:

• Monitoring of the correct function. Algorithm checks the state of all the tran-

sistors during computing and reports that correct functionality of the circuit is not

guaranteed. This can occur, for example, if the maximum number of the pump

stages is exceeded (the task has no solution) or the output voltage decreases with

the number of stages, etc. . Example is mentioned bellow.

"N>20! Solution was not found, try to change the input parameters."

• Fast analysis. Time response characteristic vout(t) is not computed until a steady

state is detected but the cycle is ended, when the instantaneous value at the end

of the passive interval exceeds the required voltage level.Moreover, the numerical
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accuracy is reduced, so that the calculation is accelerated. This configuration does

not allow to estimate all the pump parameters.

• Selection of the circuit and parasitic elements. The user can set the value of

strange capacitances, labeled Cmont, and leakage resistances Rl in the pump stages.

In addition, it is possible to select linear or MOSFET capacitors. Other types of

the capacitors have not been implemented yet. For a big enough main capacitance

values, programme automatically or manually by user deactivates the dynamic part

of the model.

• Netlist and pump area estimation. When the synthesis process is ended, the

list of design parameters is displayed and system generates a circuit netlist with

calculated elements values for ELDO Spice. This will make it easier for designers.

Total pump area on the chip is estimated from the sum of the partial components

area and area, which is reserved for routing (from practical design, it is about 30%

of the total circuit area),

Spump = 1.3 [N(WnLn +WpLp +WsLs)] + 1.3 [(N + 2)(WdLd) + (N + 1)WcLc] ,

(8.3)

where Wc, Lc are MOS capacitor sizes.

8.3 Experimental part

The following application of voltage converter can be used as a secondary power block

which increases the clock signal amplitude of the main charge pump. It greatly improves

the voltage efficiency of the main pump that operates at the low supply voltage. Input

requirements are listed in Tab. 8.1. The topology consists of MOS capacitors, added

Table 8.1: List of the input pump requirements.
Output voltage Vout,av ≥ 3.3 V

Output load current (max.) ILmax ≤ 0.6µA
Maximal outptut ripple voltage Vrmax ≤ 2 mV

Power supply voltage VDD 0.8 V
Clock signal amplitude Vφ 0.8 V
Clock signal frequency fclk 10 MHz

parasitic impedance in the nodes are not considered. The step involving the pump block

design in according to hierarchy from Fig. 8.2 will be skipped through the Chapter 6.

Initial value of N in according to Eq. 8.1 is set to Ni0 = 3, this corresponds to the

calculated output voltage of 2.44 V in steady state. Figure 8.4 shows that to achieve

voltage level 3.3 V three iterations of N are performed
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Figure 8.3: Interpolation of the calculated output voltages with the number of stages

Output voltage function of N is described by the following equation:

V̂out,av(N) ≈

 0.15N + 1.99, for 3 ≤ N ≤ 5,

0.56N, for N ≥ 6,
(8.4)

where N is the integer. An illustration of the programme report is listed below. Finally,

Figure 8.4: Report if the results in Maple software

statement of the draft results is shown in Tab. 8.2

Calculated time response characteristics of the six-stage charge pump output voltage

compared to simulation results in ELDO is shown in Fig. 8.5.

Production cost minimization is an important part of the proposal in practice. It

means the voltage gain may not be decisive from an economic point of view. The charge

pump final version is most often designed to minimize the area on a chip (layout topology,

the circuit parameters). The main capacitor C always represents the circuit element with

the largest area in comparison with others elements in the pump stage, as it follows

from Tab. 8.2,. Decreasing the main capacitor means that the pump must have more

stages to achieve the same output voltage level. However, increasing of the number of

the pump stages does not always mean that output voltage will grow to the desired value

(task does not have a solution in extreme case). The algorithm in Fig. 8.6 is designed to

find a relationship between the number of stages and main capacitor value so that the

pump state area is minimal and the pump losses (switch reverse current and inverter cross

current) in each of the pump stages were at the lower limit. Procedure in Fig. 8.6 starts
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Table 8.2: List of the charge pump parameters.
Conditions

Temperature ϑ 22 oC
Model of MOSFETs Md, Ms, Mn: nmos hvt
Model of MOSFETs Mp: pmos hvt
Model of MOSFETs Mc: nmos nat
MOS corner analysis: Typical

Design parameters
Number of stages N 6

Main capacitor value C 6.5 pF
MOSFETs sizing
Channel length of MD,Ms, Mp, Mn L 1µm

Width of Md: nmos hvt WMd 31.5µm
Width of Ms: nmos hvt WMs 0.6µm
Width of Mp: pmos hvt WMp 1µm
Width of Mn: nmos hvt WMn 11µm

MOS capacitor sizing - nmos nat
Channel length Lc 14µm
Channel width Wc 137µm

Pump stage area Sstage 1963.1µm2

Total pump area on layout (est.) Spump 0.018 mm2

Estimation of static and dynamic parameters
Output voltage (avg.) V̂out,av 3.199 V

Output ripple peak voltage V̂r 1.8 mV
Rise time 1 T̂r 7.15µs

Static voltage efficiency η̂v 57 %

from solution for optimization of the pump voltage gain. Pump consists Ng number of

stages and main capacitors value Cg. The procedure firstly selects pair Wi and Ci < Cg

Figure 8.5: Time response characteristic of the six-stage pump output voltage



80CHAPTER 8. CHARGE PUMPDESIGN ON THE CIRCUIT-LEVEL HWREALIZATION

Solution for ηvmax
Ni = Ng, Ci = Cg

Change set {Wdi Ci}
(Ci+1 < Ci)

Wdi+1
Ci+1

Recalculation of the
switch transistor

sizing

Wsi+1

Find new N +
calculate the vz(t)

Nmax > Ni+1 > Ni

Vz > Voutav ?No Yes

Ni+1

Set {Wd,C,Ws,N} =
= {Wdi ,Ci,Wsi ,Ni}

End

Figure 8.6: Algorithm for pump area optimization

from the solutions set of equations from chapter 6

vc|t=Tclk/2 = αD · vc∞|Vφ=0, (8.5)

vout(WMD,C)|t=nTclk/2 ≥ Vout,av + Vr/2, (8.6)

where the meaning of the symbols is explained in section 6.3 and subsequently recalcu-

lates the switch transistor sizing. After that, the analysis algorithm tries to find the new

number of stages, labelled Ni(> Ng), according to the procedure in section 8.6. If the

solution exists, the new pair {Wdi+1,Ci+1} is selected and the process is repeated until

the output voltage V̄z is less than Vout,av. The number of stages is the critical param-

eter in this case. Considering the set of the input parameters from Tab. 8.1, possible

pairs of solution Eq. 8.6–transistor width in µm and main capacitor value in pF are:

[Wd,C] = {[1, 0.5], [4.5, 1.5], [10, 2.5],[15.5, 3.5], [21, 4.5], . . . }. The result in according to

algorithm from Fig. 8.6 satysfying the conditions V̄z > Vout,av, N < Nmax = 20 and min-

imal capacitance value is {Wsopt,a = 0.5,µm,Wopt,aCopt,a} = {10, 2.5 pF} for N = 14.

MOS capacitor sizing is Wc = 72.1µm and Lc = 10µm. Sizing of the other components

is the same, see Tab. 8.2.

Total charge pump area calculated from (8.3) is 0.0145 mm2 is about 20% less than in
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the previous case, see Tab. 8.2. The pump voltage efficiency is only about 27%.

8.4 Summary

The utility for the design of the cross-coupled charge pump was discussed in this section.

Synthesis process, which is the result of the current research in the field of two-phase

charge pumps, significantly facilitates designer’s work. The algorithm is based on the

pump elementary blocks modelling through the symbolic description by using the BSIM

model description. Sizing of the pump components is derived from both the static (CMOS

inverter) and state equations (switch transistor, main capacitor sizing, etc.) from and

solving of the state equations, which meet the prerequisites following from continuous

pump character during the phase of the clock signal. Subblocks were designed, so that the

pump voltage static efficiency is maximal, see (3.3). Complex model is used for calculating

the number of pump stages in the synthesis process through the state-space description,

as it is shown in Fig. 8.2. The number of stages for computing cycle is estimated by

using the Lagrange´s interpolation polynomial function, initial N was calculated from

(8.1). The full mentioned process was shown in the practical example, in which the pump

design was done based on both the maximal static efficiency and minimal total pump

area. The procedure allows, among other functions, to generate netlist for ELDO and

estimate the total pump area, see Eq. 8.3. Description approach is complicated and allows

to observe a number of static and dynamic parameters with acceptable accuracy. On the

other hand, some dynamic properties, as power dissipation cannot be calculated because

of the neglecting of the transition between phases of CLK and other effects cited in [36,38].

Comparision between the calculated and analysis results in ELDO shows Fig. 8.5.
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Chapter 9

Conclusion

9.1 Summary of thesis

Synthesis process of the cross-coupled charge pump is discussed in the thesis.

General systems theory defines the main properties and aspects associated with the

proposal and problematic solution of the partial steps of the design algorithm. Con-

ventional description methods fail to capture the real circuit behaviour, whose analogue

character brings another dimension of the complexity. The non-traditional approach to

an analysis of the discrete-time analogue circuit was offered to readers.

Attention was focused on the cross-coupled charge pump, that is used is used to

the power of the low-current-consumption peripherals on the chip, as flash or EEPROM

memories.

The modern topology of the two-phase charge pump is constructed primarily based

on two conceptions, namely the Dickson charge pump and static charge pump (CTS-

1), which were given in overview. Analysis results confirmed the discrepancy between

the theory relationships and simulated data thus an alternative way was found for the

successful draft. This topology partially eliminates the reverse charge transport through

the switches but the problem remains– voltage gain is strongly dependent on the switch

transistor sizing. Other dominant effects on the pump characteristics are threshold voltage

and body effect, inverter cross current, substrate capacitances, leakage current.

The main pump properties were included in the pump stage model. Each of the pump

functional blocks was described as an analogue block based on the BSIM model equations

for long channel process and respecting to the various operating modes of the transistors.

Only the subthreshold region of the MOSFETs is not included because the high-voltage

application is provided. The main pump properties were included in the pump stage

model. The resulting model is significantly closer to the real circuit behaviour, as it is

shown in simulation results. The model allows both the design pump circuit elements and

to carry out the synthesis of the N-stage charge pump. The pump functional blocks were

designed so that the pump voltage gain is maximal. The process is based on previous
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experience gained from analyzes in the simulator. The principle applies the calculation of

the time response characteristics and finding the extrema points. The switch and diode

transistor and main capacitor sizing are set in accordance with the guidelines. Because

the system is nonlinear, the finding point must be defined in the worst case of the bias

voltages to satisfy the solution over all the pump stages. The CMOS inverter transistor

width was set in a different way then the other circuit elements. The simple principle was

based on the static power minimization so that the inverter switching point was shifted

to the cut-off border of the NMOS. As a consequence, the switch reverse current is also

decreased. All the properties were verified by the simulation of the N-stage charge pump

in Mentor Graphics SW.

Estimation of the pump static and some dynamic properties were done through the

state-space model. The partial time response characteristics for each phase of the clock

signal was calculated and transition into the next phase respects the end values of the

state variables from the previous phase. Total time response characteristic from zero to

time, in which the steady state is detected, is given by the composition of the partial time

responses.

On the basis of a comprehensive description of each charge pump block, an algorithm

for the design of cross-coupled charge pumps was developed. Synthesis process includes the

pump block design through the semi-symbolic equations according to the recommended

hierarchy. The core is the mentioned analysis procedure, which calculates the output

voltage. Number of the pump stages is predicted using the Lagrange´s interpolation

function. Complete procedure was demonstrated on the practical example, including the

comparison to simulation results. Utility provides two significant solutions considering two

design criteria: maximal pump voltage efficiency and minimal pump area on a chip. The

approach may be applicated for other technology MOS process, as PSP or EKV models.

9.2 Fulfilments of targets

The thesis clarifies many real effects in the cross-coupled charge pump and their interrela-

tions, which are described by the symbolic equations derivated from the elementary circuit

models and their characteristics. The results solve the issue of the circuit design, which

is time effective. The practical benefit of the thesis is the synthesis of the high-efficiency/

area-efficiency charge pump on the circuit-level. The design utility is complemented by

additional functions. Firstly, the circuit netlist generation for ELDO at the end of the

synthesis process. By this way the designer can easily check the results, make the further

modifications, etc. . Secondly, the pump model allows to include the high-level parasitic

effects: added strange capacitances and leakage currents in each pump stage.
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9.3 Further extensibility and recommendations

The future research will be focused on the activities in the field of the design utility

including these innovations: derivation of the refined equation for the initial pump stages,

i.e. shortening the calculation time, implementation of the corner synthesis (FF, SS) and

other technology process and graphical interface (guide, maplet). It would be appropriate

to compare utility results with the results of the optimization algorithm in the simulator.

The steps leading to the production of the functional samples highlight knowledge in the

branch of the charge pumps.
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Appendix A

Design utility–illustration

# Illustration of the settings in Maple SW

# The initial settings

Simulation settings:

Fast analysis: NO

CAPMOD = 1 # MOS capacitor will be used

Minimal capacity value: 0.6pF # Capacitance value at V = VTH0

WARMOD = 1 # Ward,s model will be activated

Initial number of stages: 3

−−−−−−−−−−−−−−−−−−−−−−−
Power supply voltage: 1V

Clock signal amplitude: 1V

Clock signal frequency: 10MHz

Load impedance: 10Mohms ‖ 10pF
Added strange capacitance value: 0.001pF

Leakage resistance value: 10Mohms

Nominal output voltage value: 3V

Minimal value of the output voltage: 2.85V # tolerance

# Computional process

N = 3 # Initial value of N

Computing, please wait...

3.6535 10e-13, 1.8087 10e-13, 3.5051 10e-13, 1.1231e-14, 10e-15 Strange Cs

-0.37911, 0.23261, -0.36942, 0.0035260, 0 # initial conditions

-0.37911, 0.23261, -0.62272, 0.074483, 0.015639 # end state variable values

1, 5.0000.10e-7, 0.015639 # cycle, time, output voltage

# next cycle

9.8971.10e-14, 1.0587 10e-13, 1.2278 10e-13, -7.58 10e-17, -0

-0.2367, 0.08143, -0.4516, 0.07294 0.015638617
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0.52778, -0.62346, 0.37544, 0.072944, 0.015414

2, 1.0000e-7 , 0.015414
...

# Programme continous...

# List of the results

# Approximation of the output voltage

Vout = piecewise(0 <= t and t <= 3, 0.87363 ∗ t, 0)+

+ piecewise(3 <= t and t <= 5, 0.2424 ∗ t+ 1.8936, 0)+

+ piecewise(5 <= t, 0.23132 ∗ t+ 1.9489, 0)

Number of N iterations: 3

Total number is N=6

Average value of the output voltage: Voutav=3.33V

Ripple value of the pump output voltage: 1.8 mV

Relative error of the output voltage: 0.9 %

Rise time of the output voltage: Tr=5.4 us

Transistor Md: NMOS HVT

W=20um

L=1um

Switch transistor Ms: NMOS HVT

W=2um

L=1um

CMOS inverter

Transistor Mn: NMOS HVT

W=9um

L=1um

Transistor Mp: PMOS HVT

W=10um

L=1um

Capacitor Mc: NMOS HVT

=80um

L=10um

Component area: 6608 um̂ 2.

Total pump area on layout (estimation): 8591 um̂ 2.
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Netlist for ELDO

# Netlist is generated by the design utility for ELDO

Netlist(N); # call the procedure

# 1-stage charge pump. Very long netlist, isn´t that?

"* .CONNECT statements

*

.CONNECT GROUND 0

*ELDO netlist generated with ICnet

*

*GLOBALS

*

.global GROUND

*

*MAIN CELL: 1-stage Cross-coupled charge pump

*

V1 1 GROUND dc 1

Vclka clka GROUND PULSE (0 1 0 .10e-8 .10e-8 .50000e-7 .10000e-6)

Vclkb clkb GROUND PULSE (0 1 .49000e-7 .10e-8 .10e-8 .50000e-7 .10000e-6)

M1 1 1 2 GROUND nmos hvt w=.5e-5 l=.1e-5 m=1

+ as={eval(((1/2-trunc(1/2))==0)?((2*.5e-5*2.6e-07+(1-2)/2*(.5e-5*2.3e-07))/1):
((.5e-5*2.6e-07+((1-1)*.5e-5*2.3e-07)/2)/1))}
+ ad={eval(((1/2-trunc(1/2))==0)?((.5e-5*2.3e-07)/2):
((.5e-5*2.6e-07+((1-1)*.5e-5*2.3e-07)/2)/1))}
+ ps={eval(((1/2-trunc(1/2))==0)?((4*(.5e-5+2.6e-07)+(1-2)*(.5e-5+2.3e-07))/1):
((2*(.5e-5+2.6e-07)+(1-1)*(.5e-5+2.3e-07))/1 ))}
+ pd={eval(((1/2-trunc(1/2))==0)?(.5e-5+2.3e-07):
((2*(.5e-5+2.6e-07)+(1-1)*(.5e-5+2.3e-07))/1))}
M2 1 3 2 GROUND nmos hvt w=.2e-5 l=.1e-5 m=1

+ as={eval(((1/2-trunc(1/2))==0)?((2*.2e-5*2.6e-07+(1-2)/2*(.2e-5*2.3e-07))/1):
((.2e-5*2.6e-07+((1-1)*.2e-5*2.3e-07)/2)/1))}

89



90 APPENDIX B. NETLIST FOR ELDO

+ ad={eval(((1/2-trunc(1/2))==0)?((.2e-5*2.3e-07)/2):
((.2e-5*2.6e-07+((1-1)*.2e-5*2.3e-07)/2)/1))}
+ ps={eval(((1/2-trunc(1/2))==0)?((4*(.2e-5+2.6e-07)+(1-2)*(.2e-5+2.3e-07))/1):
((2*(.2e-5+2.6e-07)+(1-1)*(.2e-5+2.3e-07))/1))}
+ pd={eval(((1/2-trunc(1/2))==0)?(.2e-5+2.3e-07):
((2*(.2e-5+2_6e-07)+(1-1)*(.2e-5+2.3e-07))/1))}
M3 3 2 1 GROUND nmos hvt w=.16e-4 l=.1e-5 m=1

+ as={eval(((1/2-trunc(1/2))==0)?((2*.16e-4*2.6e-07+(1-2)/2*(.16e-4*2.3e-07))/1):
((.16e-4*2.6e-07+((1-1)*.16e-4*2.3e-07)/2)/1))}
+ ad={eval(((1/2-trunc(1/2))==0)?((.16e-4*2.3e-07)/2):
((.16e-4*2.6e-07+((1-1)*.16e-4*2.3e-07)/2)/1))}
+ ps={eval(((1/2-trunc(1/2))==0)?((4*(.16e-4+2.6e-07)+(1-2)*(.16e-4+2.3e-07))/1):
((2*(.16e-4+2.6e-07)+(1-1)*(.16e-4+2.3e-07))/1))}
+ pd={eval(((1/2-trunc(1/2))==0)?(.16e-4+2.3e-07):
((2*(.16e-4+2.6e-07)+(1-1)*(.16e-4+2.3e-07))/1))}
Mc1 2 clka 2 2 nmos hvt w=Wc l=Lc m=1

+ as={eval(((1/2-trunc(1/2))==0)?((2*Wc*2.6e-07+(1-2)/2*(Wc*2.3e-07))/1):
((Wc*2.6e-07+((1-1)*Wc*2.3e-07)/2)/1))}
+ ad={eval(((1/2-trunc(1/2))==0)?((Wc*2.3e-07)/2):
((Wc*2.6e-07+((1-1)*Wc*2.3e-07)/2)/1))}
+ ps={eval(((1/2-trunc(1/2))==0)?((4*(Wc+2.6e-07)+(1-2)*(Wc+2.3e-07))/1):
((2*(Wc+2.6e-07)+(1-1)*(Wc+2.3e-07))/1))}
+ pd={eval(((1/2-trunc(1/2))==0)?(Wc+2.3e-07):
((2*(Wc+2.6e-07)+(1-1)*(Wc+2.3e-07))/1))}
Cs1 2 GROUND .1e-14

Rl1 2 GROUND .1e11

M4 3 2 vb vb pmos hvt w=.5e-5 l=.1e-5 m=1

+ as={eval(((1/2-trunc(1/2))==0)?((2*.5e-5*2.6e-07+(1-2)/2*(.5e-5*2.3e-07))/1):
((.5e-5*2.6e-07+((1-1)*.5e-5*2.3e-07)/2)/1))}
+ ad={eval(((1/2-trunc(1/2))==0)?((.5e-5*2.3e-07)/2):
((.5e-5*2.6e-07+((1-1)*.5e-5*2.3e-07)/2)/1))}
+ ps={eval(((1/2-trunc(1/2))==0)?((4*(.5e-5+2.6e-07)+(1-2)*(.5e-5+2.3e-07))/1):
((2*(.5e-5+2.6e-07)+(1-1)*(.5e-5+2.3e-07))/1))}
+ pd={eval(((1/2-trunc(1/2))==0)?(.5e-5+2.3e-07):
((2*(.5e-5+2.6e-07)+(1-1)*(.5e-5+2.3e-07))/1))}
M5 2 2 out GROUND nmos hvt w=.5e-5 l=.1e-5 m=1

+ as={eval(((1/2-trunc(1/2))==0)?((2*.5e-5*2.6e-07+(1-2)/2*(.5e-5*2.3e-07))/1):
((.5e-5*2.6e-07+((1-1)*.5e-5*2.3e-07)/2)/1))}
+ ad={eval(((1/2-trunc(1/2))==0)?((.5e-5*2.3e-07)/2):
((.5e-5*2.6e-07+((1-1)*.5e-5*2.3e-07)/2)/1))}
+ ps={eval(((1/2-trunc(1/2))==0)?((4*(.5e-5+2.6e-07)+(1-2)*(.5e-5+2.3e-07))/1):
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((2*(.5e-5+2.6e-07)+(1-1)*(.5e-5+2.3e-07))/1))}
+ pd={eval(((1/2-trunc(1/2))==0)?(.5e-5+2.3e-07):
((2*(.5e-5+2.6e-07)+(1-1)*(.5e-5+2.3e-07))/1))}
M6 2 2 vb GROUND nmos hvt w=.5e-5 l=.1e-5 m=1

+ as={eval(((1/2-trunc(1/2))==0)?((2*.5e-5*2.6e-07+(1-2)/2*(.5e-5*2.3e-07))/1):
((.5e-5*2.6e-07+((1-1)*.5e-5*2.3e-07)/2)/1))}
+ ad={eval(((1/2-trunc(1/2))==0)?((.5e-5*2.3e-07)/2):
((.5e-5*2.6e-07+((1-1)*.5e-5*2.3e-07)/2)/1))}
+ ps={eval(((1/2-trunc(1/2))==0)?((4*(.5e-5+2.6e-07)+(1-2)*(.5e-5+2.3e-07))/1):
((2*(.5e-5+2.6e-07)+(1-1)*(.5e-5+2.3e-07))/1))}
+ pd={eval(((1/2-trunc(1/2))==0)?(.5e-5+2.3e-07):
((2*(.5e-5+2.6e-07)+(1-1)*(.5e-5+2.3e-07))/1))}
Mc2 vb clkb vb vb nmos hvt w=Wc l=Lc m=1

+ as={eval(((1/2-trunc(1/2))==0)?((2*Wc*2.6e-07+(1-2)/2*(Wc*2.3e-07))/1):
((Wc*2.6e-07+((1-1)*Wc*2.3e-07)/2)/1))}
+ ad={eval(((1/2-trunc(1/2))==0)?((Wc*2.3e-07)/2):
((Wc*2.6e-07+((1-1)*Wc*2.3e-07)/2)/1))}
+ ps={eval(((1/2-trunc(1/2))==0)?((4*(Wc+2.6e-07)+(1-2)*(Wc+2.3e-07))/1):
((2*(Wc+2.6e-07)+(1-1)*(Wc+2.3e-07))/1))}
+ pd={eval(((1/2-trunc(1/2))==0)?(Wc+2.3e-07):
((2*(Wc+2.6e-07)+(1-1)*(Wc+2.3e-07))/1))}
Cs2 vb GROUND .1e-14

Rl2 vb GROUND .1e11

RL out GROUND .1e8

CL out GROUND .10e-10

.end"
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Appendix C

Charge pump–logo

The design problem and the interconnection of the pump parameters is illustrated by the spider

net. Optimal design is indicated by the regularity of its shape.

Output voltage

Rise time

Ripple voltage

Load current

Static efficiency

Dynamic efficiency

Layout topology

. . .

Figure C.1: Charge pump in spider net
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Appendix D

Design maplet for 4-phase charge

pump

The synthesis procedure for 4-phase charge pump draft had been programmed before the proce-

dure for cross-coupled charge pump. The interactive application was created by Ondřej Šubrt

for the needs of ASICentrum company, where he works as Senior IC Designer engineer. The

synthesis algorithm is based on the on a simpler principle, than it is specified in the thesis.

Nevertheless, the author applies practical knowledge from measurement of the real structure.

Excerpts from the design environment chpump interactive school 1.0, programmed in Maple

SW, are listed below.

(a) (b)

Figure D.1: 4-phase charge pump: diagram (a) and timming of the CLK (b)
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