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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

Dizertacni prace se zabyva navrhem kiizové vazané nabojové pumpy, jez se pouziva pro
napajeni nizkoptikonovych obvodii na ¢ipu. Pouziva netradi¢ni pristup k popisu diskrétné
pracujicich analogovych soustav vychazejici z teorie nelinearnich systémt. V tivodni ¢asti
jsou shrnuty zakladni poznatky v oblasti SC obvodtl véetné vlastnosti zakladnich struktur
dvoufazovych nabojovych pump. Hlavni ¢ast prace se zabyva fesenim jednotlivych krokt
navrhového algoritmu kiizové vazané nabojové pumpy od analytického popisu a navrhu
funké¢nich bloki az k sestaveni komplexniho modelu, jenz je vyuzit k odhadu poctu stupnu
realné struktury prostfednictvim Lagrangeova interpola¢niho polynomu. Kazda bunka v
obvodu pumpy je popsana zjednodusenymi rovnicemi BSIM modelu MOSFET tranzis-
toru s dlouhym kanédlem. Jsou uvedena dvé mozna feSeni vysledné struktury, a to jednak
na zakladé kritéria maximélniho napéfového zisku (statickd napéfova ucinnost) a jed-
nak dosazeni minimalni celkové plochy obvodu na ¢ipu. Navrhovy algoritmus je ukazan
na praktickém prikladu, véetné srovnani dosazenych parametrii se simula¢nimi vysledky.
Navrhové prostiedi umoznuje mj. vygenerovat tzv. netlist vysledné struktury pro simula-
tor ELDO se zahrnutim modelt realnych prvkt dostupnych v knihovné MGC Design Kit.
Popis struktury je univerzalni jak z hlediska pouzitych modela (PSP, EKV a dalsi), tak
i z hlediska implementace parazitnich prvki vyssich stupnt. Hlavnim pfinosem prace je
postup navrhu uvedeného typu nabojovych pump bez casové narocného iteracniho pro-
cesu, tedy bez nutnosti aplikace optimaliza¢nich metod.

Klicova slova: Kiizové vazand nabojova pumpa, navrh, BSIM model, stavovy model,
simulace, programova 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:
e Systems without driving—using mainly in the power applications.

e 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 f.
must be at least an order greater then maximum value of the input signal frequency f,
fe > 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 v;(t) and the settling

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

given by
dQ . AQ C(Vi—-W)  C
i=w 7T~ 12 (1)
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O0——0\ == O——0 O—:—O
S Rekv
Vl\ Vo= W Va
R

Figure 1.1: Equivalent circuit of the switched-capacitor

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

T, 1

Rekvzazfcic)

(1.2)

where C is switched-capacitor value and f. = 1/7, 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:

e circuit model,
e simulation,

o cvaluation 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



/ Requirements /
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process vs
l model
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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]:

e 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.

e 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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e 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 MOSFETSs 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 Mp, and load impedance Ry, Cf, is connected
to catode of Mp,,1. Both the clock signals, labeled ¢, ¢, with amplitudes Ve and V3, which
are operating mutually in antiphase, are connected trough the main capacitors to node between
catode of the Mp; and anode of the Mp;;1. Diodes ensure the transport charge and ”isolates”
the pump stages. In the first phase of the clock signal, when V;; = ”L”, the main capacitors,
which are connected to the odd stages, are charged (passive interval) and in the second phase,
when V; =7 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 Vg,

viy1 — vy = Vryg
and voltage in the node ¢ is reduced by the parasitic capacitor Cg;,

C 1
v} = Vi,

NN

where  is couple ratio.

— —— —— L
4 = . = L =
G I C CSJ_ G CSI G
I
$ +V,

ooV L

Figure 2.1: Dickson charge pump [38]
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Figure 2.2: Timing in Dickson charge pump [4]

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

value is theoretically equal to

max{Vy, Vz}

V;)ut,max = VDD +N < 1+ B

- VTH> — Vry, for I =0. (2.1)
When the pump output supplies load current I7, then average value of the output voltage is
given by

N

‘/ouav:‘/oumax:RumI = A1 A 2.2
tan = Voutmaz = Rl = 657 22

where f is the cloc signal frequency and Ry, is an equivalent internal pump resistance calcu-
lated from SC technique (1.2).
Diode D, 1 is OFF in the low logic level of the V4, in this case, load capacitor Cy, is

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

[1,2,38],
IL ‘/out,av

V. = = .
fCr  fRLCyp

(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]:

e all the switches (MOSFETSs) has the same and constant threshold voltage and zero leakage

current,
e all the capacitors are ideal,
e parasitic capacitances are negligibly small,

e 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 Vpp,

e 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 (' is fully charged in the time j, in the node 1 is acumulated charge value,
@1 =C(Vpp — Vrn). (2.4)

During the high logic level of Vi; = Vpp, the charge is injected in node (1). Diode Dy 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,

Q2 + Ginj
C )

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

v = (2.5)

after that the potential in node (1) was increased, i.e. Vy = Vpp and Vi = Vo + Vrpg.
New potential value in node (1) at the time j + 1/2 is equal to:

Vi = Vop + 2L fini (2.6)
C
Combining (2.4) and (2.5),
Q1 — Ginj Q2+ Ginj
=V — . 2.7
Vru =Vpp + c c (2.7)
In the first phase, i.e. at the time j diode D3 will be OFF and
Q2 Q3

Vg =V, - - =, 2.8
TH DD + C C (2.8)

Combining (2.7) and (2.8),
Q3 =3C(Vpp — Vra) — 2qin;- (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(2TL — 1) = C(2n — 1)(VDD — VTH) — 2qmj(n — 1) (2.10)
Q(2n) =2nC(Vpp — Vru) — 2qinj, (2.11)

where 1 < n < N/2. Charge in the N*® pump stage, when diode Dy is OFF, is given by
QN = C(Vout,av — VoD + VrH), (2.12)

By comparing of both equations (2.11) and (2.12), relationship for injected charge was derived
by Dickson [38]: .
qmjﬁ [(VDD - VTH)(N + 1) - Vout,a'u] . (213)
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Combining (2.10), (2.11) and (2.13), the charge accumulated in each the main capacitor is

calculated from:

2C(n—1
Q2n—1)= (;LV> (Vout,av — Voo + V) + C(Vpp — Vr) (2.14)
2nC
Q(2n) = nT(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 Q..(n,j), for 0 <n < N is given by [1,2,4, 38]:

Mz

n[Q (n,0)] + (N + 1)[Qinj — Qin;(0)]. (2.16)

N
= Z Qcc( 7.7
n=1

n=1

Using the following initial conditions,

Q(2n —1,0) = C(Vpp — Vra), (2.18)
Qinj(0) = CL(Vbp — Vru), (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,
QL(j) = (N + 1C; (Vout(j) — Vbp + Vra) (2.20)

Load capacitance consists two parts: load capacitance C, and pump capacitance Cpymp,

4N243N+2
C . WO fOI' even N (2 21)
pump — .
4]\[212#0 for odd N.

Total charge, which is acumulated at time j is given by
J
. C
Qeed) = (N+1) Y = (N +1) (Vop = Vrn) = Vour(m)] . (2:22)

n=0

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

(N 4+1)(Vbp — Vi) — Vour(m)] (2.23)

=1le

J
C; = Vout(j) — Vop + Vra) = Z

m=0

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

Cr (Vout(j + 1) = Vour (5)) = % (N +1)(Vbp — Vrr) — Vou(j +1)]. (2.24)
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Substituting the initial condition V,,(0) = Vpp — Vg from (2.19) into (2.24), the output

voltage at the time j becomes to

Vout (/) = (N + 1)(Vop — V) + [Vou (0) — (N + 1)(Vop — V)| N, (2.25)

1
C
1 NCY

where \ =

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

voltage value Vy;;, was derived by Tanzawa and Tanaka [1]:

‘/fin_vout (0)
_ In |1-— ‘N(VDD—VTH)} 1 (2.26)
L In(}) f ’

Average value of the power supply current during the time 7, is calculated from:

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

C; Vin_‘/ou 0

Now, power dissispation and output power are defined as,

P, - i 4ec(H)Vop (N +1)(Viin — Vout(0)VppCy,

= 2.2
Tr Tr ) ( 9)
=0
. . . 2 2
Ginj (])Vout (j) 1 szn - V;)ut (0)
Pou = — Il —  —_ 2-
=2 T i (2:30)
7=0
and dynamic efficency during 7T, is given by
Pout Vfin + Vout(o)
= = . 2.31
T P 2N+ )Vpp (2:31)
Dynamic efficiency is approximately equal to half of the efficiency in the steady state [38]:
max{V,,Vs} I
Vop + N |55 — Vi — gtz | (2.32)
€s = ! .
(N+1)Vpp

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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‘/out,max — C’pump:: ‘/out,av
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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

+V F ——p———————- i '\: e Ji - 0 Voyr
E I silght
LT
MDN 2

=]

éﬁ

= Mg T My, I N
——4 4 —— ~—
L L L L 4 L L L
&1 To ] To ¢ Ta T T
o o
¢ o

Figure 2.4: CTS-1 charge pump [32]

Source is connected between nodes ¢ and ¢ + 1, is drived by the higher voltage from the next
stage, i.e. Gate is connected to node i 4+ 2. The feedback is implemented locally in each stage.
Principle is the same as the Dickson charge pump, however, Mp 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 = Vj+1 — V; — 0.

Threshold voltage (and body effect) is only applied at the last diode Dy 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],
Vra = Vrno + aVsa, (2.33)

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

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

1

Vout,maac =« (VDD + N - maX{V¢,Vq§}m

> , fora>0 (2.34)

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

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

1
o= .
1+a
The real circuit does not work in spite of expectations, see Fig. 2.5. When ¢ = "H” and

¢ = "L”, voltage in the node i is Vpp + Vs and voltage drop is G,. Otherwise, when ¢ = "L”
and ¢ = "H” transistor M, s; must be OFF because of the transport charge from node ¢ to node
1+ 1. Critical situation will happen, when the voltage at node i+ 1 exceeds the threshold voltage
of the transistor My;. After that Mg is ON and charge is transported from node ¢ to node 7 — 1.

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

QGW > VTH]\/IS'L . (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
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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 Mg1—Mgy) in order
to eliminate threshold voltage of the diodes realized by MOSFET transistors Mp;—-Mpy (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 C; provides transport charge that is controlled by
two—phase clock signal ¢ and ¢. 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 (My;, Mp;) 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

Ve = (N +1)Vop = Vrrmpyq (3.1)

13



14 CHAPTER 3. CROSS-COUPLED CHARGE PUMP

where N is number of stages, Vpp is supply voltage and Vrg(pn 1) is threshold voltage of the
transistor Mp ., , .

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

N Vi
Vout,(w = ‘/out,max - CIL = MN )
fc 1+ FORL

(3.2)

where f. is clock signal frequency, C is main capacitor and [, is average value of load current.
Required number of stages to achieve a desired output voltage is characterized by pump

voltage efficiency 7",
‘/out,av

" N T )Von (33)
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, Mg;, My,, Mp; and Mp, 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 ¥ 24°C
Number of stages N 2
Supply voltage %555 1V
CLK frequency fe 10 MHz
Main capacitance C 5pF
Load ressistance Ry, 100k
Load capacitance CL 10pF
Threshold voltage of Vrmoy | 0.35V
NMOS and PMOS at V=0 | |[Vrgo,| | 0.33V
Channel length of N(P)MOS L lpm
W/L ratio of the Mg; W/ Ls 2
Mp; W,/L, 3
My W,/ Ly, 1
Mp; Wa/Lqg 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 €y, of the calculation value from Eq. 3.2 and voltage pump efficiency
Ny. 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

Voltage static efficiency ignores power consumption, as is apparent from definition of it. Real energy
efficiency is allways less than 7,.
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Table 3.2: Static and dynamic paramters of the charge pump

N | Voutaw[V] | €rvou %] | 70[7]
1 1.12 325 | 56
2 1.54 17.9 | 51.3
3 1.89 14.86 | 47.25
4 | 219 124 | 43.8
5 2.41 114 | 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 MOSFETSs or layout

capacitances, it creates the voltage divider with main capacitance,

C
C+0Cy

Vbp = Vop

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 Mg; for
suppression of the threshold voltage of transistor Mp;. It means that the voltage gain Gy of

the stage must be greater then

GV > 7V€H (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), Vg =
f(Vsp). 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-MOSFETSs, 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-MOSFETSs 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|:

Vru = Vrao +7 (\/ ¢s — Vsp — \/GZTQ ; (3.5)

where Vg is threshold voltage at zero bias voltages, ¢, is surface potential and v 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 Mp; and My;. 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:

Ve, (VsB) <Gy > Vit e, (VBs)| + Vi, v, (Vsp) (3.6)
9 2 ‘ '

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

Forward charge transport
[F T
il TT7 Mo . v l\.ADZ i1

Vi, ? .
Mg, 7

g charge == 52

transport

M, e AN RS

C, ==¢v€l(t)
+
=)}, 0=V T %.0

1 ¢=0

Figure 3.3: Reverse charge transport

of the switch transistor I and the inverter cross current I..,ss. 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 I..oss 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 AV, > 0 and v;,, —
V(i—1) > VrH,,,;- Implying that, disproportionately large ratio W, /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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Figure 3.4: Output voltage (a) and power efficiency (b) vs. W/L 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 P, divided by the total mean input power P;, in steady state (when the average

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

P, P,
out — 100 out

=100 - . ,
" P, P¢>+P<;3+PVDD

(3.7)

where Py + P is total mean power supported by the clock signal generator and Py,,,, is mean

power supported by the DC source voltage.
CMOS inverter [23] should switch on the transistor Mg; 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 v;,, 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 (VT'C) and both the transistors Mp; and My; are ON.
The cross current is maximum at point v; = v;y,. 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 Vi — Vi, where Vi and Vg 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 I, and I..,ss is obvious because Iross = f(Vsp)
and I, = f(Vipy).

Thus, dependence of the pump output voltage on the cross current (via sizing of the transitors
Mp; and Mg;) should be analyzed respecting the following conditions because of the objective

evaluation:

e Reverse current must be suprresed as much as possible, so that I, — 0. The ratio W/ L

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

e Reverse control voltage of the switch transistor must be (about) same. It means that volt-
age range of the linear part of VT'C characteristics is kept (Vgp & const.) with increasing
the ratio Wy;/Ln; and Wp;/Lp;. Consequently, it is necessery to increase together width

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

Total inverter area, labeled A;,,, is calculated from:
Ainw = WniLni + Wp;iLp; (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 VLV—]J\\T’Z / VLV—IIS? = 1/3 (symmetrical inverter).
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Figure 3.6: Pump output voltage vs. total inverter area, main capacity (a) and the Wy /L
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 Vg >> V. Following conditions

must be true:
e long channel MOSFET
e 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, £ = ?VJ;J‘ < Eerit,
where Ly 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 V;,,q. (gate-source, drain-source)

defined as

%
Leff > Vmaxzeia (5'1)
VUsat

where vy, is saturation velocity (model parameter) an p.rs 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

v VTHO + Kloz\/ ¢s - VB - Kl V ¢s - KQonBS7 for VBS < %oundy (5 2)
TH — .

VTH0+K10(EV¢S_%C_K1\/¢S _K20$%ca for VBS > V;)ound>

21
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where Vpgg is threshold voltage at zero bias voltages, ¢, is surface potential, K7, Ko are body
effect coefficients calculated from model parameters and Vj,. is the maximum is the maximum
allowable voltage Vpg calculated from dVyg/dVps = 0 [27]. Threshold voltage is expressed by

the single equation through the effective voltage Vpg f(Vpg) for smooth transition between

eff =
forward and reverse polarity of the diode Source-Bulk!. Dependence of the threshold voltage on
the voltage Vgp can be approximated by two simple functions in according to Eq. 5.2. Boundary

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

Vru(VBs.; ) Wes—s+o0o = Vru(Ves, ;) (5.3)

Considering Vps, ,, =~ Vis (for Vs < 0) then this point is equal to surface potential ¢s.
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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.

Vbs, for triode region
Vbserr = (5.4)
VbDssat, for saturation region

and for long channel MOSFETsS, saturation drain current Vpg = Vpgsat is given by:

1w

Ipsaro = ifcoxeﬂeffVDSsat(VGS - VTH)> (55)

where ¢y is electrical oxide capacitance. Boundary between triode and saturation region is
predicted by voltage (Vgs — V), applies bias voltage effect and further model parameters
(channel length and width...) included in bulk-charge equation [27], labeled Apuk. Apuk is

Wgs, ;7 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,

Vas — Vru

5.6
Abulk (5.6)

VDSsat =

Generally, the output I-V curve in saturation region (Vps > Vpgsat) 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 Vpg voltage. The slope of
the output characteristics is mainly determined by Early voltage Vaprpr due to drain-induced
barrier lowering (DIBL) effect [23,24,27,28]. Vaprpr is directly proportional to the voltage Vg,
as shown bellow. Moreover, equation (5.7) contains model parameters PDIBLC2 and PDIBLCB
27),

v 1 Vas —Vru (5.7)
ADIBL = 5 PDIBLC2 (1 — PDIBLCB Vsz) ‘
The complex drain current equation becomes
Vbs — V;
Ip = Ipsato <1 + Df/Dssat> , for Vps > Vpssat (5.8)
ADIBL

Drain current in triode region is a function of the Vpg voltage (Vigs = const.). Maximum of
parabolic function Ipgsy =f(Vpg) corresponds to the voltage Vpgssqt because of the neglecting
CLM mechanism [23,24,27,28]. Then, relationship between drain-source voltage Vpg and the

saturation drain current Ipsqi0 [24] can be simply written as

I I
Ipso (Vbs) =~ Vis + o 2Vps. (5.9)
DSsat DSsat

Dynamic part of the MOSFET uses Ward “s capacitance model [25,27,28]. The capacitances
between electrods ¢ and j, labeled C;;, are derived from the charge (); and control voltage V; to
ground [27]:

Qi

Cz'j = avj.

(5.10)

Capacitances can be understood as the coefficients with Farad unit and sign 4+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]:
d Cy=> Cij=0 (5.11)
( J

BSIM model differentiates the expression of the charge equations Qs, Qq, Qp and Q4 [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.

W=L=10pm, }=0.1V, V=0
¢ 14 W=L=10um, V=0, ,=0.5V, ¥,=0
I 1
[
| ]
| 2 i
| T +
| " T
\ ——V, =2V
bs_ 0.84
— V=1V |Cgs| [PF]
0.6
— CAPMOD=0 — CAPMOD=0
+ CAPMOD=2 044 + CAPMOD=2
=3 0.2+
TR, .
? 1 + + } + +
-3 -2 -1 0 1 2 -2 -1 0 1 2
Vs [V] Vgs [V]

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

Wi
M,

"
lICTOSS .

g

Vin Cy jV‘

—

L VI
_T_ Mn bn

Vs

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 MOSFETSs [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 I..ss > 0, other cases, as subtreshold region of MOSFETSs [14], can occure.

These are also modeled for three main reasons:
e guidlines on the inverter MOSFETSs transistor sizing,

e inverter output voltage can put the switch transistor into a strong inversion region, i.e.
I, > 0 although the inverter is not operating in strong inversion region (inverter cross

current is considered zero),

e 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 V; and V5. When the
input terminal is connected to the voltage V;,, < Vi, the output is pulled to Vi, when V;;, > Vg,
the output is pulled to V5.

5.2.1 Strong inversion

Power supply voltage of the invertor must fullfil the basic condition

V-V > |Veny,,

+ VTHMNZ- (5.12)

to turn on both of the transistors M; and Ms in the interval Vj,, € (Vi1,Vig), where Vi and
Vig 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 Mp; is operating in triode region, while
transistor My, in stauration region (Vi, — Vo > 0 and Vj,, — Vo < Vpp,,,,). Cross current is

practically zero, however, the following equality is valid:

IDsatUMM |VGs=Vm Vo = IDSO]\/IPi ‘ Vsa=V1—Vin,Vsp=V1—Viny> (5’ 13)

where Ipgqio is the drain current in saturation region at Vpg = 0 and Ipgg 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,

IDsatoy pi [Vsa=vi—Vin = IDS0r ;i [Vas=Va—Vin Vo s=Viny—Va- (5.14)

and in the second region, both transistors Mp; and My; are in the saturation region (Vpg >

VDS...)- The slope of the transfer characteristics is determined by Early voltage due to DIBL
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Figure 5.4: Inverter static characteristics: voltage transfer char. (a) and cross current
char. (b) and their linearization

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

IDsatMm |VSG=V1 —Vin,Vsp=V1—Viny, = IDSU«tJVINi |VGS:Vin*V2 \VDs=Viny—Va- (5' 15)

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

transfer characteristics is calculated from

(‘/17 fOI‘%S%nSVQ_'_VTHMNi

2
IDsatO]upi (VI_VDSSat]MPi)JF\/IDsatO]\/[pi VDSS‘ZtIVIPi (IDsa’tO]\/IP'L _ID‘S”'tOJMNi)

for region 1
IDsatO]\/[pi ’ g

Vino (Vin) = IDsat0p; p; (1HAM Pi(Vi—=VDssat yp, )= IDsato py n 1=2An i (Va+VDssat ;)]
e IDsato ;i AMNi+t1Dsatoy, p; AMPi ’

for region 2

2
IDsatOJ\/INi (v2+VDSsatA4Ni)_\/IDsatOJWNi VDSSC"tMNi (IDsatOJWNi _IDsatOA/IPi)

for region
IDsatOA{Ni ’ g 3

Vs, for Vi > Vin > Vi — [Vruyp, 1,

(5.16)

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

Vaprsr

where \ =

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

values Vi, and Vig, as it is shown in Fig. 5.4a,

Vi, Vo < Vin < Vi1
Vinw(Vin) =~ %(Vm Vi) +Vi, Vig > Vi, > Vip (5.17)
Va, Vi>Vip > Vig.

The specific values V7, and Vg will be also determined. Under the above conditions, analytical
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expression of the cross current is divided into the three cases:

Ipsatn|Vas = Vip — Va, Vo + Vran < Vip < Vsp

Ieross = § Ipsatp|Vsa = Vi — Vi, Vsp < Vip, < Vi — |Vrup] (5.18)

0, otherwise

Cross current is maximal at the switching point V;, = Vsp [23]. Both transistors M; and M»

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

IDsatN’VGS:VSP—VQ = IDsatP’VSG:‘/l—VSP7 (519)

thinking zero output current (I, = 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 Ipsqon =~ Ipsatop- Second, the absolutely value of the
drain currents of the PMOS and NMOS transistors for derivation Vgp 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 Vios — Vg (Vsp) (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

Apuiko(VsB) = Abulk|(Vos—Vig)er ;=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:

Vi —|Vrup(Ves)| + \/R%[W + Vrun(Vss)]

Be ’
1+~/Rﬁcﬁ

Vsp = (5.20)

where

5, = CozeN e ffN|Vas=Vsg=0 8, = CozePllef fP|Vsa=Vis=0 iR W, Ly
N} Per =Ty e 7
bulkON |V =0 bulkOP | Vigg—=0 n 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

Vi Vsp Vi—|Vrup|
PDC = /Icross (Vz ) de = / IDsatN (Vm) de + / IDsatP (Vm) dvvm (5‘21)
Vo Vot+-Vrun Vsp

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 arcatn?, that can be approzimated by its argument (linear

function) at zero (lir% %n(x) = O). Simpler approach is based on an approximation of the
T—r

characteristics (Fig. 5.3) in intervals V;,, € (Vo + Vrgn,Vsp) and Vi, € (Vsp,Vi — [Vrgp|) by

linear interpolation from two values:

e At point coressponding to the known voltage Vgp that is substituted into equation (5.7):
Inaz|Vin=vsp = IDsatN [Ves=Vsp—Va = IDsatp|vse=vi—Vsp

e At the point |Vgg|, that must be greater than threshold voltage |Vrp| (strong inver-
sion region). Transistor is operating on the edge of the saturation region (M; for V;, €
(Vep,Vi — |Vrup|) and Mj for Vi, € (Vo + Vrgn,Vsp)), where the drain current is ap-
proximately linear function of the gate-source voltage. It means that quadratic part of
Vs voltage from expression (Vg — VTH)2 must be less than its linear part. Assuming
the equality of these parts, then two solutions exists. The first one is Vgg = 0, that is

ignored and the second is Vggs = 2|Vrg|®:

I].N = IDsatON‘chzleZQVTHN7 for NMOS
1 pu—
Iip = IpsatoP|vse=vip=2|Vpgp|,  for PMOS

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

Vsp—=Vin Vot+2Vrgn=Vin .
ILin Vep—Va—2Vron + Lnax Vo+2Vran—Vsp’ Vo+Vrgn < Vip < Vgsp
[ross & _ Vsp—Vin Vi=2\Vrmp|=Vin. : _
ICTOSS IlP Vep—Vi+2[Vrrp] + Ima:v Vi—2[Vrap|—Vsp’ VSP < V;,n S Vl |VTHP| (522)
0, otherwise.

Using the condition fcmss = 0 for both of the intervals, where I..,ss 7# 0, then the limit values

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

e (Va+ Ve, ) — hinVsp

Vir ~ - 5.23

IL T I Vinu=V1 (5.23)
Imaz(Vi = 2|\VrHyp,) — I1pVsp

Vig =~ MPi . 5.24

IH Imax _ IlP ‘%nv*VZ ( )

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

Pl (Imaz(vl —2[Vrup|) — hirVsp  Inas(V2 +2Vren) — IlNVSP>
DC ~ 5 max - .

2
Imaac - IlP Ima:c - IlN (5 5)

Average current during the transition between both of logic levels is coinciding DC power divided
by power supply voltage:

_ Ppc
Vi—Vy

o (5.26)

2 Analytical expression is given by the sum of the functions arcatn() and In().
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 C7,,

the dynamic properties follow from the state equations,

_ngn = Vjny, for Uinv(o) =W, (5.27)
L
7
L = Vi, fOT Ui (0) = Vo, (5.28)
C

where g, . is the N(P)MOSFET drain current and C; 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, Vpp — Vg, overlap of the clock

signals, etc.. One of them admits the reverse inverter configuration, when Vi < V,. Transfer

2 i U
VI =15V, VZ: v,

VBN: v, VEP: 1.5V, V=1V, VZZZV, VBNZOV, VepT 1V, /

R=L5 T R=1S /
1.31 | /

1.6
Viuw V1 F ELDO Spice Vi V] T ELDO Spice /

—— Equation Equation

1.21 1.4 /

Figure 5.5: Voltage transfer characteristics of the CMOS inverter operating in subtreshold
region: V3 > V5, (a) and V; < V4 (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 Vg < 0, where the transistor is considered OFF. Description of the VI'C comes
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from equation for subtreshold region [27],

(VGSeff’VTvaoff> Vps
Ip,=1Iy-e e : [1 — e_Vt,] (5.29)

Iso

where n is subtreshold swing parameter, V; is thermal voltage, Vis,,, is effective gate-source

voltage, Vs is cutt-off voltage, which determines channel current at Vgg = 0 and

W [qesiNDEP _ ,
Ip=p—y/ ————V, 5.30
0 /’L L 2¢5 t ( )
where ¢ is electron charge, €g; is permittivity of silicon and NDEP is depletion doping conce-

tration. Respecting Eq. 5.29 and Vi, ., ~ Vis 4 the VTC is given by

Vo — V]
1 Isoy — Iso —\/4Iso Isoye % + (Isoy — Isop)®
Vine (Vin) = Vil [ 3 50 290 plson® v =I5l ) s
IS()Pe Vi

where ION(P) is the drain current of the My, (Mp,) MOSFET for Vg, = Vip, — V2 and Vsg, =
Vi — 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 VI'C (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
MOSFETSs is controlled by the input voltage V;,. 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
Vs is approaching the zero point.
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Figure 5.6: Diagram of the cross-coupled charge pump stage

inverter Vj,, = f(V;y,) is setting the drain current of the switch transistor Mg;, labeled Is. The
linearized VT'C (Eq. 5.16) is considered. Voltage on the capacitor is changing continuously from
0 to the supply voltage V5 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. Viy = 2V5.

Thus, the drain current /g through the switch transistor Mg; (and its orientation) will be
analyzed in the interval of the input voltage V,, € (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 (Is,) and reverse drain current (Ig,) of the Mg; transistor are shown

in Tab 6.9. Respecting the condition (5.12), transistor Mg; is always ON in the interval V;, €

Table 5.1: Mg, transistor control voltages configuration for the setting of Ig

Parameter Value
Is > 0 \ <0
Vi Vin € (0,V2) Vin € (V2,V1)
VDS s Vo =V Vin — V2
Vesas: Vino = Vin = V1 = Vin | Vino(Vin) — V2
VsBarsi Vin — VBN Vo — Ven

(0,V3). The bulk both of the My; and M,; transistors is connected to the same bias voltage
Ve (usually to the ground) and Vsp,, s, < Vsp,ni» then Vrm,,o,(Vsr) < Vrm,, . (Vsp) in the
same technology process. Moreover, this transistor is operating in the triode region, as it is
shown bellow. In this case, the condition Vpg < Vpg,,, is valid, where the saturation voltage
is calculated from Eq. (5.6). Substituting the specific values from Table (6.9) into the Vpg,,,

equation, the inequality is obtained:

‘/1 - ‘/;n - VTH]\/[Si (‘/:LTHVBN)
Abulkjwsi (Vla‘/tiTHVBN)

Va < + 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, Vru,,q; = Vru,,y,, then

1
‘VTHIWP'L| + Vin > <1 - A) (Vi — Vit — Vi )- (5.33)
bulk prsi

<0

Saturation voltage Vpg.., can be approximated by the function Vggs — Vg near the point

sat

w
=033V, M =g
i L
Msi

Parameters: V =2V, V =1V, V
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Figure 5.7: Reverse current of the switch transistor vs. input voltage

Vas = Vrg (long channel MOSFET is provided). However, real saturation voltage is greater
than function expressed in Eq. (5.6) for higher voltage Vizs, Vps.., > Vas — Vrm, i.e. Apuk < 1,
for Vs > Vrp. Subsequently, the inequality (5.33) is always true. The drain current direction
is changed and it is controlled by the constant gate-source voltage Vi — Vs, while Vo < V;,, < Vip.
The gate-source voltage decreasing quickly in the interval (V1 V;g), while a change of the drain-
source voltage is negligible. Hence, the drain current achieves the maximal value at point V7 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 Vj, € (Vi1,Vgp). Total current Ig is given by the following formula:

IDSOFa Vi S <07‘/2)
Is(Vin) = | Is,, Vin € (V2,Vsp) (5.34)
0, Vin € (Vsp,V1)

Current Ig, is calculated on the basis of the two following cases:

o if Vi, > Vo + VDSsatMsp then

I , Vin€ (Vo,Va+ Vpgs,,
Ts, (Vin) ~ DSOR (Va,Va + Vps,..) (5.35)

IDsatOR7 ‘/Zn € (‘/2 + VDSsat7VSP> )
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[ ] lf ‘/IL S ‘/2 + VDSsatMsp then

I , Vin € (Va,V]
Is (Vin) ~ DSOg (Va,Vir) (5.36)

IDSOR|Vgs=V1*V2,VD‘g=V]L7V27 ‘/th € (VYIL7VSP>7

where Ipgo is the drain current in triode region and Ip_,,, is the drain current in saturation
region at Vps = Vpgs.,,.- 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 Mp; transistor is zero in

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

IDsato, Vin € (0,Va — Vior,, o,
In(Vi) =4 ° 0Va = Vr,) (5.37)

0, otherwise.

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 BI;
represents both the currents through the diode and switch transistor(reverse+forward current)
and Bly 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 Mp,,, and Mp,_,.

Ven Vep Ven
TBN T BP X S TNS XLS

ims +imp =f(v) iMDN i\

Bl ouT Legend:
™ ‘ © Vour ™ ° Vour IN - Input voltage
E

OUT - Output voltage of the stage

. CLK - Clock signal input

Vig Vig /VBP FB - Feedback voltage (supply voltage V1 of the inverter)
— — . —— BN - Bulk of the N- MOSFETs
fcross=fV) | f oy~ | f BP - Bulk of the P-MOSFET
C C. C C
v={IN,0UT,CLK,BN,BP} v={IN,0UT,CLK,BN,BP}
v GCLK v N4

CLK CLK

(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' — Cj) 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 X;, Xrg
respective, in N-stage charge pump has input and output nonlinear capacitance. Other currents
tin, Tout, - - - Te€present 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 MOSFETSs capacitances. Fach of the input/output capacitance is
approzimately 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 Cj, is determined by the drain capacitance
of My and M; transistors, gate capacitance of Mp transistor and source capacitance of the

inverter transistor My,

Cin & CDDMD + CGGMD + CDDMS + CSSMn' (5'38)

Similarly, for other cases:

Cout = Cs5,p + Cssyy, + Cs8yp0 (5.39)
Crp = Caap + CaGays
Cinis = CDDMDn.H + CGGI\/IDn+1 + CDDIVIDn+2 + CGGMDn+2’
Cout1ls = CSSypni1s

Coutlls ~ CSSMDn+2'

That observation is not preferred because it is necessary to express three equations for the three
charges Qp Qg and Q. 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 Cpp,,,, is valid:

CpoDyy = — (CDGMd + CpSp + CDBMd) )
Vbn,
Vbn,
Xi .
Lin EN\ Lout ) |_‘O XLS
- — Linls Loutlls
Vino—y +—o Vout — > e
N d_j OUT Vinls Voutls
C Cout ) IN| c
i in FB b 120 ¢ . _
"l Ubp | - . ZCiTLl ouT2 Vout2ls l LCout
Lerossinv C; [
. a C inl ) E—
1Cfb l 7Z b ZC’fbl —é Lout2ls
7‘ Coutlls

(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 Cpq is zero due to Vpg = 0 and Cpg — 0, after that

Cpp.., ~ _anMd _ _8Q9Md
we STy vy

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

capacitances, including maximal two charges @), and (), expressions, are defined as,

C. _8QbMd + Qg4 . Qo + QQMS) . _8(Qan + QQMn)
" anMd Worta WV, Wrtrn
C .~ _8(QbMd + QgMd) . a(Qsz + Qng) . _a(QbMp + QQMP)
WVorra Worr, WVarr,
Cpp = 9Qga1n + 90nry
8‘/91Wn 8%]\/{;}
C' Is R a(QbMd + le\/fd) 4 8QgMqu + _'_a(QbMdn+2 + QgMdn+2) + anMdn+2
anMd a‘/;]Md'th anMdn+2 8%A{dn+2
C ~ a(QbMdn+l + QgMdnH)
outlls 8‘/;1\4dn+1
C ~ a(QbMdn+2 + QgMdn-s-z) (5 40)
out2ls a‘/stdnH . .

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

L=lum, W =10pm, W=2um, W, =8.2um, szlpm
vl.n=1V
—y =1V
Ubn
;
BN _L X,
C’in ! Cout
/—\ Cm [PF] q.15
"IN (b OUT |F___
10
Vi l BP|FB] C fbvou'i :\:k |
SN—1
0051 |
prl Vfbl : : : -
-3 -2 -1 0 1 2 3
v [V]

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

the simulator by using linearized MOSFETSs 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 Cj, = f(vout) at vin = £1V, v, =2V, vy, = 3V and vy, = 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

L L L3

2L

out ouT ouT
AN
IN IN IN
—1  XSI1 XS2 © XLS1 R1 C1
V1 - - FB/BP oy ver | Vout
WDD' | B o |FB/BP | RL CL
%CLK lCLK %CLK
V2
.param Lh=1u, Lp=Tu, WMd=20u, WMs=2u WMn=9u, WMp=20u
PULSE

.param C=10p, Cs=0.6p

.param T=24, Vdd=1, Tc=100n, RL=100k, CL=10p
PULSE

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 0 24° C
Supply voltage Vbp 1V
CLK frequency fe 10 MHz
Main capacitance C 10pF
Parasitic capacitance C, 0.6 pF
Load resistance R;, 100k
Load capacitance CL 10 pF
Threshold voltage of Vrmoy | 035V
NMOS and PMOS at V=0 | |[Vrgo,| | 0.33V
Channel length of N(P)MOS L 1pm
W/L ratio of the Mg; W/ Ls 2
Mp; W,/L, 20
My; W,/ Ly, 9
Mp; Wa/Lqg 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 MOSFETSs are operating in
subtreshold region, see Fig. 5.12b. This state is not suitable in high voltage circuit.

L.x10'  1.x10>° 1.x10® 1.x10*
R, kO

AR R

1.6 il

f Vo1V, R=100kQ

1 -
a1 |
0.8+ r

0.611

AR
04 Model

0.2

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

the description of the model structure are:
e threshold voltage and body effect,
e bulk charge effect,
e dibl effect
e iverter voltage transfer characteristics for all MOSFETSs operating regions,
e cross current characteristic of the inverter operating in strong inversion region,
e forward-+reverse switch currents, diodes forward current,

e substrate input/output capacitances of the pump stage model expressed by the Ward's
capacitance piece-wise model for CAPMOD=0 and XPART=1,

e 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 = VLVS v%,—’; from in

Section 5.2. The sensitivity is defined as

_dVsp R 1 Bew R(Vi = Vrup| = Va2 — Vran) 6.1)

“dR Vgp 2
" ( o +1> B B {\/ﬁ (Vo + Vrun) + Vi = [Vrsp]

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

S, opt

Smax

0=

(6.2)

The § parameter will be determined from the simulations results, as it is shown bellow. § is
usually put to 0.5 because the voltage VS p depends on the square root of R. Maximum sensitivity

(in absolute value) given by condition 4 B R = 0 is at point

.
— [Vrup| (6.3)

R
Smaz|S=Smaee = ,BcN (V2 + VTHN)

39
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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),

2

1 2Smax5 (‘/1a + ‘/72(1) + ‘/12 + V ‘/12\/4Sma15 (‘/1a + V72a + Sma:t‘/lﬂs) + ‘/12

Sopt = 1a )
16
PN S maz6Va
cp
(6.4)
where Vi, = Vi — |[Vrgpl|, Voo = Vo + Vrgn and Vig = Vi, — Va,. Two solutions of the equation

(6.4) exists. The first one: Ry for % > % and the second one: R for % > %
n P D n

(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 tz7, and trz from Eq. 6.7 is necessary to estimate the
inverter load capacity value, labeled C} . Due to the fact, the output is connected to gate of the
switch transistor!, 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
Cj’: ~ CDDMp + CDDMn + CGGMS’ (6'5)

where Cpp,,, is drain capacitance of the M), transistor, Cpp,,, is drain capacitance of the

M, transistor and Cgg,,, is gate capacitance of the switch transistor M, 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 ); and

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

- 8(QDM1) + QBMp) +6(QD1v1n + QBMn)

CL ~ + 8QGMs

, 6.6
aVDM;D 8VD1\/1n aVGMs ( )

As the consequence of Eq. 6.4, tfr > trm, 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],

tgr = 0.7RnC’L, (6.7)
try = 0.7TR,C}, (6.8)

where R,,,) 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 (WW,,) or NMOS (W,,) transistor was analyzed at the fixed

channel lengths L,, L, that were determined from condition 5.1.

Table 6.1: Simulation circuit parameters

Parameter Value
Temperature 0, 24°C
Power Vi="Vg 4V
suppply voltage Vo = Vg, 2V
Threshold voltage Vrian 0.356 V
Transcoductance Ben 3.43-1071 AV 2
coefficients Bep 7.45-1075 AV~?

Analysis results in Tab. 6.2 show, the effective reduction of I,, is achieved, when R > Rg, .
(solution Ryp of Eq. 6.4), consequently W,, > W, and Vgp approaches lower limit, Vgp —
Vo + Vran. Tt is physically caused by greater mobility of electrons in the NMOS structure
compared to mobility of holes in the NMOS dimensions. Otherwise, when R < Rgpnaz, 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 R, 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 v, 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

L,= L, =1um
W, = 40pm | W, = 40pm
6 (=) | Roptr2 (=) | Vsp (V) Ly (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
0.6
l.S [mA] 0.4+
0.2 RI=R2
R=R1 R=R2
0 T
3 4 5
[Vl
-0.2
-0.41

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 W,,/L,,, respectively W, /L,, as is shown in Fig. 6.3a. R factor is plotted
on a logarithmic scale due to its wide range. Ezperience says, that optimal value of parameter
0 is 0.4 = 0.6 for practical design. Values of the ratio R and average cross current I, for this
range of the § parameter are bold in Tab. 6.2.

Analysis of I, 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| _ Bep [Vi — Vo =2 |\Vrup(Vas)| 2
Vsp=Vpp/2 Ben | Vi —Va—2Vrun(Vsg)

(6.9)

and corresponding sensitivity is about 0.98 and simulated I, value is higher about ten times
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Figure 6.3: Average value of the cross current vs. the W, /L, ratio for W,, = 40 um(a)
and I, vs. R ratio for A;,, = 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 Vpyy =~ |Vpgp|. This
condition can not be satisfied in voltage convertors due to different supply voltage V1, V5 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:

e parasitic capacitances are negligibly small compared with the main pumping capacitors,
Cs < C.

e 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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e leakage currents of all the components are neglected.
e 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 V;,, = "H” = Vi, drain is connected to the input stage voltage V5

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 S, S2 and S3 will be on at ¢ = 0, the current flowing through the capacitors i., is
supplied both of the transistor until the capacitor voltage does not exceed the value Vj,, at time

to,, see Fig. (6.4). Total current i., is given by

is(t) + id(t), for0 <t < to,
e (t) = S ig(t), for ¢ > to,, (6.10)

0, otherwise.

The voltage on the capacitor is equal to V5 in steady state and the specific value of the voltage

W, can be derived from
Vor = Va2 = VrHyp, (VsB), (6.11)

Combining Eq. (6.11) and (5.2), the instantaneous value of the voltage in which the transistor
Mp; will be OFF, is calculated from

~ Va+ K1 — VrH0y b, n 1 Kion (Kiow — /)
Koo +1 2 (KQOJ; + 1)2

Vor , (6.12)

where

Y= 4¢s (K2o:c + 1)2 +4 (K2oa: + 1) (Kl\/(b:"i_ Vo — VTHOIMDi + K120x> .

Substituting the voltage v.r in the static model for V;,, and using equations for the drain current
([23]-[24]), time response characteristics is generally found by the solving of the differential
equation

/ C v =410 (6.13)

lep
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Figure 6.5: Time response characteristics of the circuit from Fig. 6.4

with the initial condition v.(tg) = v, 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 = flvas(t),vgs(),vrm (Ve(t)), Abutk (ve(t)) e £ (Ve(t))]

consequently, analytical solution would be unreasonably complicated for practical design. Thus,
the estimation is done providing the constant nested functions vrp,Apur and peyy according
this criteria: When ¢ < ¢g,., the voltage v.. change in time is approximately same as in the
beginning of the transient process. Contrariwise, when ¢ > tp, and i¢p = 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) Vrpg, Apur and uess

Condition Index of NF. Vin[V]
Mp. | Ms, | Mp | Mg,
>0 t<to, | DO | SO | v (04) | 0en(05)
t>t, | X | S X Va
is <0 | t<ty,| X SR X Vep(04)
t>t, | X S X v,

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

voltage [vgs(t) — Vrml?, eventually vgs(t) and v3,(t) for triode region. The time-varying voltage
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v, for the forward configuration is given by

(
Veor(0), fort <0
VCiCs-tan (t+1Cp1)/C1C2¢0ze 0y

2L-CApuir

_ for0<t <t
ver (1) Hefipg Warg+Ci(Avuikg,—2) OF (6.14)
t+ CF2
C. Cs V.
t+ICiﬂ82 2 ) for ¢ 2 t0F7

e 5 (Apuikg—2)—1

where L is channel length and c,;e is electrical oxide capacitance. Integration constants, la-
beled IC; and ICsy, are generally calculated from the initial conditions that are substituted into

Eq. (6.13) (Cauchy’s equation):

2LC Apuik: Ve (,ueff WMS + C4 (Abulkso — 2) + Cg)
IC; = ——="P%;rctan 29 , 6.15
! AV CICZCome vV 0102 ( )

Vi
ICQ - C DSsatpss |

in=V2

In Abulks [VZ - UCO] —2 [Vl - VTHS - UCO}
V2 - UCO

) 1o, (6.16)
IDsatOMS
ICFl = Icl‘UCOZVCF(O+)7 for0<t< to

ICF2 == IC2|t0:t0F,vc0:VcF(0+)v for ¢ 2 to.

Using the voltage Vp,, in Eq. (6.15), the initial time ¢, is given by
top = ICF1|vc0=V0F - ICF1|vC,0:V0F 0:), Vor (04) < Vo (6.17)
Coefficients C1, (s, C3, Cy and C5 are calculated from:

C1 = —Aputkpottef f oo Ws >
Cy = =C1(Vi = Va2 = Vit g)? = befs oo Waip (2V1 = 2V — Abuikgo VTH o)
C3 = —C1(Aputkgo V2 — V1 = Vo + Vrrgy) — tepf poWin (Vo — Vra pg)s

Cs = Apuis Vo —2(Vi — Vruy),

05 — 7CVDSS‘”]VIS|

IDsatOA{S V;‘n: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 v.g. The switch transistor is on after
the switches S1, S5, S3 are closed at ¢t = 0 and the capacitor C; was charged on the value in the

interval of the voltages v, (0) € (V2,Vsp).

The initial condition v, (0) € (Vir,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 V; at time ¢t = tg,,,

Is,., for 0 <t <ty
icy(t) =4 F & (6.18)
is(t), fort >to,.
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BV

47

Figure 6.6: Configuration for the discharge of the main capacitor

Calculation of the constant current /g, 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
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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,

,

Apuikg—e 5 >+2(V1—V2—VTHS)

veg (0),
— 5504 400, (0),
VCR (t) = t+ICp
v2<
Apulkg—e

t+ICp
Cs

fort <0

for 0 <t <toy, (6.19)

for t > toR.

Because the voltages are equal to V5 in steady state for both the configurations, the coefficients

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

expressed as

ICR = 102 "UC():VCR (0),t0:t0R

(6.20)
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and the point tg,, is given by

c
vor(0) — Vip], for > vo,(0) > .
fon Ts,, [Vor(0) = Vir] Vsp 2 veg(0) > Vi (6.21)

0, otherwise.

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 Mg; can be set, so that the
voltage gain is greater than 2Va, better V;,,q, at point 7/2. The transistor length is determined

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

max{ Ve, (Wus) + VCR(WMS)}’tZT/27t>t0' (6.22)

The optimal width Wyys,,, 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:

lt=T/2.t>t0,,,  VCr(04) =0, veg(04) = Vsp, (6.23)

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

Vg + Yok [V]

0 T2 T 15T 2T 25T 3T
t[sl

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 vc,, (t)
and vcy, () in the intervals ¢ > tg, and t > g, 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 7—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,

VO, — Velt=
(o) = Y= Vet (6.24)
'Uc’t:to
If the capacitor is charged from the inital value v.(tp) to value in the steady state v._, then the
voltage on the capacitor reaches the value Av, = a (ve,, — v¢,) during time ¢ = k7. Parameters
1> « > 0 and k > 0 are multiple constants. The specific values of o and k parameters calculated

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

Table 6.4: Relationship between parameters k and « calculated from Eq. (6.14)
k1075109 1 1.5 2 3 5
a| 05 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 AV,,4, > Vo during
the half of the period, as it is shown in Fig. 6.6. Discharge time through the parameter 7

primarily determines the amount of the pumping losses and 7 > 7, thus

{Avey + Avey, = V2}\t:k~m+toF=T/2- (6.25)

Thence the parameter « is given by
Vv
a=—= (6.26)
Vsp
Parameter 7p can be calculated from equation 6.24, however it is approximately given by the

reverse current Ig,,

(Vsp — V2)C
ISR |va=V17Vm:V1L

TR(WMS) ~ (6.27)



50 CHAPTER 6. DESIGN OF THE PUMP FUNCTIONAL BLOCKS

Using the condition from Equation 6.25, the found width is given by

k _ Is (T 2 D
Wi = C(Vsiﬂ V2) n sn(Tety + : at) + v/ Dig 7 (6.28)
opt TISR QTISR bto

where

- 20~AbulkDOWMDLﬂe.ffDOVOF
Aty — ’

Coze

bty = — AvutkpoHeffpotef fsp Wnp (Via + Vi, Vi) s

Cro = (Bef foo W) (=Va + Vergy) Vop + (Bepfoe Wi ) (=Va + Vg, ),
Dy = |2kC - byy (Va — Vip) — Is,, (Teyy + 2at0)] * o 16kCay, bey Is,, (Vs — Vi)
and

Vi = Vragr VragnAvuikgy — 2V1 +2V2),

Vi, = Va (Abutksy, — 1) = Vi + Vrrgg,

Vie=Vor —2(Va = Vragyg)

Parameter k is selected from Table 6.4 based on the parameter o from Eq. (6.26), fSR is the
drain current calculated for the unity width <f sp = Isr/ W)

In case the multiple of the time constant satisfies the session kg > ., Eq. (6.28) now

becomes to

2kC(Vsp — V&
Wy = ( 5P 2). (6.29)
opt Tls,

6.2.3 Sizing of the ”diode” transistor

Analysis results show that dynamic properties are not practically dependent on the sizing of the
transistor Mp, in the wide range of the ratio W/L. It is only need to be adequately dimensioned
for the pump output load current iy, in steady state. After the clock signal ¢ goes to H logic
level (corresponds to Vpp), the output voltage starts from the initial value Viys 00 — Vi/2 and
can theoretically achieve the maximum value Vit mae during 7'/2; Voyr a0 is the required average
value of the output voltage and V, is the peak value of the ripple voltage. Situation is shown
in Fig. 6.10. The transistor Mp,, , 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 voyt q,(t) is in an accordance to
Eq. (6.13) (R — o00). 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 v.(0+) = v, to the steady state
Ve, , 1S given by
Vcg s for t <0,

WIVID BD'UCOO t(vcoo —Ucq )+CUCO
Wi Bt (Veoo —veq )+C

ve(t) = (6.30)

for t > 0.
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v

IN

<O

Figure 6.10: The last stage of the charge pump and waveform of the output voltage in

the steady state

—0337, TW =9,C=5pF

Vo= 0 =2V Vo

v, [V]

0.51
+ ELDO Spice

— Equation

Figure 6.11: Time response characteristics of the diode transistor

The maximal output voltage value v, is equal to Vpr from Equation 6.12 and (3 factor is

calculated at the bias voltages in steady state,

Bp = i/leffcoze
2L Apuik

’VGS£VDD7VSB:Vmaz .

The voltage increment ap at time expressed as the multiples k of the 7p parameter, ve|i—kr, =

ap(Ve,, — Vg ), is listed in table 6.5.
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Table 6.5: Relationship between parameters k and «p calculated from Eq. (6.30)
k| 0.5 | 0.7 1 2 5 10 20 | 40 | o0
ap | 0.3210.39 048 |0.63 | 0.77 | 0.85 091 | 0.97 | 1

The optimal width of the Mp transistor is determined from condition, that the voltage vz
increment from Fig. 6.11 must achieve the maximal allowable ripple voltage V. during T/2 at the
desired average value of the output voltage. The maximal output voltage Voui mae is calculated

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

vcoo - ‘/OF ‘V2:Vout,av+vrmaz /2+VDD : (631)

Of course, the specified amplitude of the AC voltage value v,(t) depends on both the external
load Ry, Cr, and on the equivalent internal pump impedance including Rpump, Cpump. Conse-

quently, the following inequality must be true?:

{%ut (WMD) > Vcy + ap (Ucoo - Uco)} |t=T/2‘ (632)

Therefore,

Wd > 2 (CL + Cpump) ap

) 6.33
~ TPBp (Vey, —Vey) 1 —ap ( )

where pump capacitance may be neglected, provided Cr, > Cpymp and a > Ucvoznijvzco with the
minimal value of the average voltage Voyt,qv. However, parameter aup 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 > vy, 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 «, which no exceeding the value about 0.7. Otherwise, the
width quickly grows with o — 1 despite the improvement of dynamic properties. Example of the

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

Table 6.6: Width of the Mp, transistor vs. « parameter
Parameters
L =5um, Bp =135AV >m~ ' Vpp =1V, Vo0 = 3.3V,
V. —~=50mV, C,=20pF, T =100ns

Tmazx

a[-] [01]02[04[06[08[09] 1
W, [um] | 5 | 11 | 30 | 68 | 182 | 411 | oo

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 MOSFETSs, Mg;, My,, Mp; and Mp,

2The procedure will be further refined.



6.2. SWITCH TRANSISTOR SIZING 53

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 W/ L

Table 6.7: Simulation parameters

Parameter Value
Temperature 0 24°C
Number of stages N 3
Supply voltage Vbp 1.5V
CLK frequency fe 10 MHz
Main capacitance C 40 pF
Load ressistance R, 200 k2
Load capacitance CL 20 pF
Channel length of N(P)MOS L lpm
W /L ratio of the Mg, W/ Ls 2
Mp, W,/L, 3
My, W, /Ly, 1
Mp, Way/Lqg 10
3.01 /'7\\\\
2.8 /,'/ : \\
1 //. ". A
2.6 7
1
2.4~ /{/
T
2.01
1.8
""" T=50 ns
1.61 —-— T=100 ns
141 — — T=200 ns
1.2
0.5 1 510

Figure 6.12: Pump output voltage vs. the ratio W/ L

(Fig. 6.12) will be tested via the comparison of the calculated functional values V. = vc, +
VCp|i=1/2 from Eq. (6.14, 6.19) and the pump output voltage value V4 4, dependending on the
ratio W, /Ls. The optimal width calculated from simplified Eq. (6.29) is listed in the last line.
Setting of the voltages Vi, V4 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 Vo = Vpp, Vi = 2Vpp. Bulk of the NMOS is connected to ground (Vsp, = Vpp) 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 Vgp [23,24], then Vpg, = 0 (in
the last pump stage). As a consequence, the worst case of the Vgp voltage, labeled Vsp, .. in
the N-stages pump is taken into account. Then, general formula of the Vsp, .. (Vp, = Vg, =0)

can be written as,

VSPae = Vsp ’VZZVDD7V1:2VDD7VSBN =Vbp,VBsp=0- (6.34)

Table 6.8: Simulation results

Ve, =2V =3V, V.(0) = Vsp,,. =241V
T = 50ns T =100ns T = 200 ns
I?//S [_] ‘/c[v] ‘/out,av [V] ‘/c[v] ‘/out,zw [V] ‘/c[v] ‘/out,(w[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
) 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 14 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
| Wrs [m)] | 438 [ 21.9 [ 10.9 |
Example 6.1

Estimate the switch transistors width for the cross-coupled charge pump, when: Vpp = 1.5V,
Ven = 0, Vg, = 0, T' = 100ns, C' = 40pF. Channel length L = 5pm is same for all the

transistors.

e the maximal inverter switching point at appropriate bias voltage values Vo = Vpp =

= VSBN = 1.5V, V1 = 2VDD =3V and VBSP =0 (Eq. 6.34) is VSP =241V

max

S _ Vo _ 15V _ _
e o factor is written as o = 22— = 5555 = 0.62 [—],

e corresponding coefficient alpha detremined based on the data from Tab. 6.4 is k ~ 1[—],

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

sy = IDsato|Ves=Vi—Va=1.5V.Vsp=Va=15Vv = 34 A/m, for Vir, > Vo + VDssaty,.
e finally, the strength from Eq. 6.29 is equal to

. 2kC(Vsp—Va) 2-1-40pF - (241 —-15)V
B Tis, B 100ns - 34 A/m

Mg =219 um.
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Conversely, the voltage gain is not change in a wide ratio range Wp/Lp of the diode

3.21 === o~
v - - | N
z .
3.01 /'/ . I N
7 I .
2.8 /(/' |
2.61 / |
VooV / |
out,av [V] 2.41 / l
2l |
20— ..... T=50 ns :
1.8 - T:100 ns I
— — T=200 ns w
161 IfDmin
. |LD
05 1 5 10 50 100 500
W,
7
D

Figure 6.13: Pump output voltage vs. the ratio Wp/Lp

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 7'/2
does not exceed the value V,,,., as it is shown in Fig. 6.8. The optimal width W, 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 I;.
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:

e maximal pump voltage gain, while the number stages is minimal
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e 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

A\ v
ts
o P vVl lvnn Ve
7 '
: Mp ve(t) T
szi; CT \’Ucm
v, 0 Tok/2 I

(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 Wp/Lp 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 Wp/Lp 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 Vpp is connected and all the capacitors were discharged (u. = 0)
before initialization at ¢ = 0. Fig. 6.14 shows the main capacitor charging from the DC
voltage source through the Mp transistor in the first pump stage, while the main capacitor
terminal is connected to a low logic level (V,, = 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 Mp transistor
sizing follows from the stored charge in passive interval of CLK, v.|;—1,,, /2 = QU , Where
Ve, is the end (maximal) value in steady state and parameter a determines the proportion
of total charge. After that,

2C «Q

b
Ve BT ek o0 — 1

Wup = for o € (O,l) (635)

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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; Vout,av + V2/2
Loutlls ‘
- BN 2 ouTi / \

Vout,av
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Figure 6.15: Energy transport in the last pump stage: block diagram (a) and time response
characteristics (b)

—

- % lout2ls
e
vos (t)l 2

current through capacitor C] is splitted between main capacitor Cs, labeled i,y and

load impedance R and C7, labeled i,,1;s. Then

Gints () = tout11s(V(t)) + Gourats (v (1))

Analytical description of the input/output current is following from simplified BSIM
model equation, see Chapter 5. In steady state, the output voltage v.(t) is moving
between values V,ut o0 — V;/2 and Vit ap + V; /2, where Vi1 40 is average value of the out-
put voltage and V. is peak-ripple voltage value (Fig. 6.15b). Circuit from Fig. 6.15a is
described by the three following state equations,

— Uinls

Ch

) 1.

Ve2 = azouﬂls
2

, 1 /. v, ()
UV, = = | boutlls — )
CL t1l RL
Tk

with general initial conditions v (fo), vea(to), v:(to) and Vg = Vpp for t € ((n — 1)%es nlae),

where n = {1,2,... k}. Graphical solution of Eq. 6.36 for specific values is shown in Fig.

(6.36)

Vel =

6.16 Initial conditions for design purpose are determined from theoretical maximal end
values of the node voltages in passive interval of CLK at ¢ = tg = (n—1)T5%, when V,, = 0
and V; = Vpp:

1
ver(to) = T (Vout,av — Vo/2) = Vb + +Vru|vig=—1/k-v. (to)
UC’2<tO) = Vc1 (t0)|k:1 + VDD - VT/2 - _VTH|VBs=*1)01(t0)\k:17
Uz(tO) - V;mt,av - ‘/;"/27 (637)

where k£ has same meaning as parameter « from Eq. 6.35. It is assumed that C' = C; = (5
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and C' > C, where (| is strange pump capacitance. Parameter k£ must be less than one,
for example £ = 0.95, because it is provided that internal transistor(s) is ON at the
beginning of the transition and v,(¢) must exceed the value V,ut 00 + V;/2 < Vi 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 v,(t) from Eq. 6.36, which meets the inequality:

Uz<WMD70)’t:nTclk/2 Z ‘/;ut,av + ‘/1"/2 (S Vmam)- (638)

If the numerical algorithm will not find a suitable pair C' and Wj;p, then parameter
« must be decreased in the next step. The optimal solution is at the point v, = V4.
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 Z; (leakage current is neglected)

according to the known equation,

0, (t) = Vipaw - €7, for t € (nTup/2, (n + 1)To/2) (6.39)

Using the simplified formulae for start and end values V,,.0. = Vout,av+ Vi /2, v, |t:(n+1)Tcz /2 =

Vout.av — Vr/2, then the ripple output voltage for sufficiently small voltage change during

1.5
Wy a2 Ry =1k, C=C,=10pF, V) =1V
v (0)=1.5V, v_(0)=0.8V, v(0)=0.5V
1EH—++ FF++ F F F F+F F =
v X v,
ggﬁ@% + v
AN O v
xS
X SN
S_g
TS _g
0 X7 ;i T ] T " ;
5»5{0 1.x10 1.5 %10 2.x10
X t[s]
-0.5 X, Xy

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:

1 — o8&

Vo & 2Vousan , (6.40)
) Telg
1+e 2

where 7 = R;C}, is time constant. Equation (6.40) is suitable for estimation of the

output filter capacitor value:

T
;> L . (6.41)

- 2RL . ln (2Vout,av+vrmaz>

2Vout,av 7V"‘m,aac

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 V4, = 4V and load current I;, = 4pA. The
maximal peak value of the ripple output voltage at nominal load current must not exceed
20mV. Power supply voltage is Vpp = 1V and clock signal frequency is f.r = 10 MHz.
Channel length of the MOSFETSs is L = 1 um.

e Minimum load capacitor value is calculated from Eq. 6.41 is,

1/107Hz
(4V/4-10-6A) - In (24V£002V)

2:4V—-0.02V

CL > 5 = 10pF,

e 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 ¢ € (0,T./2),

1
ve1(0) = m(ﬁl —0.01)V—1V +0.93V = 4.17V,

ve2(0) = (3.94 +1 —0.01 — 0.945) V = 3.986 V,
v.(0) = (4 —0.01)V =3.99V,

e 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, Wara} = {9.9pF, 4.8um}, for a=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 Wypq =~ 26 um for o = 0.95 at the same

capacitor sizing.
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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: W, = 5pm, W, = 16 yum and W, = 2 ym. 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-

+ ELDO Spice

Equation

T Y —— — — — — — — PN}

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

limes oo Vout,aw = Vi, for each Vi, € 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 ] 899240 80
Voutav [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 MOSFETSs 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

W=L=10um, V,=0, ¥,=0, ¥, =-0V

161
=L =L
+—_|_— =+
+ 1.4 +
+
i 12 + ELDO Spice
Equation
-3 -2 1 2 3

Figure 6.19: MOS gate capacitance

is given by
00,
oV,

Cumos(V) (6.42)

If the MOS will be used as a capacitor, operation in accumulation region (Vgs < Vrpy)
is required. After that, for long channel technology process, total capacitance is ap-
proximately equal to C' = WesrLcfCore [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 Q)4 sup
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is defined as [27]

K
Qg,sub effLeffCoxe ( 1+\/> (643)

4(Vgs—VFBCV—Vgg)
K2

lox

parameter and VFBCV is flat-band voltage. If the parameter VFBC'V is not given, then

where ( = , Coze 1s electrical oxide capacitance, K, is body effect

is calculated from [27]

VFBCV: VTHO - ¢s - Kl V ¢S>

where ¢, is surface potential and Vg is threshold voltage at zero bias voltages. From
the both previous equations, minimal capacitor value for charge pump is defined at bias

voltage Vs = Vg -

C . | _ WeffLeffCoxe
min|V=Vrgo — \/1 v 4(ps+EK1vV9s) +K1W)

loa:

(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 = while keeping

L W ’
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
W, > W, 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 MOSFETsSs.

Other important implications of the design process can be summarized in the following

items:

e 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.

e 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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e The cross current is very small if the operating point of the inverter is set to the

linear region of the voltage transfer characteristics.

e 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 the Mg 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
Witsen, 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 Wp, 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 Wy,p 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
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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 C,,,,; and leak-
age resistors R; 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
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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

Vbn, Ubn

tiny lout Ling Tout,

Viny Q Vouty Ving ’\‘/ Vouty
Vb Dj Vbp,

Vbp, T

Uty

Figure 7.2: Block diagram of the N-stage cross-coupled charge pump

block, where the output current i,,, is given by the sum of the input and cross inverter
current, iou, = %in, + leross;; and the block of the last stage splits the input current ;,,,
into load current and current, whose part charges the last main capacitor C'y,1, then
ling, = loutly, T Tout2,, -Capacitors C}y, Cy ... C) ., 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) C,ont. After that,
Ci = Csi + Crnont- (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, T./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 ¢y € (0, Ty, /2) is equal to
number of main capacitors because the time-varying component of the voltage v¢, is the
only one on the parasitic capacitor. In the other words vy, = v¢, + Var = Vg, 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 C7) coupled first-order ordinary differential equations,

00y = iy — dimg + fergssy — Ot Velk
C1 Cl T qul ini ing crossy Rl1
308 =t Niimy — iy + ferossy — 02 Velk
> Cy+ C§2 ing ins crosss Rl2
00, = iins — fings + foross; — SCLTVelk
C; _C’L T Cél ing Miq1 cross; Rli
. 1 . . . 1 voy + Veik
Voy ==——— [liny — %in,, + 1 —
Cn CN T CéN [ iny ings crossN} CN n CéN RZN
; - 1 [Z . ] _ 1 UCn41 T Veik
CN+1 CN T C§N+1 out2;g Crossy CN T C§N+1 RZN+1
. 1 7. v
Vout :07L |:7foutlzs - }%Zt] (7'2)

where © = dv/dt. and each of the functions i;,,, icross;, Goutl,, fout2,, 1S Donlinear time-
varying function of the nodes voltages vc,, 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:

0, for odd k
Vs = (7.3)
Vpop for even k.

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 v, (t) and vy, (t) are computed at time

interval

Tar , 1¢
te<(k—1) 2”“,k 2”“>.

In general form, the inital condition of each of the state variables, labeled Ugj jl)mgﬂf), in

the next cycle is determined as
(k41
B AE R ¢/ i ()
Cio VDD C(k,+1) (U) + C;(Zk+1) ('U)
(k+1)

k
Uouto :’Uéuzf‘tZki'Tclk/Qa (75)

—l—vgi_)

t=k-T.r/2> (74)
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where t € <k:T°2““, (k+ 1)T02”“ >, factor sgny,  provides sign of the clock signal amplitude:

+1, for the passive interval of CLK
sgn,, =
Voo —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. Cél)c;rl)(’u) labels instante capacitance value at bias voltages,
which correspond to the voltage values from k-cycle and this state variable value at the

time k7. /2 increased by the clock voltage level Vy, Vj of the actual voltage level,

C”(k?| ) for active interval

(k41 (8)ilv, v, +max{V,,V5}’

C(fs)z‘ )(U) - (k) " . (7.6)
C(S)Z. |v,v£’f)+min{V¢,V$}’ for passive interval.

When one of the M, transistors becomes from strong inversion region to subthreshold
region (considering Ip = 0 in the model) during the active interval of CLK while the

switch transistor is OFF, then the end value at k7T, /2 is corrected according to equation

vV = ol 4 [Vor| (7.7)

where Vorr is cut-off voltage. The same correction is applied, if the bias voltage of the

switch transistor vpgs = 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 ¢ € (0, k- T.;/2) is
obtained by composing partial response characteristics in the appropriate scale. Com-
putional procedure runs until the the output voltage v, (t) achieves the steady state. It

means that average value of the output voltage is practically constant over time. Steady

szT € /N \ L
Vaaran v

5 U +n-Toy —= t

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,
Uout(ti + Tclk) - Uout<ti> < €, (78)

where parameter € should be chosen with regard to the numerical calculation accuracy,

for example € = 1mV.
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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 Cs, and shunt

resistances R, is taken into account. All the simulations parameters are given in Tab. 7.1.

Table 7.1: Simulation parameters

Parameter Value
Temperature ¥ 24°C
Supply voltage %555 1V
Clock frequency fe 10 MHz
Main capacitance C; 5pF
Parasitic capacitance Conont 0.6 pF
Shunt resistance R, 107 Q
Load ressistance Ry, 100k
Load capacitance CL 10pF
Threshold voltage of Vrroy 0.35V
NMOS and PMOS at V=0 | |Vzpo,| | 0.33V
Channel length of N(P)MOS L lpm
Channel width of the Mg; W, 2 pm
Mp; W, 20 pm
My W, 9 ym
M Di Wd 10 Am

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
(VDS,10ns VES,.0ns €6C.).

Total number of cycles, labeled n, when the output voltage v,,; starts from the initial

value to the final value in steady state is approximately equal to Rise time T},

n
Tr ~ 5 clk|k=n‘ (79)

The voltage trend over time v, (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 V., of the output voltage is estimated as the average value of the
minimum and maximum values instead of the numerical integration of v, (t) in steady

state,

v . v|t:k'Tclk‘/2 + U|t:(k+l)‘Tclk/2
out,av — 2 )

where k is close to n. The output ripple voltage, labeled V,., is given by the difference of

(7.10)
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the maximal and minimal values,

V. = |v; — vy for k — n, (7.11)
where v; = v|i—p1,, /2 and Vi = V|i=(k41)1,/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

€v,,, - Naturally, the computional time increases with the number of circuit nodes, which

Table 7.2: Simulation results
e = 1mV | Calculation ELDO
N H n H Vout,av [V] Vout,av [V] EVout [%]
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
2 ""4»"'
1.57
V]
1.
0.5
i ) 9100) Calculation in Maple
% 1 3 3 4 5 6 7 %

t[us]

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.

200+

1807

1607

1407

n[-] 1201
1007

80

60

407

N[

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. Omne of the main reason for its use is still an unknown re-
lationship between number of stages and pump output voltage [35,38], Voutaw = £(IV),
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
{Vbs,azs VGsm.. r and permissible range of the technolgy parameters and their dispersion
(LW ) min LW )maa, ete.). 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

e generating of the state equations of charge pump model having N stages,

e calculation of the time response characteristics v, (),
e cvaluation of the results and estimation of the new pump stages Niﬂ.

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:

RrC farxep
for Cg; > Ciont, 8.1
2CQBZLVvDchlk - 2Vout,av (C + Cmont) ’ o > ¢ ( )

Ni, = round (

where

X = (C + Cmont) <K10z V 4¢s + 2‘/Tmaw - 2-Kvl \/@) )

Y = C (KZO:v‘/v“max + 2‘/out,av - 2‘/DD + 2‘/THO) )
p = Cmont (K2ox‘/;“maa: + 2‘/out,av + 2VvTHO) s
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Figure 8.2: Basic principle of the charge pump synthesis algorithm

where Ry is load resistance, C' is main capacitor and C,,,,; is added strange capacitor
value (see Fig. 7.1), far is clock signal, Vpp is power supply voltage, V,utqp is average
value of the output voltage, V, .. is ripple of the output voltage and Vg is threshold
voltage of NMOS at zero bias voltages, ¢, is surface potential and K, Ki,;, Ko, 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 > ]\A/io. In the next step, the
procedure automatically generate set of the first order differential equations with initial
conditions, which describe the behaviour of the N;-pump stage model for each phase
(6,0) 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:

e trend of the pump voltage gain in time, see Chapter 7, G, = f(¢),

J
out

e evaluating of the previous time response characteristics v/, (if they have already

been implemented), where j labels the rank of the calculated time response char.,

e trend of the calculated average output voltage VI ovasl VL with N,

out’r Vout out?

Providing the output voltage Vi, does not reach the required level V,,; ,,, the number
of the stage for next iteration, labelled Niﬂ, is estimated from Lagrange s polynomial

function and the procedure is repeated.

Example:
Considering the set of the parameters N and output voltage V(< Voutaw) after two N-

iterations [Ny, Vour,, [NZ-H,V(MZ. +1] . The number of stages N; o for next cycle is calculated

from: N y S § |
Ni = round i\Voutit1 — Vout,av) — tVi+1\Vout; — Vout,av 8.9

+2 ‘/OUti+1 - ‘/outi ( )

The first order polynom is sufficient for monotone functions Va0 = f(IV), 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:

e 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."

e Fast analysis. Time response characteristic v,,(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.

e Selection of the circuit and parasitic elements. The user can set the value of
strange capacitances, labeled C,,.,:, and leakage resistances R; 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.

e 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 = L3[N(W, Ly, + W,L, + WLy)| + 1.3 [(N + 2)(WyLg) + (N + 1)W.L.],
(8.3)

where W, L. 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 Voutav | = 3.3V

Output load current (max.) Ipmaz | < 0.6 uA

Maximal outptut ripple voltage | V. .. | <2mV
Power supply voltage Vbbb 0.8V
Clock signal amplitude Vo 0.8V

Clock signal frequency feik 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 N,y = 3, this corresponds to the
calculated output voltage of 2.44V in steady state. Figure 8.4 shows that to achieve

voltage level 3.3V 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 NV is described by the following equation:

. 0.15N +1.99, for 3 < N <5,
‘/out,av(N> ~ (84)
0.56N, for N > 6,

where N is the integer. An illustration of the programme report is listed below. Finally,

Number of N iterations: 3

Total number of stages is N=6.

hverage walue of the pump output voltage: Voutaw=3.403% V.
REipple value of the pump output veoltage: 1.8 mV.

Eelative error of the output woltage: 3.15 percent.

Rise time of the output voltage: Tr = 7.15 us.

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 \ 0 \ 22°C

Model of MOSFETs My, My, M,,: nmos_hvt

Model of MOSFETs M,: pmos_hvt

Model of MOSFETs M.: nmos_nat

MOS corner analysis:  Typical

Design parameters

Number of stages N 6
Main capacitor value C 6.5 pF
MOSFETsS sizing
Channel length of Mp,M,, M,, M, L 1um
Width of M4: nmos_ hvt Wra 31.5um
Width of M,:nmos_ hvt Whrs 0.6 um
Width of M,:pmos_ hvt Wip 1um
Width of M,,: nmos_ hvt Warn 11 um
MOS capacitor sizing - nmos_ nat
Channel length L. 14 um
Channel width W, 137 um
Pump stage area Sstage | 1963.1 pum?
Total pump area on layout (est.) Spump | 0.018 mm?
Estimation of static and dynamic parameters
Output voltage (avg.) Vout,av 3.199V
Output ripple peak voltage v, 1.8mV
Rise time ? T, 7.15 us
Static voltage efficiency T 57%

from solution for optimization of the pump voltage gain. Pump consists N, number of

stages and main capacitors value C,. The procedure firstly selects pair W; and C; < C,

—— ELDO — — model/

0 T T T T 1
0 10 20 30 40 50

t[us]

Figure 8.5: Time response characteristic of the six-stage pump output voltage
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Solution for Nymaz

Ni=N,, C; =C,

Change set {Wy, C;}
(Cit1 < Cy)

Vvdwrl Ci+1

Recalculation of the
switch transistor
sizing

W,

Sit1

Find new N +
calculate the v, (t)

Nmaz > Ni+l > Ni Nz‘+1

Set {W,y,C,W,,N} =
= {Wq,,Ci,Ws,,N;}

End

Figure 8.6: Algorithm for pump area optimization

from the solutions set of equations from chapter 6

UC|t:Tclk/2 =Qap - ,UC00|V¢:07 (8-5)

Uout<WMD;C)’t:nTclk/2 2 %ut,afu + ‘/'r/za (86)

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 N;(> N,), according to the procedure in section 8.6. If the
solution exists, the new pair {Wy;11,Ci41} is selected and the process is repeated until
the output voltage V. 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 wm and main capacitor value in pF are:
(W,,Cl = {[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 V. > Vout,avy N < Nygz = 20 and min-
imal capacitance value is {Wsopro = 0.5, um, Wy o Copra} = {10,2.5pF} for N = 14.
MOS capacitor sizing is W, = 72.1 wm and L. = 10 um. Sizing of the other components
is the same, see Tab. 8.2.

Total charge pump area calculated from (8.3) is 0.0145 mm? 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 MOSFETSs 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 woltage 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 = Vg
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, O # 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

87



88 APPENDIX A. DESIGN UTILITY-ILLUSTRATION

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 <=1 and t <= 3,0.87363 * ,0)+
+ piecewise(3 <=1t and t <=5,0.2424 x ¢t + 1.8936,0)+
+ piecewise(h <=1,0.23132 % ¢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 um 2.

Total pump area on layout (estimation): 8591 um 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 1=.1le-5 m=1

+ as={eval (((1/2-trunc(1/2))==0)7((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)7((.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)7((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)7(.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 1l=.1le-5 m=1

+ as={eval (((1/2-trunc(1/2))==0)7((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)) }
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+ ad={eval (((1/2-trunc(1/2))==0)7((.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)7((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)7(.2e-5+2.3e-07):
((2%(.2e-5+26e-07)+(1-1)*(.2e-5+2.3e-07)) /1)) }

M3 3 2 1 GROUND nmos_ hvt w=.16e-4 1=.1le-5 m=1

+ as={eval (((1/2-trunc(1/2))==0)7((2%.16e-4*2.6e-07+(1-2) /2% (.16e-4x2.3e-07))/1):
((.16e-4%2.6e-07+((1-1)*.16e-4%2.3e-07)/2)/1))}

+ ad={eval (((1/2-trunc(1/2))==0)7((.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)7((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)7(.16e-4+2.3e-07):
((2%(.16e-4+2.6e-07)+(1-1)*(.16e-4+2.3e-07)) /1)) }

Mcl 2 clka 2 2 nmos_ hvt w=Wc 1l=Lc m=1

+ as={eval (((1/2-trunc(1/2))==0)7((2*Wc*2.6e-07+(1-2) /2% (Wc*2.3e-07)) /1) :
((We*2.6e-07+((1-1)*Wc*2.3e-07)/2) /1)) }

+ ad={eval (((1/2-trunc(1/2))==0)7((Wc*2.3e-07)/2):
((Wcx2.6e-07+((1-1)*Wc*2.3e-07)/2) /1)) }

+ ps={eval (((1/2-trunc(1/2))==0)7((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)7(Wc+2.3e-07):
((2%x(Wc+2.6e-07)+(1-1)*(Wc+2.3e-07)) /1)) }

Csl1 2 GROUND .1le-14

R11 2 GROUND .1lel1l

M4 3 2 vb vb pmos_ hvt w=.5e-5 1=.1e-5 m=1

+ as={eval (((1/2-trunc(1/2))==0)7((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)7((.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)7((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)7(.5e-5+2.3e-07):
((2%(.5e-5+2.6e-07)+(1-1)*x(.5e-5+2.3e-07)) /1)) }

M5 2 2 out GROUND nmos_ hvt w=.5e-5 1=.le-5 m=1

+ as={eval (((1/2-trunc(1/2))==0)7((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)7((.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)7((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)7(.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 1=.1le-5 m=1

+ as={eval (((1/2-trunc(1/2))==0)7((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)7((.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)7((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)7(.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 1l=Lc m=1

+ as={eval (((1/2-trunc(1/2))==0)7((2*Wc*2.6e-07+(1-2) /2% (Wcx2.3e-07))/1):
((We*2.6e-07+((1-1)¥Wc*2.3e-07)/2) /1)) }

+ ad={eval (((1/2-trunc(1/2))==0)7((Wc*2.3e-07)/2):
((We*2.6e-07+((1-1)*Wc*2.3e-07)/2) /1)) }

+ ps={eval (((1/2-trunc(1/2))==0)7((4*(Wc+2.6e-07)+(1-2)*(Wc+2.3e-07))/1):
((2%x(Wc+2.6e-07)+(1-1)*(Wc+2.3e-07)) /1)) }

+ pd={eval (((1/2-trunc(1/2))==0)7(Wc+2.3e-07):
((2%(Wc+2.6e-07)+(1-1)*(Wc+2.3e-07)) /1)) }

Cs2 vb GROUND .1le-14

R12 vb GROUND .1lell

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 Dynamic efficiency

Ripple voltage | — | Layout topology

Load current

Static efficiency

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 Ondiej Subrt
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.

4 ASICentrum'

. @
OF THE BWATCH GROUR

Vout-Vdd— (N+1) A, e

jad
M
Vdd e ’vm odd stage t

@, / \_

Y& o o Coman
big
) @, [ et o .
even stage t t N
felk v L. VL L /_
P, o oy, stage?2 @22
stage | to Natage tno tno
Mbig, Memall - HYNMOS or NAT HYNMGS t‘Clk

Chig, Csmall - HVPMOS

(a) (b)

Figure D.1: 4-phase charge pump: diagram (a) and timming of the CLK (b)
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