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Abstract

In this paper a charge pump model based on a DOE
(Design Of Experiment) model generation technicgie i
presented. The DOE technique takes as input etattri
simulation results of a charge pump circuit forfeiient
component geometries and different oscillator pulse
periods. It produces, as outputs, polynomial equreiof
the charge pump output voltage HV and the consampti
current kynk Using those equations, impact of specific
charge pump design parameters on charge pump aitput
is clearly shown. Thus, design guidelines can bevied

to optimize charge pump circuits efficiency. Toidetke
this approach, this optimization methodology isduse
evaluate the charge pump optimal configuration ddwa
voltage and low current IC circuit (RFID tag).

Keywords - charge pump, optimization, modeling, MVM
1. Introduction

Embedded Electrically Erasable ProgrammabledRea
Only Memory (EEPROM) is now extensively used in

various applications such as radio frequency
identification (RFID) tag. An RFID system is made af

a reader and a tag which must communicate together.

This communication is based on a wireless write raad
access to the tag EEPROM.

In passive system, the tag, shown in Figure 1, must
recover power supply from the incident wave. Adiyad
new demand appears on UHF RFID system which works
around 915 MHz. In the USA, the norm allows an
emission power of 4 Watts; this value leads to adre
range around 10 meters. But the writing range fernof
limited to a few meters. Indeed, UHF tag is often
powered with voltage around 1V, but writing in
EEPROM memories require high voltage (15V-16V).
That's why charge pump circuits (which convert ID&
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voltage to high voltage) are included in RFID tag
designs. Charge pump circuits consumes a greatopart
tag available power and are very critical in teoh&FID
system reliability.

During the tag EEPROM programming operations and
especially during a write operation, more than if%he
current is consumed by the charge pump [1]. Dutimisg
stage, we have to provide enough current in order t
maintain the required HV level. The memory partiof

tag consists of a charge pump and some auxiliary
circuits, including non overlapping clock generator
comparator circuits, discharge circuits and voltage
dividers circuits. EEPROM programming levels are
obtained from the charge pump output voltage HsTh
high voltage level has to be monitored as well @ssible
because it is one of the main causes of EEPROM
memory issues. To achieve this goal, we build a
polynomial model in order to link intrinsic (trassbr
widths, charge capacitance...) and extrinsic chatge
parameters (clock frequency) to specific charge gpum
outputs like the voltage level HV or the consumptio
current kynk. Thanks to this model, we will see how it is
possible to improve charge pumps circuits religbili
performances and guarantee ropust circuit funclityna

‘ Basckattering ! !
I 2 L I
| B0 modulation i i
I I I
I I I
| i Dat
i ; i - EEPROM
: ) Voltage | ':_’
V| Yy | Volage omilipher |4 contral |1 i
L I I
| I I
_:‘ v : Logic :V
‘ Dt | 1525 Kgates | | 0D HV
| Bk |
| ‘ Vee B ™ Charge
Ly Demodulation : (;]k Pump
: Data : :
Antema. Analogic | Numeric | Memores

Figure 1: RFID tag bloc diagram‘



This paper is organized as follows. Section 2 gizes
short overview of high voltage generator structuned
presents in details the architecture considered for
simulations. In section 3, the DOE technique isaitked
in order to explain the charge pump polynomial niede
generation. In this section, the evaluation of tharge
pump outputs (HIV andsiink) as function of the charge
pump critical parameters is developed. The sectiaa
dedicatedto the polynomial models processing. Finally,
Section 5 gives some concluding remarks.

2. Charge pump simulation context

Charge pumps are circuits that generate a \olarger
than the supply. Most high voltage generators aseth
on the Dickson charge pump [2]. However, as supply
voltage being scaled down below 3V, the pumping
efficiency of the Dickson charge pump is severely
degraded. An optimized strategy for designing these
circuits is proposed in [3], with an analytical nehdin
this model, efficient design parameters, such anbau
of capacitor stage, can be computed for a chosen
technology. Charge pump circuit performance isciffé
by threshold voltage, reverse current and bodyceffe
That's why others architectures have been develaped
overcome these limitations like the NCP-2 [4] shown
Figure 2.a. In this architecture, the same equatianme

used, but the design becomes harder because of the

increase of devices.

In [5], the NCP-2 structure was then compared tutfzar
charge pump which is presented Figure 2.b. Although
this architecture is far from Dickson one, thiscuait
generates higher output voltage than Dickson anB-RC
charge pump.
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Figure 2: (a) NCP-2 Charge pump (b) CTS charge pstage

The complete design scheme of a charge pump circuit
needs an optimization step, with global simulations
which take into account of effects. Charge pump
simulation is slow: a small time step is neededahee

the input clock’s frequency. The optimization ofache
pump designs with several parameters to find ctakld

a long time, even if an approximation value is otste

for the main parameters. In this work, the impatt o

specific charge pump parameter variation aroundgemo
value is evaluated. This method is presented forGhS
structure shown in Figure 2.b which currently prase
the best choice for low voltage and low curren{3C[6]
such as RFID tag.
In a first approximation, we assume that the chatgap
outputs (HIV and dynk) depend mainly on the two
enhanced NMOS transistors widths, Vthe two PMOS
transistors widths V¥ the value of the pump capacitors
Coump @nd also the input clock period,sd These four
parameters W W,, Coumpand the clock period f; (see
Figure 2.b) are chosen as well as the charge puitigat
parameters. This parameters needs to be optimized i
order to get the correct output voltage HV and the
smallest consumption current.
The simulation context is defined by the different
elements surrounding our 10 stages CTS charge pamp.
order to be as close as possible of the produckingr
conditions, simulations are performed by includinghe
design the following elements (Figure 3).

- the charge pump,

- the clock driver,

- the output charge.
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Figure 3: High voltage generator circuit

Charge pump output curves, obtained for a given
configuration of input parameters are shown Figdre
after transient simulations. The first responsthées HIV
voltage. The second response is the consumptiagerdur
which is obtained by adding the average currenk syn
the clock and the average current sunk @p.\he total
consumption current for a given load and a giveppsu
voltage \bp is called §ynk-
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Figure 4: Charge pump simulation results



3. Charge pump outputs polynomial model

As mentioned in the introduction, a good
understanding of charge pump circuits needs tdheta
link intrinsic charge pump parameters (transistatths,
charge capacitance...) and extrinsic parameters Kcloc
frequency) to specific output responses like thghhi
voltage HV or the consumption curregtyx. To do so,
any possible variation of all the 4 selected patarse
with any possible value of the output voltage mist
considered. It clearly appears that a classicalaggh
based on changing one parameter at a time forttadiro
possible parameter values is intractable in nunddfer
experiments to perform. For example, considering 10
possible values for each parameter, such a metioottw
lead to perform 100simulations to build a database for
one output response.

To pass over this limitation, a technique based on
“Design Of Experiment” (DOE) is used. Our experirtgen
are in fact a set of simulations, thus this techaits here
called ‘Design Of Simulatich (DOS) DOS allows
having a complete knowledge of the selected outputs
(HV and kynk) in the domain of variation of the 4 input
parameters, from a limited number of simulationbisT
domain of variation is called sphere of knowledge.
practical terms, a Doehlert matrix [7] is selectedlefine
all the configurations to simulate. The selectetpbots
are generated from a Surface Response analysthisln
approach each 4 input parameters are associated to
factor, thus 4 factors are necessary. The levelsarhfor
these factors, according to the Doehlert matrig, given
as follows:

Coumpis affected to factor X1 with 5 levels,
- W, is affected to factor X2 with 7 levels,
- W, is affected to factor X3 with 7 levels,
- Toscis affected to factor X4 with 3 levels,

Table 1: Map of Simulations

N° Exp Cpompe Wn Wp Tosc/2
fF uM uM ns
1 510.0 3.00 1.00 2.750
2 190.0 3.00 1.00 2.750
3 430.0 4.30 1.00 2.750
4 270.0 1.70 1.00 2.750
5 430.0 1.70 1.00 2.750
6 270.0 4.30 1.00 2.750
7 430.0 343 1.65 2.750
8 270.0 2.57 0.35 2.750
9 430.0 2.57 0.35 2.750
10 350.0 3.87 0.35 2.750
11 270.0 343 1.65 2.750
12 350.0 2.13 1.65 2.750
13 430.0 3.43 1.16 2971
14 270.0 2.57 0.84 2.529
15 430.0 2.57 0.84 2.529
16 350.0 3.87 0.84 2.529
17 350.0 3.00 1.49 2.529
18 270.0 3.43 1.16 2.971
19 350.0 2.13 1.16 2971
20 350.0 3.00 0.51 2.971
21 350.0 3.00 1.00 2.750

With this information, the map of simulations isildu
around 21 different configurations of the input
parameters as shown Table 1. Therefore, 21 ELDO
simulations of the circuit are automatically perfed.
From the result of these simulations, a multi-regien
algorithm extracts the polynomial model of each
considered output response. The general form of the
polynomial model is given by the following equation

P:bo+Zb Xi +Zbi [(]Xi Xi )+ij [(]Xi X )

The confidence on the 2 equations (output voltage a
consumption current) is given by the study of reald,
i.e. the difference between values obtained from th
equations and those obtained from simulations. The
maximal difference for HV is 0.27V and only 0% for
the consumption currengdnk. It is important to notice
that these values are obtained from corner caséiseat
limit of the sphere of knowledge. They represent
respectively less than 1.5% and 0.3% of error coatpa
to the simulated values. The rectilinear normalt,plo
shown in Figure 5 confirms these results for the HV
output.
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Figure 5: Normal plot of the HV response

Figure 6 summarizes the different steps of the
polynomial model generation technique. Advantages
offered by the polynomial model are listed below:

- A simple polynomial expression which allows
fast computation time,

- Only 21 simulations are necessary, allowing a
short generation time. This property can be used
to automatically fast calibrate the model to
switch from one technology to another. Besides,
this technique can be easily adapted to other
charge pump architectures,

- The validation of the model is achieved by
monitoring the accuracy of each output (study of
residuals).
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Figure 6: Model generation bloc diagram

Of course, we can consider the impact of other tinpu
parameters like parasitic capacitances or clocksgha
overlap, on the selected outputs to refine the mdte
will result in an increase of the simulation number
order to cover the domain of variation of the whiolgut
parameters. It is also possible to link other chgugmp
outputs to the input parameters like the charge ppum
power efficiencyn (see Section 4). Charge pump power
efficiency is defined as the ratio between the outp
power Ry delivered to the load and the input powgr P
obtained from the supply.

4. Graphical Results & discussion

When dealing with charge pump circuits, constraists
design robustness, maximum output voltage, minimal
consumption current, and maximal power efficienayéh
to be taken into account.

Figure 7, 8 and 9 are a graphical illustration of o
polynomial model outputs versus given input paranset
The domain of variation of each input parameteatesl
to its nominal value is given in Table 2. With sugh
representation, the impact of each charge pump
parameter can be easily evaluated by considerirgg on
output at a time as a function of two input pararet
(the other parameters being set at their nominakgy.

Figure 7 shows the evolution of outputs HV apghk
versus Gump and Tosc parameters. The first information is
the existence of an optimal HV value which is otxai
for high time period I (low oscillator clock

frequencies) and important .G, values. From a
robustness point of view, sensitivity to the givieput
parameters variation seems to be acceptable irikile
maximal HV area. Concerning the consumption current
its minimal value is obtained for low &, values. For
both HV and §,nk, We can naotice that the impact of the
clock frequency is relatively weak compared to the
impact of the pump capacitance.

Table 2: Variation domain of each parameter

Cpump Wn Wp Tosc/2
Nominal
values 270 fF 3uM 1pM 2.75ns
A +160fF | £1.5uM | £0.8uM | +0.28 ns
Min 190 fF 1.5uM 0.2uM 2.75ns
Max 430 fF 4.5M 1.8uM 2.75ns

In Figure 8, impacts of Wand W, parameters are
evaluated. We can see clearly that a maximal HV
corresponds to minimal \\and W, values. Moreover, a
minimal consumption current is correlated with 19,
and W, values. For these two parameters, maximal HV
and minimal §ynk values are obtained from the same
parameters variation trend.

One can notice that each input parameter impacts
differently HV and kynk evolutions according to design
constraints. Indeed, high values qf & lead to high HIV
but also to an increase ofylk. Thus, the power
efficiency criterion is chosen to characterize gegoump
circuits effectiveness. The power efficiency model
obtained by the ratio between the output powgyrP
delivered to the load and the input poweg Bbtained
from the supply. Byt and Ry are respectively obtained
by measuring the HV output voltage and by extractin
Isunk (On the supply).

The evolution ofn versus G,m, and T,sc (Figure 9)
gives interestingnformation First, there is a maximal
power efficiency peak value, corresponding to aimmh
Coump Value and to a minimal clock frequency. Second,
one can notice that this maximal point is not stabl
especially regarding (mp parameter. However, the 3D
curve shows a robust area close to input parameters
nominal values. When analyzing the impact of #d
W, onn, it appears clearly that these parameters have a
huge impact on this output (i.e. all the poweraidincy
variation range is covered). Besides these two esurv
exhibit also an instable maxima for lower,\&nd W,
values.
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5. Conclusion

In this paper a charge pump model based on a DOE
technique is presented. Knowing that high voltage
generators circuits performances are strongly digoan
on the charge pump design parameters, and inpak clo
frequency, the original model presented here isy ver
useful to understand the charge pump functioning.
Indeed, impacts of specific design parameters opngi
responses as the high voltage and the consumption
current are quickly evaluated. Thus, design gungsli
can be followed to meet the targeted outputs. Tigh h
voltage generator model can be quickly generatedrig
charge pump architecture (depending on the number o
input parameters) and allows fast calculation tiwith
respect of accuracy.

In this modeling methodology only four charge pump
parameters have been taken into account. The tExt s
will evaluate charge pump outputs for an exhaudiste
of input parameters, including power supply vaoiasi or
output charge variation. The goal is to try to abta
global charge pump model.
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