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”all models are wrong but some are useful”

Georges box
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Abstract

The eSTM memory block is made of digital and analog sub blocks. Analog sub blocks may
be described through models to speed up the simulation while keeping reasonable accuracy.
This work aims at presenting the improvement done on existing charge pump models by adding
information about their supply currents consumption in order to optimize the trade off between
time and accuracy.
key words: charge pump - simulation.

Le bloc de mémoire eSTM est composé de sous-blocs numériques et analogiques. Des sous-
blocs analogiques peuvent être décrits à travers des modèles pour accélérer la simulation tout
en conservant une précision raisonnable. Ce travail vise à présenter les améliorations apportées
aux modèles de pompe de charge existants en ajoutant des informations sur leur consommation
de courants d’alimentation afin d’optimiser le compromis entre le temps et la précision.
mots clés: pompe de charge - simulation.

Il blocco di memoria eSTM è costituito da blocchi secondari digitali e analogici. I blocchi
secondari analogici possono essere descritti attraverso modelli per accelerare la simulazione
mantenendo una precisione ragionevole. Questo lavoro intende presentare i miglioramenti ap-
portati ai modelli esistenti di pompe di carica aggiungendo informazioni sul loro consumo di
correnti di alimentazione al fine di ottimizzare il compromesso tra tempo e precisione.
parole chiave: pompa di carica - simulazione

1 Introduction

1.1 Introduction
My internship was carried out within the MDG Division (Microcontrollers Digital IC Group)
of STMicroelectronics which is an organisation mainly deployed in France and Italy. It mainly
designs microcontrollers for various applications such as consumer electronics (STM32) and
secure products (NFC, banking). I’ve joined the Central RD team eNVM (Embedded Non-
Volatile Memory) within this MDG division. This team is in charge of producing non-volatile
memory blocks (Flash, EEPROM) intended to be integrated into various microcontrollers.

A flash memory block is a complex system with various analog and digital components. Be-
fore going into production, this system is verified by mixed simulations. This allows to verify
the interactions between the different sub-blocks and the proper functioning of the whole sys-
tem. The effectiveness of these mixed simulations is measured on two criteria : accuracy of the
simulation and speed of execution.

However, for certain simulations which target functionality rather than performance, a com-
promise could be found by intelligent modeling of different analog sub-blocks. This allows to
greatly improve the speed of simulation while limiting the loss of precision.
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This is the case of charge pumps which are analog sub-blocks of the flash memory block that
are very heavy to simulate on full transistor level.

For this reason, this internship aims at participating in the improvement of existing models
of charge pumps in order to increase their accuracy while minimizing the impact on the speed
of the simulation. The main purpose of this thesis is to first develop models in hardware and
behavioral description languages, then to check up the validity of these models compared to the
original blocks, and finally to integrate the models into the whole circuit and perform a global
simulation to check its functionality.

1.2 Host Company

Figure 1: ST Building

The training period extends over twenty-four weeks in STMicroelectronics Grenoble in
France. STMicroelectronics is a global independent semiconductor company and a leader in
developing and delivering semiconductor solutions across the spectrum of microelectronics ap-
plications.
The company was born from the 1987 merger of the Italian company SGS Società Generale
Semiconduttori SpA and the French company Thomson Semiconducteurs a subsidiary of Thom-
son. It employs 46,000 creators and makers of semiconductor technologies that cover its 11
manufacturing sites.[1]

My internship was carried out in Grenoble site which now hosts many divisions (marketing,
design, industrialization) and is an important RD center (design, software, research on manu-
facturing processes).
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2 Theoretical background

2.1 Flash Memories
2.1.1 Overview

Flash memory is an electronic non volatile memory that was first developed by Toshiba in
the early 1980 based on EEPROM (Electrically Erasable Programmable Read Only Memory).
Tanks to its remarkable speed, it has evaded several devices ranging from smart phones to solid
state drivers. It is based on a floating gate that tunes the switch on or off depending on the charge
stored in it.

There are two main kinds of flash memory, NOR flash and NAND flash. The first one is
based on a NOR logical gate for each bit cell of the memory array, this type of flash memory
allows each single byte to be operated independently and shows a good performance during
read operation with lower latency . The second one is based on a NAND logical gate for each
bit cell, this type of memory may be operated in blocks or pages and has better storage density
with lower price. NOR is used as a first support component in simple embedded systems while
NAND plays the role of a second storage component in complex embedded systems such as
SDD drivers.[5]

2.1.2 The eSTM memory

The eSTM is an innovative charge storage non-volatile memory cell conceived, developed and
industrialized by STMicroelectronics that has allowed to achieve a breakthrough scaling.
It is based on flash NOR memory cells with a conventional polysilicon floating gate and a select
transistor built vertically in the depth of the silicon and representing the wordline as shown in
figure 2-a.

(a) Schematic cross-section of eSTM cell (b) Device schematic of coupled cells ar-
rangement

Figure 2: eSTM bitcell schematics
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Each single cell is identified at the intersection of a BL and a WL. In fact, the structure of
the vertical select transistor determines the vertical selection of the two rows of symmetrical
cells simultaneously, and since each drain of these two cells is connected to a different bitline,
the selection of the horizontal bitline would determine the selected cell as shown in figure 2-b.[8]

The eSTM cell gathers the advantages of a conventional 1T Flash Memory cell together
with a more compact cellbit area outpacing state-of-the-art in term of bit-cell area.

The eSTM macrocell flash memory block is composed of two main sub-block: a digital
controller and an analog core as sown in figure 3. It has two main supplies VDD ranging from
0.9 to 1.4V and VCC ranging from 1.5 to 5.5V.

The digital controller is composed of a micro core controller which executes a code stored
in a ROM ( Read Only Memory). It has access to registers that store the resources, configuration
registers that store the trimmings and configurations needed for the different operations. It also
has access to RAM memory in case the code needs to be patched. Several function for analog
blocks managements are also implemented in the digital controller.

The hardmacro has two main sub blocks which are the eSTM memory array and the analog
control circuits. The analog control circuit contains four charge pumps to generate supplies for
other analog blocks, oscillators, current references and two HV (high voltage) blocks. Besides,
the eSTM memory array is divided into two half arrays with a read circuitry in between.

Figure 3: eSTM core organisation overview
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The main operations of the cell are the read, program and erase operations.
The read operation is used to output the content of the cell. During this operation 2 words are
read at a time by the sense amplifier which apply about 0.7V to the selected bitline of the cell
while its worldline is biased to 3V, its control gate biased to 0V and its buried source is kept
to GND potential. Besides, the measured drain current would characterize whether the cell is
programmed if it is negative or erased if it’s positive.

The Programming operation is equivalent to writing ’0’ in the array with a granularity down
to 1 bit by introducing electrons into the floating gate.
During this operation the control gate is biased to a positive high voltage around 10V so that the
left transistor according to figure 2 (b) is ON and that way, the potential on its source is equal
to the potential at the drain of the right transistor which is equal to 4.5V and therefore the right
transistor is in saturation. This condition generates hot electrons in its vertical drain region since
they have enough kinetic energy to cross the thin oxide barrier and reach the gate. A vertical
electric field is also generated thanks to the high control gate biasing and controls the injection
of electrons to the floating gate.

The Erase operation is equivalent to writing ’1’ in the array with a granularity down to 1
page by subtracting electrons from the floating gate.
During this operation, the selected control gate line is biased to a high negative voltage equal to
-10V. the unselected control gate world line is biased to the same positive high voltage 10V of
the p-well and source in order to avoid any electrical noise from unselected pages. The physical
mechanism involved is the Fowler-Nordheim effect.[8]

2.2 Charge Pumps
DC-DC voltage converters are very common in integrated circuits. LDO (Low Dropout Reg-
ulators) and SMPS (Switched Mode Power Supplies) are the main converters used for high to
low conversion. On the one hand, LDO has a simple implementation technique, a low cost and
low noise but it has a limited flexibility since it could only be used to step down voltages. On
the other hand, SMPS has a better flexibility since it could step down or step up voltages with a
high efficiency but it has a more complicated design with higher cost and noise.

In the case of low to high conversion, transformers followed by a filter have been used over
the 100 past years. transformers were mainly used as AC-DC converters but being followed with
a filter has allowed to use them as DC-DC converters. Although this technique was successful
but with the continuous scaling down of circuits it becomes large and costly compared to the
rest of the power conversion circuity it supports due to its inductive component.[6]

For this reason charge pumps which are compact inductor-less DC-DC converters are more
suitable for IC design. A charge pump uses capacitors as an element that stores the energy.
There are many types of charge pumps, the main topologies are :[7]
• Two-stage charge pump with DC voltage supply and a pump control signal.
• Dickson charge pump with diodes.
• Dickson charge pump with MOSFETs
• PLL (Phase Locked Loop) charge pump.
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Charge pumps are commonly used to provide a positive or negative voltage from low voltage
power supplies which is the case in the eSTM memory for the VXR charge pump having
VDD (0.9-1.4V) and VDDPUMP (1.5-2.1V) as the only two low power supplies and requiring
voltages up to 20V for erasing aged cells. Therefore, the circuit is made of three charge pumps.
The main one VXR pump which creates two high voltage supplies for analog blocks and gen-
erate the bitline biasing voltage for programming operations. Vyp that generates the positive
supply voltage ( 10V ) used for example to bias bitcell control gate during programming oper-
ations. And Vneg which is a negative charge pump that generates control gate negative voltages
( -10V ) for the erase operations.

Figure 4: Power Tree

2.3 Circuit Verification
The previously presented block needs to be verified thereafter its design. This is done through
mixed simulators.

2.3.1 General presentation

SPICE (Simulation Program With Integrated Circuit Emphasis) is the most important analog
simulator in the word of microelectronics to check the integrity of circuit designs and to predict
circuit behavior.
Although SPICE is a general purpose analog circuits simulator, it may has some limitations
with large circuits as the run time exponentially increases with the circuit size. Besides, with
the wide spread of mixed-signal designs, the need of simulating mixed analog-digital circuits
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has arisen. Simulating the digital parts with full SPICE simulation is very time-consuming,
that’s why efficient event-driven techniques are used for simulating the digital parts. And mixed
mode simulators glue together an accurate full SPICE analog simulator to an efficient digital
simulator.[2][3]
The interaction between analog and digital parts is made through DAC (Digital Analog Con-
verters) as well as ADC (Analog Digital Converters) that bridges the path between the modes
and which are only virtual devices.

2.3.2 Existing models and simulations

Following the previous part, several blocks of the eSTM block are modeled and the figure 5
below points the modeled blocks in red while keeping the analog ones in blue.

Figure 5: eSTM core organisation overview

The eSTM is simulated using this type of mixed simulation tools. Several existing simula-
tions for the different operations of the memory already exist.
Full transistor level simulations are very long and could go up to 2 days for a ”programming”
simulation for example. For this reason a lot of sub parts are modeled which makes the simula-
tion time shrink down to 20 min while limiting the loss of precision.
Some models already exist for this charge pump with short simulation times but these models
don’t provide any information about the currents consumption of the charge pump, and this is
why this internship aims at figuring out a model with these missing information while keeping
the same run time.
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3 VXR Pump modelling

3.1 Theoretical presentation of the vxr pump
The VXR pump is made of three identical stages as the one shown in figure 6. One of these
three stages can be by passed making the charge pump having two different operating modes
according to the number of stages ( either two or three ).
The VXR pump is connected to a DCDC converter at its input and to two other charge pumps
Vyp and Vneg at its output. It is also connected to the bitcell control blocks at its output since it
would deliver different levels of supply voltages according to the type of operation done by the
memory.

Figure 6: A simplified schematic of the VXR pump

The VXR charge-pump circuit uses two fly capacitors for storage in order to achieve higher
voltages. The circuit has two states, which it continually switches between. The first state has
two opposite switches on (T1 and T4 for example) and the two others off (T2 and T3 in this case),
this is a charging state for the C f ly1. Then, in state 2 when T1 and T4 are now off and T2 and T3
on, the potential at the node between T1 and T2 becomes virtually equal to 2*Vin and is thereafter
transferred to Vout . The same process occurs to C f ly2 but with phase opposition with respect to
C f ly1 making Vout increase at each state.
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3.2 Preliminary Study
The VXR Pump has two main voltage supplies VV DD which ranges from 0.9 to 1.4V and
VV DDPUMP which ranges from 1.4 to 2.1V. Added to an output voltage VV XR2 which is main-
tained constant at a certain level through a voltage regulator. Its value is triggered using a digital
control bus (VxrCtl).
The whole purpose of this modelling is to estimate the two currents (IV DD and IV DDPUMP) de-
livered to the charge pump supplies. In order to do so all the parameters that may affect these
two supply currents need to be determined first. 8 parameters are held as shown in table 1 below.

Voltage supplies VV DD and VV DDPUMP

Output current IV XR2

Output voltage VV XR2 ( Controlled by VxrCtl)

Temperature

Clock frequency

Number of stages

Process variation

Table 1: Different parameters affecting the two supply currents

The Output voltage VV XR2 is a discrete parameter that can take 47 different values and the
number of stages is a discrete parameter as well that can be fixed rather to 2 or 3. for this reason
these two parameters could be dropped of because a model will be found for each different
value of them instead of being included into a general equation. Besides, the process variation
is very difficult to model and the worst case (FFA) will be considered for the rest of the study.
This makes the number of parameters shrink from 8 to 5.

3.2.1 Testbench and simulations

Modelling the behavior of this pump in term of current consumption by finding out an equation
that relates 5 parameters is still very uncomfortable. For this reason, each parameter’s impact on
the input current needs to be studied independently and compared to other parameters’ impacts
in order to simplify the modelling by only keeping the critical parameters.

First of all, Cadence Virtuoso environment is used in order to create a testbench schematic
for the existing instance of the VXR pump using some power supplies from the analog library
added to an existing instance of current mirror. This schematic is shown in figure 7.
Then Eldo Premier engine from Mentor Graphics is used for simulations. Each parameter is
fixed to an operating value except the one being studied, then a parametric sweep is applied to
the studied parameter which will allow the two supply currents to be measured for different val-
ues of this parameter. And these two supply currents are extracted using additional commands.

13



Figure 7: Testbench schematic of the VXR pump

3.2.2 Results

At nominal current values of the output, the clock frequency has no impact on the currents de-
livered by the two supply voltages VV DD and VV DDPUMP . This frequency gives the maximum
pumping capacity, the higher the frequency is the higher the driving capability is.

The output current is the most critical parameter. However, according to its curve, the vari-
ation of the two supply currents with respect to it is linear with a steep slope so it could be
added as a multiplying factor to the equation at the end. A constant could be added as well if
the supply currents are significant when the output current is equal to zero.

The temperature and the two supply voltages are therefore the three main contributors. How-
ever, for the sake of simplicity, temperature is going to be dropped out in a first approximation
taking the worst case corresponding to the case with the highest temperature. And the following
parts are going to focus on the modelling of the currents variation with respect to VV DD and
VV DDPUMP .

Parameter IV DDPUMP IV DD

VV DD 7.6 % 26.14 %
VV DDPUMP 7.3 % 29 %
Frequency 0 % 0 %

Temperature 3.18 % 14.97 %
IV XR2 > 100 % > 100 %

Table 2: Supply currents variation for each parameter
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3.3 Different strategies
3.3.1 Explanation and development of two strategies

As explained in the previous section, this part is focused on the modelling of the two supply
currents as a function of VV DD and VV DDPUMP .
The launched simulation aims at plotting IV DD and IV DDPUMP as a function of VV DD and VV DDPUMP
each, and this simulation is done in the following conditions:
- VV XR2 = 3.26V - T=27◦C -f=200Mhz -IV XR2 =80µA.

So the first step is to report the data of the simulation results to excel for observation. And
by plotting point by point the supply currents as a function of VV DDPUMP for different values of
VV DD, one could clearly notice a linear behavior which leads to make a linear approximation for
each curve as shown in figure 8-a. This leads to several different linear equations for different
values of VV DD whose slopes and constants depend on VV DD. As a consequence, the variation of
the slope as well as the constant as a function of VV DD is plotted in figures 8-b and 8-c in order
to find a general equation that relates each supply current with the two supply voltages and this
results in equations (3.3.1.1) and (3.3.1.2).

(a) Linearization

(b) Slope and Constant for IV DDPUMP (c) Slope and Constant for VV DD

Figure 8: First strategy

One can notice that there is also the possibility of doing the same previous steps but by
starting with plotting the currents as a function of VV DD instead of VV DDPUMP then getting the
expression of the slope and constant as a function of VV DDPUMP. This possibility has been tested
but it was much more complex to find an easy and representative modelling strategy in that case.
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(a) IV DDPUMP (b) IV DD

(c) IV DDPUMP after adding an offset (d) IV DD after adding an offset

Figure 9: Second strategy

So far, a first strategy has been explained and for which the results are going to be exposed in
the next subsection. However, this isn’t the only strategy that has been explored. In fact, coming
back to plotting point by point the supply currents as a function VV DDPUMP for different values
of VV DD, the linear approximation of the curves could be pushed further to the second order
resulting in more accurate curves as shown in figure 9.

However in that case plotting up the three constants as a function of VV DD would result in a
very rough equation, for that reason the strategy here is to find a way to ”get from one equation
to another”.
In the case of the current delivered by VV DD, according to the figure 9-b the curves are charac-
terized by an hyperbolic trend and adding a multiplying factor would lead to a general equation.
This factor is equal to VV DD

2 because in order to get from any curve of figure 9-b to the curve
at which VV DD is equal to 1V, one needs to multiply by 1

VV DD
2 , so after finding a second order

linearization to the curve at which VV DD is equal to 1V multiplying by VV DD
2 would result in

the general equation (3.3.1.4).
In the case of the current delivered by VV DDPUMP, the curves are parallel as shown in figure
9-a and therefore adding an offset would generalize the equation. The expression of the offset
is found by plotting the variation of the supply current offset of each curve of figure 9-a with
respect to the one at which VV DDPUMP is equal to 2V as a function of VV DD. Thus, this generates
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the equation (3.3.1.3).

First strategy

IV DD= -1.94*10−4*VV DD*VV DDPUMP + 9.47*10−5*VV DDPUMP + 4.95*10−4*VV DD - 2.46*10−4

(3.3.1.1)

IV DDPUMP= -4.35*10−5*VV DD*VV DDPUMP – 2.67*10−5*VV DDPUMP + 2.92*10−4*VV DD +
4.12*10−4 (3.3.1.2)

Second strategy

IV DD = VV DD
2* (1.267*10−4*VV DDPUMP

2 - 5.313*10−4*VV DDPUMP + 6.078*10−4) (3.3.1.3)

IV DDPUMP = 9.78*10−5*VV DDPUMP
2 - 4.13*10−4*VV DDPUMP + 9.99*10−4 +

4.89*10−4*VV DD
2 - 9.38*10−4*VV DD + 4.51*10−4 (3.3.1.4)

The previous equations for an output current IV XR2 equal to 80µA and therefore still need
to be normalized in the following parts.

3.3.2 Results comparison of the two strategy

According to the previous section, two strategies were developed leading to two different equa-
tions for each supply current. In order to decide which strategy is better for the modelling, there
is a need to compare the resulting currents from each equation to the ones resulting directly
from simulations.

According to figure 10, the IV DDPUMP error of the second strategy is below 3% while the
IV DDPUMP error of the first one is below 5 %. So both strategies are acceptable for IV DDPUMP
modelling.
However, according to figure 11, IV DD errors of the second strategy are below 12 % while the
ones of the first strategy go up to 500 % . So the first strategy failed to model IV DD consumption
and therefore the second strategy is going to be kept to further the study.
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(a) First strategy (b) Second strategy

Figure 10: IV DDPUMP comparison

(a) First strategy (b) Second strategy

Figure 11: IV DD comparison

3.4 Development of the chosen strategy
Up to here, a preliminary study was held to determine which parameters to focus on for the
study leading to consider the two supply voltages as a first approximation.Then, two strategies
were developed leading to choose the second one because it matches better with simulations.
So, this last results in two equations of the two supply currents as a function of the two supply
voltages. However, these equations are determined for a specific value of the output voltage
VV XR2 and in the case of using the pump with three stages. Since there is 47 different trims
leading to 47 different output voltages and the number of used stages may be 2 or 3, there is 94
different equations for each supply current.
Determining each equation separately using excel as done in the previous case is very time con-
suming. For this reason, using tcl scripts for automatizing has become essential.

3.4.1 Detailed script

The detailed script is in annexes but here the main steps of it.

The first step consists in putting the supply currents data when VV DD is equal to 1 into a
list. In order then to find each current as a function of VV DDPUMP, a second order polynomial
approximation is done. The three coefficients of this second order equation are found using
Gaussian process for regression.
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The second step consists in generalizing the equation to all values of VV DD. In the case of
IV DD, the second order equation that corresponds to IV DD(VV DD=1V) is multiplied by the square
of VV DD to find a general one.
In the case of IV DDPUMP equation, a list of current offsets as a function of VV DD when VV DDPUMP
is equal to 2V is built. The offset is the difference of the current IV DDPUMP at a specific value of
VV DD with respect to the current IV DDPUMP(VV DD=1V). The same method of polynomial resol-
ution is then used to find a second order equation of this offset as a function of VV DD, and this
equation is added to the previous one in order to obtain a general equation of VV DD variation as
a function of the two supply voltages.

The third step consists in applying the same previous whole process on different values of
the output voltage VV XR2 (triggered the by digital control bus VxrCtl) leading to different equa-
tions. These equation are then gathered into an output text file.

The fourth step consists in verifying if the resulting equations of the tcl script match with
simulation results. To do so, for each value of VV DD, VV DDPUMP and VV XR2 the two supply cur-
rents are computed using the resulting equations from the scripts. These results are gathered
into an output text file behind the simulation results and then the error between simulation and
model results is computed and displayed as well in the output file.

An input text file needs to be filled before executing the script with the following informa-
tions:
• Number of rows of the csv file minus one.
• Number of columns of the csv file.
• Number of trims.
• Number of different values of VV DDPUMP.
• Number of different values of VV DD.
• The index of the first column of IV DD.
• The index of the first column of IV DDPUMP.
• Number of extractions of average values of current (In additional spice command tab while
launching the simulation) .
• The index of the row of the first value of VxrCtl minus one.

This input file will allow to execute the script for the two configurations of the VXR pump
(2 or 3 stages).
Before the execution of the script, the right name of the csv file needs to be put into the script.
besides, all the commas in the csv file need to be replaced by a space.
Added to that, the csv file is generated right after the simulation by converting the Eldo simula-
tion output file (aex file) into csv one.
It is also important to mention that this script is valid only when the different trims of the VxrCtl
are extracted in rising order. For example, 11000 could only be followed by 11001.

3.4.2 Simulation and Results

The previous script was executed with all the possible cases of the VXR pump functioning in-
cluding all the possible values of VV XR2 as well as all the possible values of the number of stages
resulting in 94 different equations.
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Three main simulations are held in order to obtain all the equations. The three simulation
has the same worst case temperature equal to 105°, the same worst case of the process variation
(so called FFA) as well as the same range of VV DD [0.9 - 1.4]. Although two parameters differ
between the three simulations and are summarized in table 3 below corresponding to the actual
use cases of the VXR pump.

Figure 12: Transient results of simulation 1

The transient analysis of simulation 1 of figure 12 lasts 160 µS making the simulation time
of each value of VV XR2 5 µS which is more than enough since the stabilization time is about 1
µS and therefore the supply currents are extracted 1 µS after the change of the value of VV XR2
each time. The first curve which is the green one of figure 12 shows the evolution of the output
voltage VV XR2 depending on the value of VxrCtl control bus monitored by five bits as shown by
the remaining curves.

Simulation Simulation 1 Simulation 2 Simulation 3
(High performance mode) (Low perf read mode) (Low perf modify mode)

Number of stages 3 2 2
Range of VV DDPUMP [1.4 - 2.1] [1.4 - 2.1] [1.75 - 2.1]

VV XR2 ∀ 6 4.47V > 4.47V
VxrCtl(4)=0 VxrCtl(4)=1

Table 3: Parameter variation for the different simulations

The execution of the script results in two text output files containing 5 columns with the
tcl and simulation supply current values and the error between them according to the values of
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VV DD and VV DDPUMP. One output file is for the supply current IV DD and the other output file
is for the supply current IV DDPUMP. Each output file contains as well the Current consumption
equation for each value of VV XR2. Finally, it contains maximum errors which are summarized in
table 4. According to this table, the maximum error for IV DDPUMP is equal to 3.982 % and the
maximum error for IV DD is equal to 0.972 % which is quite tolerable. So the tcl script current
values are similar to the simulation ones and the model precision is satisfactory.

(a) VV DDPUMP

(b) VV DD

Figure 13: Extracts of the output text file

IV DDPUMP-3stages IV DD-3stages IV DDPUMP-2stages IV DD-2stages

Maximum Error 3.910 % 0.425 % 3.982 % 0.972 %

Table 4: Maximum Error
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4 Integration of the model in mixed simulation environment
In the previous section, the supply currents consumption of the VXR pump were modelled by
finding an equation that relates each current with the other parameters of the pump.
This section aims at integrating these equations into existing models of the pump using Verilo-
gAMS description language into mixed simulation environment.

4.1 Testbench and simulations
Several simulations are already available for different purposes. And each simulation has a test-
bench in SystemVerilog description language.
Simulations that perform the ”erase” operation on full transistor level are very long (Up to 2
weeks) and are therefore not being to be performed since they don’t have a specific interest for
this work. Besides, the ”read” operation is included in most of the ”erase” and ”prog” simula-
tions, so there is no interest of simulating it independantly.
For this reason, only simulations that perform the ”prog” operation are going to be done in this
part.

(a) Chronogram

(b) Code

Figure 14: ”Read” task

A simple ”prog” simulation without any additional functional constraints is picked up. Its
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testbench is mainly made of a first part that declares the module of the memory block by declar-
ing all its inputs and outputs as registers and wires. A digital sub block that contain the sequence
of operations performed on the memory which are read, prog then read operation. Each opera-
tion takes in argument the address of the bitcell on which the operation is made and an expected
value for auto-check. And they are all defined in another verilog file. Finally it instantiate the
top level module using ”named” association.

Going back to the sequence of operations performed during the testench, one could check
in details one of these operations.
For example the ”read” task has two inputs according to figure 14-b : ”add” which is the address
of the read bitcell and ”expected” which is the expected read value from this bitcell. The reading
starts on the positive edge of HClkESTM clock when OkSelESTM is active low that’s why it’s
assigned to zero before HClkESTM is assigned to 1 after two sequences of time according to
the first lines of the code.
Besides, when reading is finished ReadBusyESTM is reset and the new data is sampled in
DoutESTM.
The testbench code then checks if this new data DoutESTM is equal to the expected one and
displays an external message.

4.2 Scripts and simulations
This subsection aims at modifying the VerilogAMS script that describes the VXR pump model
in order to integrate the new model exposed in previous sections adding information about the
currents consumption IV DD and IV DDPUMP.

4.2.1 Code of the VXR pump existing model

The model of the VXR pump is described in VerilogAMS language which is a language that
brings analog and digital modeling together. The potentials and flows for example are calculated
in the continuous domain (analog) while other values like the register contents are calculated in
the discrete domain (digital).

The code is made from several blocks such as ”initial” and ”always” blocks that describe a
digital behavior and ”analog” block that describes the analog one. The interaction between the
two previous domains (digital and analog) is done through variables and nets. In fact, analog
variables and nets could be read from digital blocks and vice versa.[10]
The digital part of the code of the VXR pump model transforms the binary input (VxrCtl) into
a decimal one and deduces the assigned value of the output voltage according to the value of
VxrCtl and puts it into a variable. It also checks if the pump is ON or OFF based on its digital
inputs.

The analog block starts by checking analog inputs such as the voltage value of VBgap, vdd
and gnd. It is then composed of two main parts. The first one treats the case of the pump in
ON mode, in that case, it assigns the values of the output voltages according to a trim table
that has been hard coded according to the corresponding mode of functioning. The second part
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Figure 15: Existing model

treats the case of the pump in OFF mode and assign the values of the output voltages to zero
when supplies are not ok or to other low values when the pump is simply OFF. Precision is not
critical in OFF mode because this model is mainly intended to be used in ON mode. This is
better represented in figure 15.

4.2.2 Current measurement schematic

The first step was to figure out a way to measure the output current flowing through the VXR2
pin of the VXR pump with VerilogAMS description language. To do so, an ideal internal node
named VXR2 ideal is created (as shown in figure 16) on which the target VV XR2 voltage is ap-
plied (based on VxrCtl values). Then a command line 1 of table 5 is added in order to impose a
certain current between VXR2 ideal internal node and VXR2 output port so that their potential
difference is equal to zero. Doing so enables to indirectly control VXR2 output port voltage and
measure the current flowing from it to VXR2 ideal. So command 2 measure this current and
put its value into a variable.
Besides command 3 is a timing statement that allows to smooth variations of the VXR2 r vari-
able with a certain rate (analog solvers do not work with instantaneous variations).
This also include adding some required probes in the .cir file in order to be able to plot the
corresponding waves at the end of the simulation.

1- ”I(VXR2,VXR2 ideal):V(VXR2,VXR2 ideal) == 0.0;”

2- ”I VXR2 = I(VXR2,VXR2 ideal);”

3- ”V(VXR2 ideal) <+ transition(VXR2 r, 2e-7, 2e-7);”

Table 5: Added command lines for current measurement
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Figure 16: Current measurement schematic

4.2.3 Model integration

The second step was to integrate the model that was previously found of the input supply cur-
rents consumption and to check thereafter the VXR pump behavior through simulation results.

The first method of integration consists on manually integrating the related equations of the
two supply currents according to the value of the VxrCtl. These two equations were added in
the sub-part of the analog block were the pump is on working conditions.
This method was functional but poor in efficiency since it requires to check the output voltage
value VV XR2 and then to look for the corresponding equation in the output text file.

For this reason the second method aimed at automatically calling the output files and de-
ducing the corresponding equations according to the value of VV XR2. VerilogAMS can’t handle
character chains so it was not possible to extract the corresponding coefficients of each equation
from the existing text output file.

For this reason another output text file that contains only the coefficients of each equation
was created as shown in figure 17 so that VerilogAMS could manipulate integers and registers
only.

Figure 17: Output text file containing only the equations’ coefficients for IV DDPUMP

25



Besides, the detailed code of the second method is in annexes with the added part encircled
in red but here are its main three steps.
The first step starts with creating six empty lists for the coefficients of IV DDPUMP and three other
additional empty lists for the coefficients of IV DD. It continue with opening the text file of figure
17 and checking if its empty. If not, it extract each line independently and puts its coefficients
in the corresponding lists. And finally it closes the text file.
The second step consists in checking continuously during the simulation the value of VxrCtl
and extracting each time its corresponding coefficients from the previously created lists to put
them into final variables.
The third step consists in using the final variables to assign the values of IV DD and IV DDPUMP in
the sub-part of the analog block.

The whole code is in annexes 3 but figure 18 shows the differences between the manual (a)
and automatic (b) integration in the analog sub part.

(a) Manual integration

(b) Automatic integration

Figure 18

4.3 Results
4.3.1 Functional Check

A first verification of the new model could be done through the messages displayed in the tran-
script of the output window of the simulator that are the following.
”OK read at address 14000 with ffffffffffffffff , as expected”
”OK read at address 14000 with ffffffff00000000 , as expected”
14000 being the address of the read bitcell and ffffffffffffffff/ffffffff00000000 the expected value
each time. These messages indicate that the first and second ”read” operations were done suc-
cessfully and that the programation of the bitceel from ffffffffffffffff to ffffffff00000000 was
successful.
Besides, a functional check needs to be done by verifying the voltage levels of the bit cell. This
could be done by plotting the control gate, bitline and worldline voltages as shown in figure 19.
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Figure 19: Functional check of the model

These previous voltages values as well as the bitline current are then compared to the ex-
pected ones for a programming operation. According to table 6 simulation values matches the
expected theoretical ones and therefore the model is functionally correct.

Control Gate voltage Bitline Voltage Worldline voltage Bitline Current

Simulation value 10.12 V 4.69 V 1.2 V 5.12 µA

Theoretical value 10 V 4.7 V 1.3 V 5 µA

Table 6: Bitcell voltages check

4.3.2 Currents consumption

Besides, currents consumption of the VXR pump as well as of the whole memory need to be
checked because they need to be inferior to 2.2mA according to the specifications of the eSTM
macrocell.

To start with, the curves of figure 20-a are plotted in the case of full transistor simulation
and are therefore a reference to which the old as well as new models are going to be compared.
Besides, one may notice that programming operations start after about 60 µ from the beginning
of the simulation and the first part corresponds to the ”power on” phase.

In the case of the old model simulation, the VXR charge pump model didn’t take into ac-
count supply currents consumption by assuming ideal voltage sources and the values of the
input currents of the VXR charge pump IV DD and IV DDPUMP are therefore equal to zero in that
case. This also affect the whole memory current consumption. In fact according to figure 20-b,
the curve that plot the sum of input current of the eSTM block (IVCC and IV DD) doesn’t match
the reference curve and held lower current values with only pulses during the power on phase
and not any consumption during the operations.
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(a) Full Transistor Level Simulation

(b) Old Model Simulation

(c) New Model Simulation

Figure 20: Input Current consumption check (IV DD and IV DDPUMP)

In the case of the new model simulation current consumption of the VXR pump as well as
the eSTM block are shape alike the reference. however, they are equal to 10.02µA and 9.88µA
which is quite above the maximum value equal to 2.2V. This is due to the fact that the value of
IV XR2 in the new model is higher than the real one.

So far, only input currents consumption were checked. The output current consumption of
the new model are plotted in figure 21-b just below the reference curve. In the case of the full
transistor level simulation, the value of this current goes down to about 180µA during ”prog”
operation in the case of high performance mode ( using the 3 stages of the pump). The VYP
charge pump (fed by the VXR one) only needs 60µA during its operation. Then 20 cells are
programmed consuming 5µA each on VXR2 so that makes the output current consumption
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goes up to 160 µA. And the remaining 20 µA are consumed by the other devices connected to
the VXR charge pump.
In the case of new model simulation, the value of the output current consumption is about 205
µA during ”prog” operation. This values difference may be due to the fact that despite the VXR
charge pump other blocks are modelled giving rise to additional errors. The old model holds
zero as a value of the input current as explained in the previous part and is therefore not plotted.

(a) Full Transistor Level Simulation

(b) New Model Simulation

Figure 21: Output current consumption IV XR2

4.3.3 Simulation time

Although the simulation time of the new model is some minutes longer than the simulation time
of the old one, it still in the same order of magnitude and by far manageable compared to the
speed of the full transistor level simulation.
Therefore, the new model has succeeded in keeping a reasonable simulation time.

Simulation Full Transistor Level With the old model With the new model

Simulation time 30h 49mn 49mn 1h 23mn

Table 7: Simulation time comparison for the same CPU frequency 3 GHz

29



5 Conclusion
First, a strategy that models the currents consumption of the charge pump (IV DD and IV DDPUMP)
was developed leading to 94 different equations (according to the value of VV XR2 and number
of stages) for each current as a function of three parameter: the two supply voltages (VV DD and
VV DDPUMP) as well as the output current IV XR2. This model was done in the worst case in term
of temperature and process variation.

Then, The previous model was integrated in mixed simulation environment in an already
existing old model using VerilogAMS description language. Along with, a measure of the out-
put current of the charge pump was also added to the model in order to be used in the equations
and allow the computing of the the input currents.
This leads according to the simulation results to a correct functioning of the new model. Never-
theless, the values of the input current consumption were larger than the expected ones.
However, this model allowed keeping a similar simulation speed while improving the charge
pump model.

Besides, only one single charge pump was modeled over three, so for a further study, this
model could be adapted to the two other charge pumps (Vyp and Vneg). It may also be adapted
to other charge pumps in other circuits.

6 Personal comments

6.1 Personal conclusion
Although this internship was not my first working experience related to my master degree, it
was the first in microelectronic field.
I was surprised and challenged at the same time to see that my acquired knowledge in microelec-
tronics during my master was a drop in the ocean. However, my academic training especially
during EPFL semester was an essential basis that has laid the ground for this job.

There is a great cohesion within STMicroelectronics based on a hierarchical structure that
guarantee the organization and progress of the different projects. Good communication and
mutual share and help between members of each team as well as as between different teams
working on different projects are keys to maintaining ST a leader in semi-conductor industry.
And working with people on other sites abroad doesn’t make a barrier to this group working.
Weekly meetings as well as update and work presentation meetings are also constantly held to
contribute to the well functioning of this structure.

Considering the special circumstances that we’ve been facing, ST was very reactive to the
constant change of events advocating the safety of its employees first and the company interests
second. Besides, I was able to carry on in the best conditions my internship after the lock-
down through teleworking thanks to the provided screen and computer as well as the constant
exchange with my supervisor.
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8 Annexes

8.1 Gantt Chart

8.2 Tcl code
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8.3 VerilogAMS code
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