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Abstract

The aim of this work is to create a low power systhat can measure positive and
negative voltages varying in magnitude from 100tp\M.00 mV with a relative
accuracy of 1% or better. These voltages correspmacurrent flow to or from a
battery powering a DECT IC. Since these currergsjaasi static, no accurate time
domain representation is required, as long asotiaé ¢harge is measured accurately.
Since the system is constantly active and batteweped it needs to have a low
current consumption. A maximum limit of 100 pA Hzeen specified for this.

The final result is a system that is based on cadimgethe input voltage to a current
using a differential pair with a low transconduc@armand continuously integrating this
current. When the output voltage of the integradaches a certain threshold, a fixed
amount of charge is either added to or removed firwrintegrator. By counting these
charge packages one can measure the total chatgeah supplied to or taken from
the battery. The system will function correctlyhie absolute component values vary,
but calibration is required if absolute charge ealare to be measured.

A chopping mechanism that can swap the inputseoyistem has been added to
remove errors caused by offsets and other mismatalt@e various building blocks.
This mechanism has been functionally tested antirtbarity of the system has been
verified by manually swapping the inputs and meaguthe average output assuming
an ideal chopping mechanism. The run time requoddst the chopper at its normal
operational setting (30 second intervals) is toglor convenient simulations and
has been derived mathematically.

With regards to the specifications, the systemeads a 0.24% accuracy without
mismatch. With mismatch in the V-1 converter adttethe simulation the linearity
decreases somewhat. The worst accuracy foundsicéisie was 0.7%. Adding
mismatch in the charge pump does not cause signifierrors. The only issue arises
with temperature variations. The measurement acgusastill much too low when
measured over a wide range of temperatures. An efroughly £ 16 % is achieved
here. This is caused by the combination of thegghpump that is used to create the
charge packages, in combination with the referesocece used to bias said charge
pump. Adding a different (NTAT) reference for theacge pump would solve this
problem.

The average current consumption is 8.0 pA, whiakel within the specified limit.
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1. Introduction

1.1 General

Over the last few decades, portable equipment éesrnbe an increasingly important
factor in daily life. This equipment is (generalpgwered by one of many types of
rechargeable batteries. An accurate indicatioh@favailable charge on this battery is
desirable, both for the convenience of the userth@dystem that is used to recharge
it.

However, creating an accurate indication of theéoleseharge on a battery has proven
to be quite a challenge. In the past, quite a féfg@rdnt approaches have been used.
There are systems that use the battery voltageutinent flows from and to the
battery, predictive algorithms that use the st $ystem to predict the current
consumption, and so on. These systems can takadantiunt factors like temperature,
(dis)charge current, battery age, and many moneafoore detailed work on
batteries and predicting or measuring the availeb&ge on them, see [1].

This work focuses on a system that can measureutiient from and to a battery over
a large dynamic range and with high precision. Ulkienate goal is to incorporate it
into integrated circuits for the DECT (wireless pap market. This system aims to
(for the better part) remove the inaccuracy ofrtteasurement from the state of
charge indication. Other effects that influence‘diciency’ of a battery, and thus
the accuracy of the indication, are not taken adcount for this work.

In chapter two, the system that is currently usealitlined shortly, and a number of
different alternate solutions are described. Frioesé¢ alternate solutions, a choice for
a system architecture is made. The different ngidilocks required for this
architecture are described, developed and testelthipter three. Chapter four focuses
on chopping of the input terminals, which is usethtrease the accuracy and reduce
offsets. Finally, in chapter five, the completetsys is described and evaluated.

1.2 Specifications

The system must be fully integrated using a 0.18GMOS process. Since it is part
of a battery operated piece of equipment, the p@eesumption must be as low as
possible, with a maximum current consumption of 180 For the implementation, a
supply voltage of 1.8 V is assumed, and a 1.152 Mbek is available at all times.

The battery currents are converted into a voltajeguan external 0.Q resistor.
Depending on the mode of operation of the IC, tleseents can vary between 1 mA
and 1 A. This results in input voltages between 190and 100 mV, which must be
measured with an accuracy of within 1%. Also, beeahe battery can both be
charged and discharged, the system must be abledsure both positive and
negative voltages.
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2. Comparison of Solutions

2.1 Current Solution

At present time the state of charge (SoC) is measusing a system that integrates
the input voltage until a certain threshold is resat When this occurs, the input
terminals are exchanged. Every time this occussStIC counter is updated. An
simplified schematic of this system is depictefigare 2.1.

Oi —
H VreLp . —
i
SoC Counter &
e — ~ Control
Vin z><z -
o + —
C—+
Vet n

Figure 2.1: Simplified schematic of current system

This system suffers from several drawbacks. Firstlyen the inputs are exchanged,
the reference level of the integrator changes. giviss rise to a step in the output
voltage of the integrator, for which compensatiamsirbe applied.

A second problem comes from the offset voltagéhefihtegrator. Theoretically, this
voltage can be equal in magnitude, but oppositegn, to the input voltage. If this
happens, the output voltage of the integrator matlchange, and the system will lock
up. To prevent this, a timeout is built into thetgyn, which will force the inputs to
toggle if the SoC counter is not updated for aredéd period of time.

Finally, an issue arises when very small inputsnagasured. As the integrator output
grows, so will the voltage at its inverting inputhich is equal to the output voltage
divided by the gain of the amplifier). This willdece the voltage drop over the
resistor, and hence the current that flows intocty@acitor.

Since the minimum input voltage is 100 pV, theafiéince between the inverting and
non-inverting inputs must remain smaller than 13i\ll times. With a supply
voltage of 1.8 V and assuming a full scale swihg,dain of the amplifier must be at
least 900 mV /1 pV = 900,000 or 119 dB. This isgble, but not trivial.

Because of issues like the ones mentioned befwesurrent system achieves an
accuracy of about +3 %, where the goal is £1 %.r&loee, a different solution is
desirable.

2.2 Straightforward Solutions

The most obvious choice for a solution might appedre a ‘straightforward’ ADC,
this is however not the most desirable approackhifollowing reason. The
dynamic range of the system has to be 60 dB, aed at/the smallest input the
accuracy has to be within 1%, which adds anothetBlQAlso, since both positive
and negative voltages have to be measured, ar®ti@is required. This sums up to
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106 dB, or an ENOB of 17.3. Though this might begplole, it is needlessly difficult,
since the desired accuracy is relative to the mredstalue, and not to full scale.
Therefore, the absolute error at high inputs caquie large without compromising
the specifications. In fact, an error of 1% at maxmn input voltage is already ten
times larger than the actual minimum input voltage.

One could apply logarithmic compression before meag, and then logarithmic
expansion in the post processing. This operatigorgasmall signals and reduces the
required dynamic range. However, to do this a wgn logarithmic device is
needed, and the best option for such a devicdigaar transistor, which is not an
easy device to create in a CMOS process. Furthesmach a log conversion will
depend strongly on the absolute parameters ofdtieelin question, which are
impossible to control with good accuracy. Therefsignal compression has not been
further considered in this work.

Direct conversion, such as in flash or charge tedigion converters suffers from
another drawback. For these converters to fungifoperly, a sample and hold circuit
is required. These circuits suffer from effectshtsas charge injection and voltage
droop. Apart from this the sample rate is a majeue in a traditional converter.
Though the signal is quasi DC, there can be fassttions (for example when the
class D amplifier of the DECT chip is enabled)otder to correctly represent these
signals, the sample rate has to be very high tsfgdihe Nyquist criterion.

Another possibility is to sample at a random freguye that is below the Nyquist rate.
As long as this frequency is not correlated to atfner frequency in the system, the
input will be sampled correctly. This is merely gide due to the fact that the only
information of interest is in the average DC vabi¢ghe input. More information
about this subject can be found in [2].

The biggest problem with this scheme however ieg&ion of a clock that is not
related to any other clock in the system. For starthere are quite a few components
that operate at different frequencies and secoatllyhese frequencies are derived
from a single master clock. Deriving a frequenat s not correlated to any other
frequency in the system from this same clock &kyriat best.

If a system can be found that does not actuallypsathe input these issues can be
avoided. By using an integrator as the core oktlstem, a charge can be build up
that is proportional to the time integral of theum voltage and every so often an
amount of charge can be removed to prevent thersybm clipping.

Another method that can help to achieve the desicedracy is to create a converter
that has its output range segmented into sevebaiages for different input
magnitudes. Several converters that employ suchahamism have been considered
and are treated in the next subsection.

2.3 Possible Implementations

2.3.1 Segmented Sigma Delta Converter

This implementation is essentially a multibit sigdedta converter. A conceptual
schematic (made in SwitcherCAD Il by Linear Teclugy) is displayed in figure
2.2. Instead of one comparator, as would be the icea single bit sigma delta, there
are three. These comparators control charge pumpgptovide a feedback current.
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For small signals, the output of the integratol mat change very rapidly, and only
the middle charge pump will be activated. If thpuhbecomes larger, the other
comparators will trigger as well, doubling the miigtle of feedback current. This
increases the speed of the system to compensdteeforgher dV/dT at the output of
the integrator. Because of this, the time congtatiie integrator can be altered to
allow a larger swing for small input signals, withaisking clipping at large input
signals. Such a larger swing reduces the effepbisle, hysteresis, etcetera on
decision thresholds in the converter. For this gdanthe reference voltages are
divided equally over the supply voltage.

A few notes on this schematic are in order. Fatestsithere is the switch that is
connected in parallel to the integration capacitbis switch is purely there for
simulation purposes, to set the initial chargehefd¢apacitor to zero.

Secondly there is the 1®resistor in the feedback path. This too was adoled
simulation purposes only, because the feedbackmiucan be measured at one of its
terminals.

Thirdly, this system has not been adapted for inpltages around zero volts yet.
Instead, a virtual zero at 900 mV is used. Thisesdkedback with charge pumps
easier, since in order to sink current from thegnator, the supply voltage of the
charge pump has to be below the reference level.

Finally there is the time constant of the systehis has been derived using some
simple math. The feedback current with only oneghdgump enabled is + 1 pA.
This current is in the same order of magnitudérasriput current into the system, as
will be shown later on. Since the minimum inputtage corresponds to a battery
current of 1 mA, and the current into the systeousthnot noticeably affect the
result, a factor 1,000 between these two figuresdle®n chose. With a 1 MHz clock
and zero input, the swing at the output of thegraeor will then be:

t=1,
1 T

Vie =~ [WuATdt = 667mV 2.1
15pF 2,

Which fits nicely around 900 mV, leaving enoughdream to the supply rails (the
swing will be between 0.45V — 1.35 V). Note thHa & MHz clock frequency is not
quite equal to the 1.152 MHz clock in the systeunt,ibis a bit easier for by-hand
calculations.

The input resistor is such that, with maximum inpié current through it is 1.5 times
the feedback current from one charge pump. Thisvslithe integrator output to grow
beyond the references at large voltages. This wayane charge pump will be active
for small inputs, while two charge pumps may bévated for larger signals.
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Figure 2.2: Conceptual segmented sigma delta caerer

Figures 2.3 and 2.4 show the feedback currentraedriator output voltage at
respectively 100 pV and 100 mV inputs.
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V(int_out) I(R5)
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Figure 2.3: \(, =100V
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0.5V
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0.0V
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-0.3V+
-0.4V— -2.5uA
-0.5v \ T T T T \ T \ T 3.0pA

Ops 3us 6us 9us 12ps 15us 18us 21us 24ps 27us 30ps

Figure 2.4: \{, = 100mV

As can be seen, the average with a very small iispapproximately zero. There is a
steady rising trend in the signal, which occasilyrtaiggers the second charge pump,
which causes the average to be slightly above asrdesired. The second plot
displays the result at a larger input signal. Heeesecond charge pump is active for a
much larger portion of the time, and the centergd@ump never switches from sink
to source mode. This means that, conceptuallysysem works.

2.3.2 Segmented Dual Slope Converter

A normal dual slope converter is based on the pi@of integrating the input for a
fixed time, and then discharging the integratorkitaczero using a fixed reference.
The input can then be determined using the follgwalationships:
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Integration phase:
1

Vlnt :Vm [ﬂlnt Bf 22
RC
Discharge phase:
1
Viis =Vrer Hpis IZIIE =-V,, 23
Combined:
\ t.
V,, M., [«]i =Vieer Mo E}i — Vin_ _ 'Dis 04
R RC 'V t

Int

The idea of the segmented dual slope converternsakke the duration of the
integration phase variable, or to be more preaisi@ger multiple of a fixed
duration. The discharge phase will then only odfctire integrator output has passed
a certain threshold. This way the integration isveéd to continue longer for smaller
signals, allowing for better filtering of noisewfer switching events and lower time
and voltage resolution in the decision circuitrieTinput/output relationship is now
as in formula 2.5.

Vln - tDiS 25
VRef n[ﬂlnt

A conceptual schematic is displayed in figure 2.5.
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Figure 2.5: Conceptual segmented dual slope coavert

This implementation again uses 900 mV as ‘groungo At only works for ‘negative’
voltages. This has been done for simplicity, whti# providing enough functionality
to prove the concept. Finally, the system workgioously, rather than having a
fixed sample rate. This too has been done for soitybf the test circuit.

The integrator in this example is comparable tooihe used in the current system in
terms of component values. On the right hand sidleeoschematic one can see the
counters. The bit of logic on the bottom allows ldteh that controls the input
switches to be set by the comparator every timé bitthe integration counter

toggles. That way the integration phase can erd aft integer multiple of 128 clock
cycles. The control latch is reset when the disgh@ahase ends (detected by the lower
comparator).

Runs have been performed with an input of 100 u&/ 200 mV again, and the results
can be found in figures 2.6 and 2.7. Note thahéendystem, there are not yet any
buffers at the outputs of the counters (to keeprtfage more clear). For the
simulation these have been added, so the valu# i®get until the next sample starts.
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Figure 2.6: \(, = 100V
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Figure 2.7: \l = 100mV

\
\

As can be seen, in case of the 100 pV input, tegiate counter is active quite long,
and the discharge phase only takes a very shaadodihe integration phase takes
3072 clock cycles, and the discharge phase takek8R cycles, leading to a quotient
of approximately 12.69 - 10

On the other hand, with an input of 100 mV the miijgois the case. The integration
step only takes 128 clock pulses (the minimum)taedlischarge phase takes a lot
longer than before, 1748 steps to be precise,igddia quotient of about 13.66. The
factor between these two quotients is slightly ntbes expected, but it is close.
Therefore, since there have not been any optimizatio this conceptual design, the
overall outcome looks promising.

Note that the first cycle from both runs should betconsidered, since the initial
conditions are not exactly equal to the conditiafter the system has settled.

2.3.3 Charge-Dump Converter

This converter can be seen as a derivative froigraasdelta converter. The idea here
is to continuously integrate the input signal, batcertain threshold is reached. When
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this happens, a fixed amount of charge is remorad the integrator and the process
repeats itself. By counting how many times chare teen removed (or added in

case of a negative input), the total amount of gainat has been integrated is known.

The difference between a sigma delta convertetlaindiesign is that the ‘dump’
phase lasts a fixed amount of time. This way, theunt of charge that is removed
during said dump phase is always equal and thedioteige that has been removed
(and thus previously stored) can be measured bylgicounting the number of dump
phases. A conceptual implementation can be fourfigune 2.8.

Cint %

I Vad
4p

<L

Vth- +

J

B JIK FF

R

Q

;
@,

lin Vdd

Q

CtrA  lout——
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J
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R

Qr—

Q

Clk

Vss

Vss

0.2

=

J

Vdd B JIK FF

R J R

i L
Q K

Q

B JIK FF
Q

Figure 2.8: Conceptual charge dump converter

This system has only been simulated at inputs eh¥0and 100 mV, because for
smaller inputs the simulation time, and requiredrnogy, are excessive when using

the SwicherCAD simulator.
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Figure 2.9: \( =10 mV
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1.0ms

As can be seen in these plots, this conceptuadsyatso works as intended. What
remains now is to choose to best concept fromhieetdesigns that have been treated

so far. An extensive comparison can be found im# sub section.

2.4 Comparison on Non-Idealities

In order to choose the most suitable implementatimathree concepts that have been

described so far will be compared on the followasgects:

- Non linearity of components

- Offset (matching)

- Noise

- Absolute tolerances

- Switching speed and other delays
- Capacitor leakage
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- Charge injection and clock feed through
- Reference accuracy and stability

- Timing accuracy

- Post processing

- Sampling

2.4.1 Non Linearity of Components

Segmented Sigma Delta:

This is mostly an issue in the input stage. Thegrdtion needs to be linear within the
specification of 1% for the maximum swing that cexcur here. This means that the
capacitor and resistor have to be linear, and fR&NIP has to have sufficient gain to
suppress its own non-linearity by feedback.

For the feedback path, linearity is not a majouesshere are different possible states
(due to the segmented nature of the system) bwtdteracy of the feedback will be
mostly be due to offsets between the different el

Segmented Dual Slope:
The integrator is a key part in this implementagsnwell, and will thus face the same
demands for linearity as the segmented sigma delta.

The switches need not be very linear, becausedeyect to a very high input
impedance, and any non linear resistance addeuebgwitches will be small
compared to this impedance.

The rest of this circuit is bi-stable by nature nem-linearity is not an issue.

Charge Dump:
This system faces the same linearity demands asetireented dual slope converter.

Conclusion:
The linearity demands for the three systems aréasinso non linearity will not play
an important role in system choice.

2.4.2 Offset (Matching)

Segmented Sigma Delta:

The offset at the integration stage is of concany. offset that is present here will be
integrated and give rise to an erroneous readin@pdsible way to reduce this error is
by chopping the inputs, but since the system isicoous, chopping without
introducing extra errors is not trivial.

Another source of errors in this implementatiothis offset in the comparators. With
a one bit converter, an offset in the comparatdrimtroduce a DC offset in the
output. Offsets in the other converters will yidifferent quantization intervals,
which translates to differential non-linearity.

Finally, the output DAC (be it a voltage DAC or@rent DAC as shown in the
conceptual design) will need to have it's composenatched to within 1%. If this is
not the case, the feedback current will be noralirsd the output value will be
distorted.
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Segmented Dual Slope:

As before, any offset in the integrator will givee to errors. Offset in the
comparators is not an issue since this will ontgdaine the upper and lower
boundaries between which the integrator outputbgarAs long as these offsets are
constant they will not contribute any error aftez tircuit has settled.

Since the final system will have a fixed sample rabme dead time can be
introduced. This is convenient for chopping theuinpvhich will reduce the error
caused by the input stage offset.

A potential problem that has been mentioned befotieat the input offset and input
voltage cancel each other. In this case a simpeflow detector can be used to reset
the circuit and output a sample value of zero. Bypping after such an event, the
double value will be obtained (offset + input) ahd average value will still be
correct.

Offset in the comparators does not matter, asliitonly yield a different ‘starting
point’ for the integrator voltage. It is necessaryninimize the hysteresis in the zero
crossing OPAMP to minimize the difference betweesifive and negative input
readings. On the other hand, chopping will alsaucedthese errors.

The final bottleneck caused by offset is in theahaig between discharge sources for
positive and negative inputs. Any mismatch heré béldirectly visible in the output
reading, as a difference between input signalgppbsite symbol but equal
magnitude.

Charge Dump:
As with the segmented sigma delta, the fact thatrtput is always connected to the

integrator will make chopping less easy than indhal slope case. Otherwise the
system faces similar issues to the segmented biyed sonverter.

Conclusion:

From an offset point of view, the segmented sigelgacconverter has the most
drawbacks. Between the segmented dual slope cemaartl the charge dump
converter, the segmented dual slope allows foe#isgest chopping of the inputs. This
makes the segmented dual slope the best solutien {@loking at offsets.

2.4.3 Noise

Even though noise is an integrate part of any gnsystem, it is not a large issue
here. The system is used to sample quasi DC valtaggr very long periods of time,
giving it an extremely low noise bandwidth. Sinaése has an average of zero by
definition, it is safe to assume that it will bdied out.

2.4.4 Absolute Tolerances

Note that each system has an integrator core. Tiheeggators are made up of
components that suffer from both mismatch and m®espread. The same goes for
the reference sources and feedback paths. Theréierabsolute output of each of the
converters mentioned here is meaningless withdiltraeéing it to a known reference
first.
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Segmented Sigma Delta:

The only absolute tolerances that are of prime mapce in this system are the size

of the input resistor and capacitor. These musiuoé that clipping cannot occur even
in the worst case scenario. This means that tladireg must be chosen such that even
in the process corner where both resistor and dapaalues are much smaller than
their designed values, the maximum swing out ttegmator output leaves enough
margin to the supplies.

Segmented Dual Slope:
The same demands as mentioned for the segmentad dgjta converter hold true
here.

Charge Dump:
Clipping here will not easily be caused by the disiens of the input resistor and

integration capacitor, but rather by the capacitat the feedback sources. This is
because the time constant from the input to thegiator output is fairly large, and

the feedback path can be activated on each claok.fwWhen activated however, the
feedback path is enabled for a fixed period, duvihéch clipping can occur. The
feedback can be done using charge pumps, as sha¥e concept, or by a voltage
source and resistor combination. Since voltagecesuand resistors require both these
components to be within tolerance, charge pumpgharbetter option here.

Conclusion:

The systems face similar demands on absolute coampdolerances. The charge
dump system has a slight edge here, since a retereili be easier to control in
absolute magnitude than a resistor value.

2.4.5 Switching Speed and Other Delays

Segmented Sigma Delta:

Comparator delay will not be a major issue mogheftime. This is because the
comparators are connected to flipflops, which mehaserrors can only occur if the
comparator switches precisely on a clock flank.

The finite switching speed of the feedback DAC gase rise to problems though.
Basically what will happen is that a new outpute®dll not just depend on the input,
but also on the last output code. If, for examptee of the outputs is high for two
clock periods, then low for two clock periods, #evill be one rising and one falling
flank. If on the other hand the output toggles werg clock flank for four consecutive
periods, there will be two rising and two fallindges, yielding a different average
value. This is a problem because the output valused in the feedback loop. This
phenomenon is known as inter-symbol interferencéSp and is shown graphically
in figure 2.11.
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Figure 2.11: ISI displayed graphically

There are several ways to combat ISI, like usingtarn-to-zero architecture or using
PWM rather than PDM. Return-to-zero forces the aiigm toggle twice on each
sample, which will increase the sensitivity togitand drift. PWM ‘groups’ high and
low pulses to reduce the number of flanks. Bothitswhs do however add to the
complexity of the system.

Segmented Dual Slope:

The first potential problem with limited switchirfgnd propagation) speed that
springs to mind with this particular architectusehe delay that is introduced by the
input switches. However, the total error causethlege can be zero as long as all
delays are equally long. This can be easily undedstsince both the input and
discharge voltage will be connected to the integrafth a certain delay, but will also
be disconnected with the same delay. Figure 2.@®@sla graphical representation of
this for two input voltages.

/ I I
= =

Real
Figure 2.12: Errors due to limited switching speed

— — Ideal

Errors may occur if switches have a very non-lirteam on and turn off characteristic,
or if both input and discharge voltage are conmesitmultaneously. To prevent the
latter situation, a short dead zone can be implésaen

Charge Dump:
Since the comparators in this system are clockedr(er to synchronize them with

the charge pump timer), the integration can lagbume clock cycle too many.
However, since the integrator output will continaegrow during this clock cycle, the
output after the charge dump will be higher as wilis means the next cycle will
take less time, negating the effect. Therefore, efffiect will be averaged out over
time and no net error will be introduced.
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Conclusion:
The segmented sigma delta converter will suffemfi&l, which can be combated but
will require attention. The other two systems wilt be severely limited by delays.

2.4.6 Capacitor Leakage

Due to the similar input stages, each systemsihamsdemands on leakage.
Essentially, the leakage current of the integratast be no more than 1% of the
minimum input current. How large this number islwgépend on the final
dimensioning of the system.

Note that, with the current dimensioning, the sigielia converter has an edge here
since it has a lower time constant (to allow tHatreely fast switching in said
converter). This low time constant is caused bglatively low input resistance
(hence large input current) and small integratpacaance. Since the input current is
higher than with the other converters, the effée certain, constant leakage current
will be smaller than for the other converters.

On the other hand, capacitor leakage is expectbd teery low so no real issues are
expected in this area.

2.4.7 Charge Injection and Clock Feed Through

Segmented Sigma Delta:

This effect can occur in the feedback DAC (whether voltage or current output).
This charge will be added directly into the sigpaih. Added to that, with this
topology, the output will switch a lot when the ings small. This means that more
charge injection will occur for small input valueghich is of course very undesirable.

Clock feed through will give rise to a similar effeon the system, which holds true
for all three systems discussed here.

Note that another option would be to use a switaagzhcitor integrator. With such an
input stage, greater care must be taken to prquiolger cancellation of the injected
charge, since the switching speed in such an iategwill be higher than the speed at
which the input switches are operated, hence ntaege will be injected.

Segmented Dual Slope:

With proper compensation, the charge injected byirtbut switches can be small. If a
discrete integrator is used, each switch operatsteice during each sample period,
and since a minimum amount of charge is build 1 {he integration continues until
a certain threshold is exceeded), this effectiwidll probability be negligible.

Charge Dump:
This circuit only suffers from charge injection wheharge is added or subtracted by

the charge pump and the input is chopped. Thisdrappelatively infrequent, hence
no problems are expected here.

Conclusion:

The segmented dual slope converter and the charge dystem will suffer the least
from charge injection and clock feed through. Tégmsented sigma delta has an
added disadvantage, namely that for smaller inpla¢sabsolute error due to charge
injection will be the largest, due to more frequgnitching.
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2.4.8 Reference Accuracy and Stability

Segmented Sigma Delta:

As said before, any offset in the comparators edlise offsets and/or non-linearity in
the output value. Therefore both the absolute aoguand the stability of the
reference levels is paramount in this circuit.

Segmented Dual Slope:

The accuracy of the reference voltages in thigsistnot extremely paramount. This
is because absolute value of the charge flow istportant. If the reference voltage
of either comparator is slightly off this does nwitter either. For the ‘zero crossing’
comparator, the only thing that will differ is thieltage level at the integrator output
after each conversion. The discharge phase wilblasnteger number of fixed time
slots, and variations in threshold can make them@ihce between one interval more
or less, but the final result of the division wilht change by this.

The absolute value of the discharge sources isnaisonportant. If their value differs
from the designed value, the absolute output vaillaliffer from the predicted
value, but the factor between them will be constanat can thus be removed by
calibration.

More important than absolute accuracies is thdlgyabf the aforementioned
sources. The ratio between input voltage and digeheoltage of a dual slope
converter is equal to the ratio between the samupdedischarge times. If the
discharge voltage varies in time, the output regqdiil vary linearly with said
voltage. Stability demands on this voltage aredfwee strictly correlated to the
accuracy of the converter.

Charge Dump:
The relative accuracy of the feedback sources portant (as mentioned under

matching). The absolute value does not matter, nthelsame as with the segmented
dual slope converter. The reference levels of dmparators will not influence the
result, as long as the charge package that is addademoved from the integrator
remains constant, the outcome will be valid. Thesans that the stability of the
references is important for this system.

Conclusion:

The segmented sigma delta is the only systemglssrisitive to absolute reference
accuracies. The other two systems only rely orreefse stability. Therefore the
segmented sigma delta is the least attractive rsytam this point of view.

2.4.9 Timing Accuracy

Segmented Sigma Delta:

The absolute accuracy of the clock is not very irtgoa for this topology. However,

to the high switching frequency, clock jitter whihve an influence on the outcome on
a short term basis, where drift will influence th&come on a longer term basis.
Since the signal of interest is quasi static howeweth effects will be filtered out
over enough time (especially jitter, since it rebga HF noise).
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Segmented Dual Slope:

This is paramount for a dual slope converter. Agaiabsolute accuracy is not of
prime importance, since each output will dependherratio between two times.
Clock drift during conversions is therefore liabdefalsify the reading. However,
since each conversion takes a relatively large murabclock cycles, any clock drift
(which can be thought of as noise) will be low pidl#sred, reducing the overall
effect. This also means that clock jitter will rtoat a large issue (increasing the
number of clock cycles between events while jittgnains unaffected will decrease
the error introduced by said jitter). Added to fliae same filtering over a large
number of samples will occur as with the sigmaadetinverter.

Charge Dump:
The accuracy of the clock will determine how lohg tharge pump is active.

Therefore, drift and jitter will influence the ootoe, but the absolute clock frequency
will not. Once again filtering over time will alseduce the error caused by both
effects.

Conclusion:
Neither system is very vulnerable to timing accigsc

2.4.10 Post Processing

Segmented Sigma Delta:

For the sigma delta, either a (long) decimatiaefjlor a pulse counter of some sorts
is needed. Note that though a pulse counter may se®ple, it has inherent problems
in differentiating between a positive and a negatnput (changing the sign of all
pulses in a sigma delta changes the sign of theugutut not the number of pulses).

Segmented Dual Slope:

For the dual slope converter, there are two tinadues that make up the final
conversion value. The result will be the valuehaf dlischarge timer (A) divided by
the value of the timer that runs during the sarppiase (B). Though digital division is
not straightforward, it need not be extremely fasice the sample rate can be
relatively low (using uncorrelated undersamplind)is means the division can be
carried out by successive approximation as foll®&vs:A—-n[B

In order to increase the accuracy a final checkbeaperformed to see if the
remainder is smaller or larger than B/2 to use @ropunding instead of flooring.

Charge Dump:
The charge dump circuit has by far the simplest poscessing. It merely has to

increase or decrease a counter whenever charddesl@emoved from the integrator
by the charge pump.

Conclusion:
From a post processing point of view, the chargamaonverter offers the easiest
solution.

2.4.11 Sampling

Segmented Sigma Delta:
This converter has its input constantly conneabeithé signal. This means that no
information is lost at any point, and samplinga an issue. Note the difference
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between this system and an audio converter, wherddta has to be sampled fast
enough for an accurate representation of a cdrguency band.

Segmented Dual Slope:

This system requires a clock to determine the efaatnew conversion, and the inputs
will be disconnected during a part of the conversuring this period (and in the
dead time after the conversion has finished) thatisignal is not sampled, and data
is lost. This leads to the same considerationsviea¢ mentioned in section 2.2 for a
classical converter.

Charge Dump:
Same as with the sigma delta converter, the sigradvays connected to the charge

dump converter, meaning there is no sampling clock.

Conclusion:

The segmented dual slope converter will be diffitmlimplement due to the need for
an uncorrelated sample clock. The other two systdmnsot suffer from this
drawback.

2.5 Conclusion

A tabular overview, marking which system is stragvhich point can be found
below in table 2.1. The X's mark the converter tisatrongest at that particular
aspect. System 1 is the segmented sigma deltartenv&/stem 2 the segmented dual
slope and system 3 the charge dump converter.

System:| 1 2 3
Aspect:
Non linearity of components X X X
Offset (matching) X
Noise N.A. | N.A. | N.A
Absolute tolerances X
Switching speed and other delays X X
Capacitor leakage X

Charge injection and clock feed through X X
Reference accuracy and stability X X
Timing accuracy X X X
Post processing X
Sampling X X

Table 2.1: Overview
From the previous section and table 2.1, the cemmucan be made that the charge

dump converter is the most attractive solutiorhsgroblem at hand. Therefore this
system will be implemented and tested.
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3. Building Blocks

This chapter focuses on the development and te§iingheans of simulation in
Cadence 5) of the different building blocks thakeap the final system. Four main
building blocks can be discerned in the concepohaématic of figure 2.8, namely:

- An input stage comprised of an integrator
- A set of comparators

- Some control logic

- A charge pump

As mentioned before, there will be a chopping maddm as well. However, this
mechanism will be treated separately in chapter 4.

3.1 Input Stage and Reference

One of the issues with the system that is currantiyse is the step at the output that
arises when the inputs are chopped. Another isstieihigh gain that is required for
the OPAMP that is used in the integrator. Finatyprder to have input voltages
around 0V, the reference level has to be 0 V dk Wais would thus require the
charge pump to have a negative supply voltage b&bID.

In order to avoid all these problems, a V-1 coreewill be used instead of a resistor.
Such a converter has a high output impedance, whedms that the reference voltage
of the integrator OPAMP can be arbitrarily choserit(in certain limits), which

solves the problem of the negative supply for therge pump.

Another advantage of a current mode output isttt@OPAMP does not need as
much gain. If the OPAMP has a gain of over 100 (atgeentire output swing), the
voltage change at the input will be within 1% of #oltage change at the output. This
is easily achieved, and strictly not even necesgesyong as the charge packages that
are added or subtracted in the dump phase aretfieeslystem will function properly.
An error caused by low gain will only influence tment at which the charge

pump is activated (much as an offset in either camaior will).

Finally, the problem with the voltage step thatwsowvhen the inputs are exchanged
is also solved by using a V-l converter. Swappheyitputs with such a system will
only change the direction of the output currerg, thitage level is fixed by the
reference level of the OPAMP.

Figure 3.1 gives a high level overview of the coatlinput stage as it will be

developed in the following subsections. The PTAliree is used to provide an
amount of temperature compensation, as will be shater on.

-29-



PTAT

Ref |
|
@7
Vin V-I —
@7
C——+ Vout
VRef

Figure 3.1: Top level of input stage

3.1.1 Theoretical Development of Input Stage
The input stage needs to meet the following demands

- Linear within 1% over an input range of -100 mV .00ImV

- Transimpedance in the order of magnitude of @ {the same as used at
present)

- Low offset

- Stable over a large temperature range (-40 °C .?Co@as used for testing)

- Functional over all process corners

- High output impedance

The first demand automatically leads to a P-MOSiuirpair for the V-l converter.
Since no negative supply voltages are availabl®&y-&OST input stage would not
turn on.

The second demand leads to large transistors, irloich the idea to use a differential
pair arises. The linearity of such a pair increakt® length of the devices is
increased (as will be shown later on). With longides, the effect of channel length
modulation will also be limited, automatically leag to a high output impedance
(and satisfying the last demand).

Since the input voltage is lower than zero voltsyaent mirror load, which requires
a drain-source voltage higher thapy\for at least one transistor, will cause the input
transistors to enter the triode region. This mdhata folded cascode is needed. A
current mirror can then be used to create a semglied output. This leads to the
conceptual schematic in figure 3.2.
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Figure 3.2: Concept for V-I converter

The following relationship holds for a differentiair [3], neglecting secondary
effects:

AID = ID,l_ID,z
AVi :\/i,l _Vi,z 31
Ay =L, M av ol e v
2 L W
HICoy 3

Here; [, [Coy ﬂg [AV is linear, so any non-linearity comes from theasgquoot

term. In this square root term, there is a congiarttand a part that is dependant on
the differential input voltage. Therefore, the dmearity of the transfer function can
be viewed as the difference between the squardenutat zero and at maximum
differential input voltage. If the maximum errordefined as a fractiog it can be
found using:

40,
,U[Coxd%/

<l+¢ 3.2

713_&42
,U[Coxdg

Using simple mathematics, the following can be\ati

We A -1~ 12 3.3
L~ ulCoy AV, (L+e)
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Since the system needs to be highly linear, a gppdoximation for the differential
current can be derived from formula 3.1, by remg\ime square of the differential
input voltage from the square root term, leadinfptonula 3.4.

AlDzuzmoxd%’mv.Db 3.4

The transimpedance can then be found from divithiegnput voltage by this current,
leading to formula 3.5.

Eq: = [— = 35
UICo W 40, W ulC,, 0, gm,,

As can be found in appendix B, the following fiestier model parameters are used
for the MOSFETS:

Hn - Cox 0.28 mA/\V
Hp - Cox 0.048 mA/V

VTH,N 390 mV

Vrtup -390 mV
L wmin 180 nm

I—Max 20 pm

Initially, a very low W/L of 500 nm / 100 pum wasagkfor the input devices. To
achieve this, five maximum length MOSFETS were @thin series.

In order to achieve a transimpedance of G,Nhe bias current with these values
needs to be 167 nA. This results in a linearit®.a8 % at £100 mV. To allow for
some margin, the error will be considered at +150as well (and this value will be
used as a benchmark). At said value, the linearityr will be 0.4 %, which is well
within limits.

The rest of the circuit needs to be dimensioned. i8iarting with the reference
current sources in the circuit, MO and M1. As carsben in appendix B, the effect of
the drain-source voltage of the MOSFETS on thendzairent, caused by channel
length modulation, starts to flatten out at lengihabout 5 um. In order to achieve a
high output resistance for these sources, 4 tilies/alue has been chosen, resulting
in maximum length devices.

As will be shown later, the reference generatoate®a reference voltage that yields
1 pA when applied to a 1/1 device. Since 167 ni&egired, the width of the devices
must be 3.33 um. For simplicity, this has been ghdrto 4 um, yielding a slightly
higher bias current of 200 nA. This will slightlydrease the linearity and slightly
decrease the transimpedance (to 4.53)M

The dimensioning of M4, M5 and M6 is based on maghMismatch between M5
and M6 will directly lead to a mismatch in the auttpurrent. M4 needs to have the
same dimensions as M5 and M6, because these sdatteseed to conduct the
reference current supplied by M1. The length o$éheansistors, which both
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influences K factor mismatch andYmismatch, has been chosen at 100 um, which
is the same as that of the input pair. The widthleen setto 5 um.

With these dimensions, and a drain current of 2800tine gate-source voltage of M5
and M6 will be:

1
I'p =§D-1n [Cox dg[qves Vi )2

200nA=F 028 ™A0 >y 030V 3.6
2 V< 1004m
V. =560mV

This means the drain voltage of M5 and M6 can be ndless170 mV if these
devices are to remain in saturation. Since the draingedtaf M2 and M3 (the input
pair) can be one threshold above their gate voltage befomngritee triode region,
the minimum input voltage is 170 mV — 390 mV = -220 mV which i beyond the
lowest specified input voltage.

In order to keep the input devices in saturation at a -150npM voltage, the drain
voltage of M5 and M6 can be no more than -150 mV + 390 mV =n240This
means that for all devices to remain in saturationdthan voltages of M5 and M6
have to be between 170 mV and 240 mV.

The dimensioning of M7 and M8 (which are source followerstritahtain a
relatively constant voltage at the drains of M5 and M6),teadhoice of ¥ is based
on this demand. With zero input, both M7 and M8 carry a cuaeb®0 nA. Their
length has been set to a relatively large value of 10Tn@ reason for this is that
shorter devices have been found to conduct 100 nA in moderatsiom, giving an
adverse effect on the output resistance and hence the gtabilie bias voltage.

With an input swing between -150 mV and +150 mV, the output muies between
-30 nA and +30 nA. Since this current is divided equally betwleetwo branches,
and each branch carries 100 nA with zero input, the currentighrM7 and M8 can
vary between 85 nA and 115 nA. The width of these devices eascbesen such
that the voltage swing at their sources caused by thesatdifferences is
approximately 7 mV. This is about 10% of the range in whicteallces remain in
saturation. Using formula 3.7, the gate-source voltagdascéion of W can be found
with a current of 85 nA {win)-

1
I'omin = > L, [Coyx d/\ljl [ﬁvGS,Min Vi )2

2 )
Vesmin =, o E# +Vi 3.7
lun |:<[:OX W

2[85nA 10 um
Vesmin = mA Dl
028\/—2

+ 039V
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Formula 3.8 relates the minimum and maximum draurce voltages.
1
2 L, [Coyx dﬂ[quSMax - TH)
3.8
1
2

D'{ |:<[:OX dﬂ |:ﬁ\/GS Min d max _VTH )2

DMax_

DMax_

By substituting \és min result into formula 3.8, and knowing thag Wx is 7 mV, a
value for W can be derived as shown in formula 3.9.

2
1 200 L
ID,Max = 5 uln |:<I:OX dM[E ,Un [D(DM BVV +V +Vd max _VTH]

2

115nA= S 028 Mg W 2[85:]/:&0”"
2 VP10 || gpgMA

+7mV 3.9

W = 33 1m

A width of 4 pum was used, to be on the safe sigas\¢hosen such that with zero
input, the bias voltage is approximately 200 mVjahhis roughly in the middle of the
‘safe zone’. With a the dimensions found in thevpmes calculations, an gate voltage
of approximately 630 mV is required to achieve.tfiisis voltage is obtained by
steering 200 nA through a 250 nm / 10 um MOSFETelio

Like M5 and M6, M9 and M10 have been given a lergthO0 pum. Their width is
smaller than that of M5 and M6, namely 2 um. Thesoming behind this is that
ideally each of these devices will carry 100 ng&hé input voltage is zero. With that
current, the gate-source voltage will be:

1
E Eup BL:ox dﬂ [qves _VTH )2

mA 2 m
100nA= ED 048—- Eli - 039V 3.10
5 v? 300,m Ves )

Vs =850mV

With a supply voltage of 1.8 V the voltage at thaid of M9 will thus be close to mid
scale. This means that if the reference voltagbefntegrator OPAMP is set at mid
scale, the system will be quite well balanced.

Figure 3.3 shows an implementation of the cirauiCadence with the device sizes as
they have been derived in this section.
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3.1.3 Current Reference

With an initial system designed, the reference ggoe has to be developed. Initial
tests on an early version of the circuit with agtant current source show a negative
dependence between the output current of the \"\Wexter and the temperature, as
depicted in figure 3.4. Though not linear, a fagtyod linear approximation can be
made. Figure 3.5 shows a possible implementatioa 8TAT reference that could
negate this dependence. This figure is based ouw@tdescribed in [4].

DC Response
|_Out |_Out {Mormalised @ T=27C)

S0 1.15
45

F1.1
46

F1.05

44

FL.0
42

I 95
40
38 .9
-50.0 -25.0 8] 25.0 50.0 75.0 100

tamp (C)

Figure 3.4: Output current versus temperaturg, 6100 mV)
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Figure 3.5: Conceptual PTAT source

The reader will probably recognize a supply indejegr bias generator in circuit 3.5.
This circuit has two stable operating points. Ting is the trivial solution, where all
transistors are off. A startup circuit will be adde prevent this occurrence. The
second operating mode has equal, non-zero cuirebtgh branches. An equation
that relates the current to the circuit parametarsbe derived by equating the
currents in both branches. The choice has been hexdgo choose the value for N
and then set M depending on the desired currerie that the BJTS in this circuit are
created using parasitic devices in the CMOS process

The length of each MOSFET in this reference has lseéto 5 um (as mentioned
before, channel length modulation is low at thikigaand should be low enough to
allow calculations based on the simple quadratidejoN has been set to 5, which is
a rather arbitrary value and was selected as armmge between having a
significant difference betweensyj, and \k vs. A reference current of 800 nA has
been chosen. This again is rather arbitrary, arslfaand to be a convenient value.
The width of MO and M1 was set to 4 um, which methias if the reference is
connected to a 1/1 device, a current of approxinat@ A will flow.

For the B-E current in a BJT the following relaiship holds:

Vee

| =1 &Y 3.11

Where k is the saturation current, 2.38 “4@\ for this process and-Ms the thermal
voltage, which is 25.9 mV at T = 300 K. For thehtipranch of the circuit, this
current will be N times larger given the same Beltage. This can be rewritten to
find the B-E voltage, which can then be substitutethe quadratic MOSFET
equation as shown in formula 3.12.
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2
Ios = ; L, [Cox d% EEVG -Vi D]n[llmj +V; Eun(N)_VTHj 3.12

S

Solving for Vi, which is the gate voltage of both M2 and M3, gl

\/1 uln ‘]:OX dﬂ D D3
| 2 L
Vg =V, On(N)+V;, +V, Eﬂn(mj+ 1 3.13
s 5 uln ‘]:OX d%
Since the current in both branches is equal=llp2 = Ip. Formula 3.13 can be
substituted in the formula for the current throdd®, which then yields equation
3.14.
2
I :égun [q:oxd\"l_wv : o V. On(N) 3.14
5 u/n |:Cox d%

From formula 3.14, formula 3.15 can be derivedsThrmula relates M to the other
component parameters.

M = & 3.15

;Dun [Cox ﬂ% ooy Ve On(N)

With L =5 pm, N = 5 andpl= 800 nA a feasible solutionis W = 1.3 um and 2.5.
Setting M to 2 instead allows for the use of tweritical devices in parallel to create
M2, which is quite elegant from a matching poinvigw. The current will deviate
from the calculated value, but since only firsterdalculations have been used to
arrive at this value, simulations will have to efprmed to verify this first.

Using the following temperature dependencies, mate of the current vs.
temperature can be made (dependence of threshitddj@apon temperature is not
taken into account here, which is a reasonablengstson as long as the overdrive
voltages are high):

-15
)
T) =y (300K) -
1) = 00K 0| »

V, (T)=8.625010"° \éD'
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Substituting these values into formula 3.14 andisglfor T yields a linear
dependency of the current on the temperature,@asrshn figure 3.6, which was

created with Maple.

1077

1z

i1

250

275

300

T

325

350

Figure 3.6: Calculated PTAT current vs. temperatur

The implementation of the circuit can be foundigufe 3.7.
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Figure 3.7: Cadence implementation of PTAT source
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The two diodes ensure that the circuit will alwatert up and a generator for an
NMOST reference has been added compared to figbre 3

A few tests have been performed on this circuguFé 3.8 shows the current in both
branches as a function of temperature.

DC Response
— /18/M3/D  [fI8/M2/D

1.05

950

.900

0

I uAy

.850

m

.800

750

700

-25.0 0 25.0 50.0 75.0 100
temp (C)

Figure 3.8: Simulated PTAT current vs. temperature

As can be seen, the relationship is close to linslap, as expected, the current is
slightly higher than the calculated value. Tablel&ts both the calculated and
simulated derivative of the current to the temperatThis shows that the behavior of
the circuit is close to the expected behavior.

INA)@T=-40°C| IMA)@T=90°C| di/dT (nA/K)

Calculated 635 980 2.65

Simulated 715 1,035 2.46

Table 3.1: Calculated and simulated dI/dT

Figure 3.9 shows a number of transient runs agwdifft temperatures. These runs
have been performed with initial conditions sucdt thoth current mirrors are
inactive. The start up time at lower temperatusesdnificantly longer than at high
temperatures. The system does however start upveithacceptable timeframe for
each temperature (less than 1.5 ms as can be ¥eéigmYhis reference source in
place, extensive simulations on the V-I converter be performed.
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Transient Response
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Figure 3.9: Transients at different temperatures

3.1.4 V-l Converter Tests

The first test that was performed on the V-I comseis a DC sweep to test the
linearity. The output was connected to an ideal ®PAransimpedance amplifier,
which mimics the integrator that will later be cewted to the output. No integrator
was used yet, because such a circuit has a vemy@input impedance, which can
cause convergence problems. The testbench is shdigure 3.10. Figure 3.11
shows the output current and figurer 3.12 showsbsslute and relative errors.
These error plots are made by comparing the oetpuént to the ideal output current.
Said ideal output current is found taking the datiixe of the output current to the
input voltage at mid-scale and multiplying it witke input voltage. Any offset in the
output current is removed first.

PTAT
Ref
1
+
V-l -
———)

+ VOut
-150 mV ... 900 mV
e

Figure 3.10: V-I converter testbench
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Figure 3.11: Output current and linearity of V-lroeerter

As can be seen, the linearity is within limits, Bhot exactly symmetrical round 0 V.
It turns out that the bias current source (M1 gufe 3.3) is pushed out of saturation
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for high input voltages. Process corner simulatiwite otherwise the same settings
show this effect even better, as can be seenunefig.12.

Absolute Error
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-100- ! | ! ! AN \

,Abs. Error (pA)

|
=300+ - 1 1 1 {

=400 T T T U T
-150 -100 -50.0 ] 50.0 100 150

Vin (mV)

Figure 3.12: Linearity of V-l converter over coriser

Figure 3.14 shows that the maximum relative eraches more then 300 pA under
certain conditions, which is over 1%. More speaillig, this happens at low supply
voltages. This makes sense, as less headroomiliatdeaAlso, all symmetry in the
error plot is lost.

This problem has been solved by doubling the waditthe input transistors. From
formula 3.4 one can see that this will increasedifferential current by a factof2,
but p - Gx - WI/L of the transistors is increased by a fa2{aneaning less overdrive
voltage is needed. This leads to the schematic showgure 3.13.
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As said before, the transimpedance of the circilitdecrease, by a factol2. The
original circuit had an output current range of mpgpmately -29 nA ... 29 nA, which
is close to the expected value (-33 nA ... 33 NA.56MQ). The new circuit is thus
expected to have an output current range of -41.nAl nA. Also, the linearity will
change somewhat. At an input voltage of 150 m\fyeakity of 0.68 % is expected
(formula 3.2).

The same tests have been repeated with this sdkeifta linearity test can be found
in figure 3.14. Figure 3.15 shows the corner anglylshe output current range has
indeed increased to -41 nA ... 41 nA. This meansttiatransimpedance has
dropped to 3.66 . This will slightly increase the speed of the syst but should

not cause any issues. The linearity is even b#téar predicted, about 0.48 % at
maximum input magnitude. Both the typical and tbmer runs show a nice
symmetric behavior now and the linearity error reraavell within limits for each
process corner.
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The next important test is related to mismatch. Jdrae linearity tests have been
repeated in a Monte Carlo analysis, over 100 iviisatch models were used in
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both the converter and the reference generatdhése simulations. As can be seen in
figure 3.16, the transimpedance varies quite aut this range. This is mainly
caused by mismatch in the reference generatorrenbias transistors. The offset has
been removed from this plot to better display tifleence in transimpedance. A
spread of about 10 % can be seen, which is béagerwhat can be expected from a
poly resistor.
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-1z0 100 500 4] 200 100 120
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Figure 3.16: Input-output relationship with mismiat@ffset removed)
Figure 3.17 shows the maximum relative error umdismatch. The 3¢ value lies at
0.73 %. This is well within limits, especially cagsring that the input range that was
used here is 150 % of the specified input range.
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Figure 3.17: Maximum relative error under mismatch

The offset current caused by mismatch is showiguré 3.18. A spread of 1.73 nA is
found within 3 -c. Since the (ideal) transimpedance is 3.88, this corresponds to
an input offset voltage of approximately 6 mV.
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The offset will be removed by the chopping mechanisut the system still has to be
linear within 1 % for all input voltages. In ord®ertest this, a DC voltage source of
+6 mV has been added to the input. Subsequenthnge of input voltages have been
supplied to both the inverting and non invertinguts and the results have been
averaged to mimic the effect of chopping. The tsstan be found in table 3.2. Note
that the results obtained by applying the signéhéinverting input have been
negated to compensate for the inverting charaétiéreocircuit under this condition.

Vln: I Out,Inverting (nA): I Out,Non-Inverting (nA): I Out,Average (nA):
-100 mV -30.082 -26.686 -28.384
-10 mV -4.5537 -1.1348 -2.8443

-1 mV -1.9940 1.4251 -0.28445
-100 Vv -1.7380 1.6811 -28.450 pA
100 pVv -1.6811 1.7380 28.450 pA

1mVv -1.4251 1.9940 0.28445
10 mV 1.1348 4.5536 2.8442
100 mV 26.683 30.080 28.382

Table 3.2: V-l converter behavior under offset

The largest deviation from the ideal behavior exatthe highest input voltages. A
factor of 997.6 is found between the smallest angelst positive inputs, and a factor
997.7 between the smallest and largest negativesnphis is an error of 0.25 % and
thus well within limits. This suggests that wittoper chopping, the offset can be
removed and the linearity will still be sufficient.

Another important test is the behavior of the systender influence of temperature
variations. The offset and maximum relative erravdnbeen simulated over a range
of temperatures. The results, which can be fouridyure 3.19, show that both are
well behaved over the entire temperature rangeir€ig.20 shows the behavior of the
output current over temperature, at a fixed inmltage of 100 mV. The result is
much better than that of the V-1 converter withBTAT reference, but there is still an
error of -2.4 % at -40 °C and +2.1 % at 90 °C. Tisisomething that can thus still be
improved, but the temperature dependence of thegelmump will also play a part in
the behavior of the complete system over tempezaitrerefore no final conclusion
on this issue will be drawn here.
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The final test verifies the bandwidth of the citciihis is not extremely important,

since only the average of the input is of imporégrmt it is good practice to compare
the bandwidth of the circuit to that of a ‘normmitegrator with a resistor as input.

Since the transimpedance of the circuit is 3.88 &hd the integration capacitor will
be 4 pF (based on the current design), the bankdwidin equivalent R-C integrator

would be:
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-1 =109 kHz 3.17

BW.s e 27[R[C

An AC sweep of the circuit has been performed &ithAC input of 100 mV. The
result can be found in figure 3.21. The bandwidtthe converter is 42.5 kHz, which
is well above the bandwidth of the complete integrehence the circuit will not have
a large influence on the AC performance of theesyst

AC Response

—1_0ut
30

Bandwidth = 42.5 kHz

~
=]
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n

0
100 101 102 10% 10° 108

103
Frequency (Hz)

Figure 3.21: AC sweep

3.1.5 Integrator OPAMP

The last component that needs to be designeddadnput stage is the OPAMP. As
said before, the demands on this block are quideed due to the current mode
output of the V-l converter. In order to have potalble behavior for this block
between different samples, a gain of at least 1i®0d@sired over the entire output
range. With that much gain, the feedback loop alillays keep the swing at the input
node small compared to the output node and thersysan be thought of as an ideal
integrator. A relatively high phase margin is algsirable, to limit overshoots when
the charge pump is (de)activated. Finally, the ougpage has to be able to sink and
source approximately 40 nA to prevent slew ratétditions.

Figure 3.22 shows the schematic for the OPAMP. &she seen, it is a simple two
stage device. Moderate length devices are usdtkiadcond stage and in the input
pair and current mirror in the first stage. Thislgls some degree of matching and a
fair amount of gain, without requiring excessive drea. The differential pair is
biased at 500 nA and the output pair is biasedygk.1Since this is significantly
higher than the maximum current from the V-I comeerslew rate will not cause any
issues here. Note the two anti-parallel Miller cafas. These devices are so called
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CAPA'’s which have a highly non-linear capacitangkich depends on their voltage
level (see appendix B). By placing two of them guatrallel, this non linear relation is
linearized to some degree, which stabilizes tha gairgin over the entire output
voltage range.
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Figure 3.22: OPAMP

In order to test this OPAMP, the testbench in #g8r23 was used.
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Figure 3.23: OPAMP testbench

The capacitor in this schematic has an infiniteedgnce at DC, yielding a DC gain

of 7. This way the DC voltage at the output camsdiebetween 200 mV and 1.6 V, by
setting Vdc between 800 mV and 1.0 V. For high destries, the capacitor represents
a short circuit, allowing the open loop gain tosrmulated. A run at different output
voltages has been performed using otherwise idgalitons. The result can be found
in figure 3.24
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As can be seen, the gain drops as the output eopgroaches the supply rails, but
remains well above 60 dB for all levels. The phasegin is roughly 65°, regardless
of output voltage. Figures 3.25 and 3.26 showttagain and phase margin behave
well over process corners and under mismatch dondiis well. Note that for these
simulations, the DC voltage of the output was &G0 mV.
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Figure 3.25: Gain and phase over corners
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Figure 3.26: Gain and phase with mismatch

A last test op the OPAMP has been preformed tothedffset. As mentioned before
this is not of prime importance, but it is goochtve an idea of what to expect in
practical circuits. The result can be found in feg8.27. This plot was obtained by
performing a DC analysis using unity gain feedb&die offset was found to be
approximately 11 mV in 3c. This should not cause any issues.
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Figure 3.27: Input referred offset

3.2 Comparators

The comparators in the system have fairly mild gmations. They need not be very
fast and their input offset does not impact syspenfiormance either. One important
issue is power consumption, since the system shamdds little power as possible.
Another important aspect is that the charge pungglsi¢o be activated in sync with
the clock (to ensure that there is no differencéump phase durations). This,
combined with the low power demand makes latchedpawators a nice option.
Figure 3.28 displays a schematic of such a compavath an NMOS input for high
voltages.

In this design, bias transistor M11 is activateegwkhe clock goes high. At the same
time M4 and M8 are deactivated, yielding a high éai@nce at the drains of M6 and
M7. These two devices make up a latch, that yieifisite gain for the input voltage
difference. The right half of the system is anoflagsh. This latch is forced to a low
level at both outputs when the clock is low. Whies ¢lock goes high, the outputs are
released from GND and either M12 or M16 is actislgdepending on the input
voltage). This forces one output high, and due 1®Mnd M20, the other output low.
When this occurs, the output of the NOR gate goes &nd the bias current is turned
off. M13, M14, M15, M17 and the inverters ensuratttihe output state of the latch
remains fixed when the bias is disabled. When lbekagyoes low the circuit is reset.
This way, the output is in sync with the clock, ahe bias current is only consumed
during the comparison phase. During this compandwse, a bias current of 1 A is
consumed (which is an arbitrary value).

The PMOS equivalent of the circuit, which is usedléw input voltages, can be
found in figure 3.29. It is basically the inversegtsion of 3.28.
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Figure 3.29
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Note that most of the devices in figures 3.28 a28 &re minimum sized, meaning
neither circuit will use much die area. Transi@st tresults from both circuits can be
found in figures 3.30 and 3.31. In the top plotshefse figures the input signals of the
comparators can be seen. As can be seen, a sieewasvapplied to the non inverting
inputs, and a constant voltage to the invertingiinphe lower part of both plots
shows the output signals, Q and Qn. As expectedQtbutput is high when the
inverting input is lower than the non inverting it@nds vice versa. Note that either
output is only high when the clock is high as well.

Figures 3.32 and 3.33 depict the propagation deflépth comparators. As can be
seen this is less than 10 ns for both types, whessored at an input voltage
difference of 3 mV. Finally, the current consumptltas been measured at an average
of less than 100 nA.
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Figure 3.33: P-Type comparator propagation delay

Though these comparators appear fully functioh&lre are a few drawbacks to them.
It turns out that some current is coupled throughgates of the input devices upon
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clock flanks. Simulations show that this yieldspple on the reference voltage when
(relatively high impedant) divider strings are usedenerate said references.

Also, due to the switching nature of the circuite reference current experiences
some ripple, which will influence the V-I convert@io combat that effect, another
reference source is required. This new referenaece@and any buffers that may be
incorporated to stabilize the references will userain amount of power from the
supply.

This means that even with the low power use ottmaparators themselves, the total
current consumption is still significant. All inla fair amount of complexity is added
to the system when these comparators are useduwalstually gaining much benefit
in the end.

A better solution for this system, due to the ndiéddnands on the comparators, is thus
to use simple OPAMP like devices that are alwayw@cSynchronization with the
clock can be done by performing an AND operationttenclock and the output of the
comparators. Figures 3.34 and 3.35 show the scienmditthese new comparators.
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Figure 3.34: N-Type comparator
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Figure 3.35: P-Type comparator

As can be seen, these systems are simple twoGRAMPS, using current mirror
loads for the input pair. No Miller capacitances af course required since no
feedback will be applied. The bias current of tygut stage is approximately 220 nA
and moderate size devices are used to have arfaurg of gain and fairly good
matching. The output stage is biased at a somewiiaer value of 1 pA to improve
the switching speed.

A response time of 149 ns was simulated for thgpgé-comparator, and 307 ns was
found for the P-type. Both response times were aredswith an input voltage
difference of 3 mV again. Even though this is maldwer than the clocked
comparators, the system will not be affected. Tilg possible effect is that the dump
phase starts slightly later, if a clock flank o during the response time of a
comparator. The amount of charge that is remowad for added to the integrator will
however not be affected.

Using a DC sweep in a Monte Carlo analysis, theedféf both comparators can be
found. The results from those analyses can be foufigures 3.36 and 3.37. The
offset of both circuits is roughly 15 mV in &.. Same as for the propagation delay,
this can only affect when a charge dump is inidateut will not affect the
measurement result since the size of the chardeagaaemains unaffected.
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Figure 3.37: P-type comparator offset

3.3 Charge Pump Control Logic

This part of the circuit is responsible for conlirg the actual charge packets that are
applied to the integrator during the dump phase.first step in designing this block
is to determine the size of those packages, asasdihding a compromise between
their magnitude and duration. The following demaadsused to make a decision on
this front:

- The size of the package has to be such that diseymti part of the available
supply voltage is utilized. Since this must holektif the maximum input
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voltage is applied to the system, the current rhastignificantly larger than
the 28 nA input current associated with this vadtéfigure 3.14).

- Clipping must be prevented under all process cerrprpractice this means
that the capacitor value can be as small as 85i% ndminal value, and as
large as 115 % (these values are taken from theepsocorner definitions used
by SiTel).

- The duration of the dump phase is preferably ag &spossible. This way the
total number of switching events is minimized, émere is more averaging of
clock jitter. Also, variation propagation delaydlyiay a smaller role in this
case, since the total duration of the dump is lacgenpared to these delays.

Since the current needs to be significantly latgan 28 nA, a value of 100 nA is
selected. The factor four between the dump cuardtmaximum input current
ensures that a significant part of the supply g@ts utilized when the maximum
input is applied, without the risk of clipping whére input current is small.

With the current chosen, the size of the charg&gme has to be determined. No
clipping may occur even with the smallest possifiegration capacitor. In this

circuit, ‘clipping’ occurs if the total voltage ddrence on the capacitor during a dump
phase exceeds the range between the comparatsindhds. If this situation should
occur, the system will oscillate, since each dunipphace the integrator output
beyond the threshold of the opposite comparatds Wbuld essentially turn the
system into a sigma delta converter with a largadresis.

In order to create the threshold values of the @matprs, a string of MOSFET diodes
may be used (mimicking a resistive divider), or @8FET diode biased at a constant
current. Either way, the threshold will be at leas¢ V4, removed from either supply
rail, which is 390 mV. This makes 400 mV to 1.4 ¥anvenient voltage range for

the integrator output.

In practice, the maximum voltage difference durndump will occur if the input
voltage is minimal. This is because no current ftbmV-I converter will counter the
dump current in that case. Assuming the input gelts zero (for simplicity) and the
capacitor is at 85 % of its nominal value, the sitthe charge package can be no
more than:

AQMax = CMin [AVMax 3 18
AQ,,, = 0854 pF 1V =34 pC '

Note that, theoretically, the worst case scenarturs if the input signal changes sign
and assumes its maximum amplitude at the exactthmeharge dump phase starts.
However, if such an event causes the output ointliegrator to go beyond the
threshold of the opposite comparator, the systelir@dover by simply executing
another charge dump (opposite to the previous eviggh will counter the new input.

With a current of 100 nA, or 100 nC/s, the totaladion of the dump phase can be no
more than 34is. A value slightly less than this number is ddBeasince offsets in

the threshold values and comparator input stageseae to narrow the acceptable
voltage range. Also, mismatches and spread careimée the charge dump current.
With this in mind, a duration of about 38 appears to be a safe option. Since the

- 69 -



clock operates at 1.152 MHz, this corresponds @At56 clock cycles. By using 32
clock cycles instead, a simple 5 bit counter cande= as timer for the dump phase.
As can be seen in formula 3.19, this results ihaage package of 2.8 pC, which
gives rise to a voltage difference of 820 mV.

AQ = I Dump [tDump
1 3.19

AQ=100nA0 -~ [32=28pC
1.152MHz

The opposite worst case scenario occurs when ph voltage is at its maximum
value (countering the charge dump current) anadpacitor is larger than nominal.

In this case, the current from the V-I convertar ba as large as 30 nA (28 nA from a
100 mV input combined with maximum offset). Thetagke difference that is built up
during the dump phase will in that case be:

A\/Min = AQMiﬂ
CMax
1 3.20
(100nA-30nA) Do, 22
AV, = ' 2 =423mV

1150 pF

This is still a significant swing, meaning the apdump current and duration
derived here are a viable solution.

Note: in the initial design and test phases, thaemphase lasted 38 clock periods.
This yields a higher voltage swing between dumgsclvwas later found to cause
problems if the capacitor is at 85% of its nomwalle. For the sake of readability
these early considerations are not fully treated,Hsut the initial test results have
been obtained with them, hence they are mentioned.

The next task is thus to create a block that catrabthe charge pump. It is assumed
that the charge pump has a control input for bogitiye and negative currents. If
either comparator goes high, the respective comtpait has to be kept high for 32
clock cycles. A simple way to do this is by conmggtSR latches to the control inputs
and using the outputs of the comparators to seetlaches. The control logic simply
has to start counting when either latch is set,rasdt both latches after 32 clock
cycles. Note that the set input of the latches si¢edhe synchronized with the clock
as well, which can be done by means of a simple Ageration between the clock
and the comparator outputs.

A gate level implementation of a circuit that penfig this operation can be found in
figure 3.38. As can be seen, it is a simple 6 titnter that is kept in a reset condition
unless either input is high. When an input goeb Hige counter starts and produces a
high level at Q5 after 32 periods. The output eset the latches, which in turn resets
the counter itself.
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Figure 3.38: Charge pump controller

To speed up the simulation, a behavioral descriptio/erilog was created as well.
This description can be found in code fragment &ntl includes the timer and the OR
gate that connects to its Rn input. The latchesesmted using the Verilog descriptions
provided in their model files. Testing of this bkowill be done as an integral part of
testing the whole system.
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//Verilog HDL for "thesis", "charge_punp_control” "functional"

nodul e charge_punp_control ( Q A B, clk, pwn, pwp );

//1nputs & CQutputs
i nput cl k;

i nput pw p;

i nput A;

i nput B;

i nput pwn;

out put Q

//1nternal Registers
reg[5:0] counter;
reg res;

reg Qint;

//1nitial Conditions
initial
begi n
Qint <= 1;
counter <= 0;
res <= 1;
end

//Count only if reset is inactive
al wvays @ posedge cl k)
begi n
if (res)
begi n
counter <= 0;
end
el se
begi n
counter <= counter + 1;
end
end

/1 Perform OR operation and invert reset input
al wvays @A or B)
begi n
res <= I (A]|| B);
end

/1 Assi gn out put
al ways @counter)
begi n
Q.int <= counter[5];
end

assign Q = Q.int;

endnodul e

Code Fragment 3.1: Verilog code for charge pumpticdn

3.4 Charge Pump

The final part of the basic system is the actuargé pump. The basic idea behind
this block is to create a current dump source acwri@nt sink source from the
reference by use of current mirrors and conneditiger source to the output by
means of switches. The dimensioning of the dewa#$e based on matching
properties and the switches and their drivers ptienized to reduce charge injection
and clock feedthrough.

The current sources are created from the refefenpoeeans of a number of current
mirrors, that will be cascoded for increased prenisThis way the effects of channel
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length modulation are minimized, creating a goodcmaetween the sink and source
currents. This is of course only true when mismadatot considered.

For the analysis of the current mirrors, they glé sp in two sections: the current
sources and the cascode devices. The dimensiohthg ourrent sources is based on
matching. The source that creates the actual refereurrent needs to have a W/L of
1/10, to conduct 100 nA (the reference voltagedgidl pA in a 1/1 device). Since this
source provides the current for both the dump amidsources, its matching
properties are not very important. To create dyf&iigh output resistance, the length
of this source is 5 pm, yielding a fairly small wicbf 500 nm.

For the other sources, matching plays an importdet The aim is to create a 8 -
mismatch between source and sink currents thatttsei order of magnitude of the
maximum measurement error. This error will stillreduced by the chopping
mechanism, but since the error in the input socarealready be very high compared
to the input signal, it is desirable to minimize thther error sources in the system.

For finding the mismatch between the source arkd@inrents, the circuit in figure
3.39 is used. In this circuit, any deviation in gireperties of MO from the designed
values influence;land b in the same manner, and MO is thus ignored in this
derivation. In order to find the mismatch betwegard g, the mismatch between |
and b is quadratically added to the mismatch cdind k. This assumes all
mismatches to be uncorrelated. The result is thadedi by two, since a certain total
mismatch between the two sources yields half thatatch as average current.

A

ol

o e

Fig]?e 3.39: Circuit used for mismatch estimation

Assuming the mismatches are small compared todimonent values, their
influence on the current can be found by takingdéevative of the drain current with
respect to the parameter of interest, and multiglyhe result by the absolute value of
the mismatch. Since mismatch can work in eithexdadfion, the absolute value is taken
as well. For the threshold voltage mismatch thssiite in formula 3.12.
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This can be worked out further by substitutingfitvenulas for \&s — Vi andAV, as
in formula 3.22.

I

—— [[AV.
1 Th
S H o 8]

AID:\/ZDDDJE:OXﬂngTh 3.22

~ Ay
AN

Blo|= 201, (g 7

For the K-factor mismatch, a parametensfK was simulated (appendix B), hence
the result of the derivation to K has to be muigiglby K again to use this factor. This
simply yields the quadratic equation back, as shiowiarmula 3.23.

1
I = 5 [U T oy d% [quS _VTh)2
di,

av, = (VGS _VTh)2 3.23
1 K
‘AI D‘ = _[UCyy d/\l [qves _VTh)z ﬁ
2 L K
Substitution of the formulas farK/K and (Ves— Vim)? yields:
AID:ID% 3.24

With these formulas an estimate for the mismatehecitis can be made. In order to
find the total mismatch for one device, formulad23and 3.24 are added
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quadratically. The result is then multiplied ¥§ to find the mismatch between two
devices.

2 | 2

AIDzﬁR/ZDDmmOXEéACHJ +(f<ND§) 3.25
As can be seen, the effect of increasing the leisgtiore profound than that of
increasing the width. Since at this time the equmis based on two unknown
variables (L and W), a choice for either value tualse made. Since both influence the
result, but L more so than W, L is simply set to\V®. Note that this is not necessarily
the optimal solution, but it is an educated gubasis used to yield an equation that
can be solved. This was done to reduce formulat®.25ormula with only one
unknown variable. This changes formula 3.25 ineogét of formulas found under
3.26.

AID:\/E%/ZDDHI[COX A\/THJ +(IDDAK)
20W W 2 [W

_ lp M Tox Am” |, (15 LA’
Alg| =2 2W? ¥ 2W? 3.26

Blo| = 0Ty oy A + (1 T

W=1EL
2

Since the matching parameters of both NMOS and Pli®@&es are in the same
order of magnitude, the mismatch in the PMOS miis@xpected to be smaller than
that of the NMOS mirror (due to the loweg)piTherefore, for the choice of W and L,
the error is assumed to be mainly in the NMOS ghitthe circuit. The average current
is a measure of the matching between the uppeloasret halves of the circuit.

An average current of |2 nA| within 3 seems like a reasonable value. With such a
value, the error caused by this block remains Bagmitly lower than that caused by
the input stage under all conditions. Since theage current is found by adding the
source and sink currents and then dividing by tive,offset can be a factor two

higher than the maximum error in the average,.88|hA| in 1 ©. For this, a width

of 14 um is required, and hence a length of 28 kanconvenience, a width of 10 pm
and a length of 20 um was chosen for all devicesightly higher offset may thus be
found, but one has to bear in mind that approxiomstihave been used to estimate the
offset in the first place.

The next step is to dimension the cascode devidesse devices serve to minimize
the adverse influence of a second order effecthaed not be excessively large. A
length of 5 um has been used, which still givesidyfhigh output resistance (see
appendix B). With such a length, and a currentQff AA, the required gate source
voltage can be found by means of formula 3.27.
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Vesn = % +390mV 3.27
028 Mg

V2

5 im

Veep = - 1(;?£AW ~390mV
0.048Mp ™

V2 5um
Using a width of 1 um for both N and P type deviggge source voltages of no more
than 490 mV are required. Since the actual cuseunices need less overdrive, each
cascode will not consume more than half the supplage, leaving enough margin
to ensure that all devices are in saturation.

The next important part of the charge pump arestfiteches. These are designed to
minimize the amount of current injected during $iétching phases. In order to do
this, a few demands have been stated:

- The switches are as short as possible (180 nm)r Widkh is also small, but
not too much so to ensure a low on-resistance.

- The current in each branch is never switched pfftdad, the current is steered
to either the output of the system or a dummy nwikieh is created by
copying the voltage level at the output.

- The switches are not driven into the triode regidimen a MOSFET enters
triode, its parasitic capacitances change, whickesi@ompensation for clock
feedthrough and charge injection by dummy devidiésalt.

To meet the first demand, each switch consist ofdevices of the same type.
Controlling the switch therefore requires completagnsignals. The switch drivers
have to be designed such that these signals matthother as closely as possible
during the transitions. The NMOS switch can be tbimfigure 3.40 and the PMOS
switch can be found in figure 3.41. The completargk pump can be found in figure
3.44, which shows how these switches are connected.
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Figure 3.40: NMOS switch
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Figure 3.41: PMOS switch

As can be seen, the switch devices are twice gs &8 the dummy devices. This has
been done, because the dummies have their draiscamde shorted, which doubles
the capacitances. Compensation at the sources efatitching devices is performed
by the complementary operation of said devices M@is compensated by M3 and
vice versa).

Avoiding deep triode operation can be achievedlippimg the switch control signals
before they reach either supply rail. Therefore,stitch driver outputs switch
between 400 mV and 1.4 V. The voltage at the ouspthie charge pump is 900 mV
(due to the reference level of the integrator)sTheans the devices will still be
driven into the triode region, but not as deep asld/be the case if the entire supply
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range was used. Since an active switch acts asreestollower, the level at the
source of an active NMOS switch will be close te dhreshold below its gate
voltage. This same level appears at the sourdeedahtctive switch, resulting in a
negative gate source voltage for said device wardures a high off-resistance.

The schematic of the switch drivers can be fourfibuwre 3.42. The top half, which
creates Q, consist of a string of inverters. The fnverter is simply a minimum size
block, with a PMOS that is wider than the NMOS tonpensate for the difference
between pand 4. The second and third inverters also have thispemsation, but it
is achieved by scaling both W and L. This has lmkmre in such a way that the total
device area of NMOS and PMOS devices is roughhakasi well. The CAPAS at the
output make up a non-linear, but symmetrical cdapacioad, that is large compared
to the input capacitance of the switches. This theyresemblance between positive
and negative transitions is improved, and the amofticlock feedthrough is reduced
by decreasing the high frequency components afwhtehing signal.

The additional CAPAS in the lower half of the ciitcuhich generates Qn, serve to
add some propagation delay, since this stage t@auksnverter compared to the top
half. Note that the output stages have differeppsuvoltages than the other
inverters.
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Figure 3.43 shows a transition in the outputs efawitch driver. A close match

between positive and negative flanks can be seen.
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Figure 3.43: Switch driver transition
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With each component defined, the total charge paingpiit can be created. The
schematic can be found in figure 3.44. Apart friwe ¢urrent mirrors and the switch
drivers and switches, a unity gain buffer can lmngbat creates the dummy output
voltage. Also, a divider string is added to creae2400 mV and 1.4 V references.
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Figure 3.44: Complete charge pump

Figure 3.45 displays the result of a transient aten, where the output is
continuously switching between source and sink médecan be seen, the current is
slightly larger than |100 nA|. This is caused b/ BT AT source, whose output
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voltage that slightly deviates from the value tfiatds 1 pA in a 1/1 device (see
chapter 3.1). The peaks on the flanks are veryonaand reach magnitudes of no
more than roughly 300 nA. A simulation where simpli@imum sized, single
transistor, deep triode switches were used showeksof up to 20 pA, hence the
circuit has been greatly improved by adding thesuess described earlier. An
average current of 1.2 pA was found in this simatatindicating a very good match
between sink and source currents and transitions.
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Figure 3.45: Transient of ideal charge pump
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To verify the behavior of the system under mismatati process spread, the average
output current (which defines the error betweensthk and source modes) has been
measured in corner and Monte Carlo simulations.rékalts can be found in figures
3.46 and 3.47.

The corner simulations show very good behavior allgorocess corners. The
absolute value will have to be calibrated, butrttaching between sink and source
current (and thus the influence on the linearityhef system) remains extremely good.

The mismatch plot shows a & error of 0.57 %. With a maximum current of 108 nA,
this corresponds to 616 pA. As stated earlier,ighiglf of the actual mismatch
current, which is thus 1.23 nA. This is actuallgitbetter than expected, especially
since the devices are slightly shorter than origgirdeemed necessary. The difference
is however not large enough to assume that eitigeptediction or the simulation
result is flawed.

The final simulation verifies the behavior of th&tgut current over temperature. As
can be seen in the corner simulations, the avenaigent remains well within limits.
However, since temperature can vary for one ICattsolute value of the current
matters as well for that parameter. Unfortunatiélg, output current increases with
temperature in the current configuration. The outuurent of the input stage on the
other hand decreases, hence a significant errbamske. At present, the charge pump
is biased by the same PTAT source as the V-I coenerhe output current varies by
roughly = 16 % over the entire temperature rangd,les a positive temperature
coefficient. Since the PTAT reference current vanigth about + 20 % over the same
temperature range (see section 3.1), much of ties is actually caused by the
reference. Therefore a reference that is stable tethperature would solve most of
the problem. A better possibility still would beitoplement an NTAT reference that
gives the charge pump current a negative temperatefficient equal (or close to)
the coefficient that is found in the input stagecla source has however not been
implemented yet due to lack of time.
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4. Chopping

As mentioned in the foregoing chapters, a choppieghanism has to be added to the
system in order to remove the offset from the irgtage and any mismatch in the
charge pump from the measurement result. This ehagplains the simple
mechanism that is used in the current system, Boddascribes two alternative
methods that were considered but not implemented.

4.1 Applied Strategy

4.1.1 Theory

In order to accurately remove errors from the mesgsant result by means of
chopping, it is important that the system spendscaral amount of time in both
possible modes (normal and inverted). An easy walotthis is by always swapping
the inputs after a fixed amount of time. This igeay simple strategy, but it has one
major drawback. Figure 4.1 displays this drawbaeaphically. The solid line shows
the integrator output voltage in time, and the ebbtine shows the same output if no
chopping had occurred. As can be seen, an errbb&ihtroduced that is dependant
on the output voltage of the integrator at the manoé chopping.

s
Ve

71
\

4 \
\

\

Frror

Figure 4.1: Error introduced by chopping

This error can be kept within limits by increasthg time between chopping events.
The worst case error occurs if the inputs are swwidcaround an infinitesimal amount
of time before either comparator would triggerthat event the entire range between
the positive and negative comparator thresholddsieebe covered before the next
charge dump occurs. Since ideally the amount of tinis takes is proportional tq,V

in the same way as the normal ‘period’, the es@ constant factor of the input. This
means that if the error caused by this choppinghareism can be found for one input
value, it is known for all inputs.
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In order to find the actual error, a signal of 100is assumed to be present at the
input of the system. With that signal, the outputent of the V-1 converter is
approximately 28 pA (see chapter 3.1), which isi§icantly smaller than the charge
pump output current (108 nA, chapter 3.4) and #@tecarrent during a charge dump
can be assumed to be simply 108 nA. Also, the ratean period with such a small
input signal is much longer than the duration ef¢harge dump phase, meaning said
duration can be considered infinitesimal. Assunmiogerror in the size of the
integration capacitor, the voltage difference budtduring a charge dump phase is
then:

AV = @
C
108”’*% 32 H
AV = : Z  —750mV
4 pF

Since the output current of the V-1 converter i028 the integration period (or time
between charge dumps) is:

At = C[IAV
4.1
At = w =107 ms
28 pA

The voltage difference between the thresholdseiibper and lower comparators is
normally 1.0 V, which is 1.33 times the voltagepstaused by a charge dump. This
means that in the worst case scenario, the chapipeduces an extra 143 ms between
two charge dumps. This in turn means that the maxirarror caused by the chopper
is equal to 1.33 as well. To keep the error wittfif the inputs must be swapped no
more than once every 133 periods, or once evefydetonds. Waiting even longer
further reduces the error. That being said, therdéound here is the worst case
scenario. Also, for higher inputs, the relativeoemay be the same but the time
between dumps is much shorter, meaning the ereoresaged out better. On the
downside, the errors may be larger due to progaesd (mostly in the capacitor).
Bearing this in mind, chopping every 30 secondsihbe good enough for overall
accuracy.

The biggest drawback of this chopping scheme isathg testing time. A good idea
would be to functionally test the system using a&lmshorter interval and then setting
the chopping interval to 30 seconds for normal afien.

Finally, a verification if the result is accurateoeigh under mismatch is in order. For
this verification, an offset of 6 mV at the inpdttbe system is assumed, and the
smallest specified input signal of 100 pV is apgliince the offset is 60 times the
input signal, the time between dump phases is lguw@htimes shorter than without
offset, or 1.78 ms. This means that almost 17,0@0ge dumps will occur between
two chopping events. Since the input is 60 timealkenthan the offset, at least 60
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charge dumps must occur to be able to read a signifdifference between the offset
and the input signal. As can be seen, this is nasue.

4.1.2 Incorporation Into the System

Incorporating the aforementioned chopping stratatfythe system is quite trivial.
Four switches are required at the input. Thesebeasimple minimum sized switches,
since they connect to a very high impedance. Sithopping events are relatively
rare, errors due to charge injection and clocktfeedigh are not considered either.

All that needs to be done now is to create a tittn@r has an output that toggles once
every 30 seconds. Using a clock of 1.152 MHz, &i26ounter will overflow after
58.25 seconds. This means that the MSB of sucluateowill toggle once every
29.13 seconds, making it very suitable for thigesys Code fragment 4.1 shows the
Verilog implementation of such a counter. Note th&kst mode can be activated by
commenting out the lines for the 60 second timer@moving the comment from the
lines for the 1 second timer.

//Verilog HDL for "thesis", "chopper_control" "functional"

nodul e chopper_control ( Q @, clk, pwp, pwn );

//1nputs & CQutputs
i nput clk;

i nput pw p;

i nput pw n;

output Q

out put Qn;

//1nternal Registers
reg[25: 0] counter;

initial
begi n

counter <= 0;
end

al ways @ posedge cl k)
begi n

counter <= counter + 1;
end

/160 second timer
assign Q = counter[25];
assign Qn = !lcounter[25];

/11 second tinmer for testing
//assign Q = counter[19];
//assign Q1 = !counter[19];

endnodul e

Code Fragment 4.1: Verilog code for chopper control
4.2 Alternate Strategies

4.2.1 Chopping at Mid-Scale

A different chopping strategy has been devisedwlaeits for the signal to reach mid-
scale before chopping. Figure 4.2 displays thiplgially. As can be seen, the time
error is eliminated with this strategy. The onlyoerthat remains is apparently the
mismatch between the two voltage ranges (lower eoatpr threshold to mid-scale
and mid-scale to the upper comparator threshold).
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Figure 4.2: Removal of error by chopping at midisca

Unfortunately, this chopping scheme suffers froro tmajor drawbacks. First off
there is the added complexity. A comparator musidubed to detect mid-scale
crossings and quite an elaborate controller neetie added as well, that does the
following:

- Green-light a chopping event
- Wait for the mid-scale crossing detector to trigger
- Verify that no charge dump phase is in process

For the implementation of the mid scale crossingater a single comparator is
desired. Using two comparators and triggering wthersignal is between the
thresholds of these is an easier option, but wreddire two thresholds that are very
close to each other. This introduces the riskitmacomparators ‘swap around’ due to
offsets. If one comparator is to be used, a merhasyto be added that remembers the
polarity of the signal. This can be done by deterwhether the last charge dump was
a sink or a source operation. All in all a lot &fra control circuitry has to be added.

The second downfall of this chopping scheme isttchopping events are no
longer equally spaced in time. Figure 4.2 doesshotv this, but if a different input
signal is applied, the tangent of the integratdpuouis different, and thus the amount
of time it takes for the integrator output to reacid-scale varies as well. Even with a
constant input signal this effect occurs due tamaitch in the V-I converter. This
means that there is an imbalance between the arobtinte the system spends in
both chopping modes, which introduces an erroinie tnot unlike the error caused
by the strategy mentioned in chapter 4.1.

For these reasons, the chopping mechanism desdrésechas not been implemented.

4.2.2 Swapping Integrator Capacitor Polarity

The last option that was considered was to swapdlaity of the integration
capacitor when the inputs are toggled. Theore¥ictiis would void all errors, since
the output voltage of the integrator would be migtbaround mid-scale and at the
same time the direction of the integration woulgigle. In practice however, a
significant part of the capacitance consists oagidics to the bottom plate (in fact
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about 730 fF for a 4 pF capacitor as will be shéater). Part of this capacitance is
connected to the input of the integrator, whicfixed at 900 mV and part is
connected to the variable voltage at the outpua@mg the capacitor around will
cause the part that used to be connected to tpeatdotbe charged to 900 mV. This
charge has to come from (or flow on to) the intégracapacitor, introducing an
error. For this reason this scheme has not bedredpfi may still be implemented at
a later stage, since the error is smaller than wihemputs are simply swapped
around, especially if the bottom plate parasitic ba reduced in some way. For this
work however, the error reduction was not deemaslamant the extra complexity.
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With all the building blocks complete, the top leeéthe system can be implemented

and tested. Figure 5.1 shows the implementatigheofvhole system.

5. System Level
5.1 Implementation
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Figure 5.1: System top-level
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A number of buffer capacitors can be seen, asagedl divider string to create the
comparator reference voltages. These buffer capacitere added when the
switching comparators were still in place and weseremoved after said
comparators were replaced. Removal should be lsafesimulations will have to
confirm this. Also visible is the PTAT referencengeator that creates the reference
voltages for the current sources in the system.ré&keof the blocks are, from left to
right, top to bottom:

- The V-I converter

- The integrator

- The NMOS input and PMOS input comparators

- The AND gates to synchronize the comparators vkghctock
- The SR latches that control the charge pump

- The charge pump

- The charge pump control block

The soc_inc and soc_dec outputs can be used toeuibgacounter that keeps track of
the actual state of charge. The effect of thesputsitdepends on the chopper. If the
input signal is connected normally, the soc_inaalgncreases the counter and the
soc_dec signal decreases it. If the input signaMerted, the meaning of these signals
toggles as well.

The chopping mechanism is depicted in figure 3.@:as left out of figure 5.1 for
readability reasons. The chop_act output can be tasdetermine the meaning of the
aforementioned soc_inc and soc_dec ports.

L 4 . chop_act

P
purp I—
pwrn .—pwm

clk

ek I—

ctrl

ek . Ghopper

c
=zl =
a

Figure 5.2: Chopper
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5.2 Smulations

5.2.1 System Level Simulations Without Chopping

The first tests verify the proper functionalitytbk system with the chopper disabled.
To do this, the tests are performed with the choppatroller set to a 30 second
interval and the transients are performed overtlems 30 seconds. Figures 5.3
through 5.6 show the integrator output voltage ttwedoutput ports of the system for
inputs of -100 mV, -100 pV, 100 uV and 100 mV redpely. As can be seen, the
system is functioning as expected. A certain amotinharge is slowly built up on
the integrator until a threshold is reached. At ff@nt a charge package is removed
and the process repeats itself.

In order to quantitatively evaluate the systemymiper of simulation runs at different
input voltages have been performed. In these thesjuration of 10 complete cycles
has been measured and the number of pulses perdseaiculated from that duration.
The same procedure was then repeated, with thé sigmals swapped around. The
latter result was interpreted as if the chop_agbhutuwvas high (hence the meaning of
soc_inc and soc_dec was swapped) and once agawitiiger of pulses per second
was found. The two results were added, yieldingilmaber of pulses in two seconds,
assuming an error-less chopping mechanism.

These runs have been performed at input offsedsno¥, -6 mV and +6 mV. Tests
have also been performed under maximum input offgeta charge pump mismatch
of +1.5 % and —1.5 %. A test covering a set of terafpures has also been carried out.
Finally tests have been performed to verify theage swing at different capacitor
corners. As mentioned before, the initial testsengarried out using a longer dump
phase. The last test is a zero-offset test, trmbbhan performed to verify that the
system still functions properly after redefining tthump phase duration.

The result of the first test, which reflects thepense of the ideal system to a range of

input voltages can be found on page 94 in tableNoie: in this table, PPS means
pulses per second.
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Transient Response
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Vin: PPS (chop_act=0): PPS (chop_act=1): Total (2 seconds):
-100 mV -8076.1 -8040.0 -16116.1
-10 mV -806.76 -809.02 -1615.8

-1 mV -79.497 -81.643 -161.14

-100 pV -7.2138 -8.9138 -16.128
100 pVv 8.9168 7.2156 16.132

1 mVvV 81.549 79.493 161.04

10 mV 808.64 805.90 1614.5
100 mV 8046.3 8046.3 16092.6

Table 5.1: Pulses per second under ideal conditions

As can be seen, the system performs well. Thedargm-linearity, between 100 mV
and 100 pV, is 0.24%. These tests have been repesiteg an input offset of +6 mV
(table 5.2) and -6 mV (table 5.3)

Vin: PPS (chop_act=0): PPS (chop act=1): Total (2 seconds):
-100 mV -7574.0 -8539.7 -16113.7
-10 mV -321.98 -1291.2 -1613.2

-1 mV 402.74 -565.04 -162.30

-100 pVv 476.32 -492.38 -16.06
100 pVv 492.38 -476.39 15.99

1mVv 565.90 -404.47 161.43

10 mV 1291.2 321.15 1612.4
100 mV 8530.2 7590.7 16120.9
Table 5.2: Pulses per second, +6 mV offset

Vin: PPS (chop_act=0): PPS (chop_act=1): Total (2 seconds):
-100 mV -8539.0 -7577.0 -16116.0
-10 mV -1287.0 -322.90 -1609.90

-1 mVv -562.80 401.60 -161.20

-100 pV -490.49 474.23 -16.26
100 pVv 474.58 490.70 16.12

1mVv -401.60 563.50 161.90

10 mV 322.80 1287.0 1609.80
100 mV 7578.0 8555.0 16133.0

As can be seen, the largest error is slightly wose. The worst outcome is observed

Table 5.3: Pulses per second, -6 mV offset

in table 5.2 at an input of 100 pV. This value sh@wnon-linearity of 1.5% compared
to the value obtained at an input of -1 mV. Howetas is the only value that falls
outside the tolerance and obtaining correct valoethe smallest voltages already
required high timing accuracy and very strict absobnd relative tolerance levels in
the simulator. The following tests have been pemnft to verify whether this one
extreme value was caused by the system, or byficigut simulator precision:

- The output current of the V-1 converter was measuneder offset (chapter

3.1). The average current was found the be highéat.
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- The current from the V-l converter completely floars to the integration
capacitor. No leakage into the charge pump wasdoun

- The results do not change if the integration cdpeags replaced by an ideal
capacitor.

- No change is observed after also replacing thgiater OPAMP with an
ideal version with a gain of 120 dB.

- With these measures in place, the charge pumpdeasreplaced by a set of
voltage controlled current sources and the choppsrremoved. Still no
change in the behavior was observed.

From these steps, along with the fact that onlyraerasurement is outside of the
tolerance, the conclusion was drawn that the acguhthe simulator is the limiting
factor and that the accuracy of the system is@afit. Note that, when ignoring these
smallest values, the worst accuracy is expectegldset the |1 mV| and |100 mV/|
inputs. The worst accuracy observed between tls08&% (6 mV offset, linearity
error between -100 pV and -100 mV)

The next step is to add an imbalance in the chauggp. To do this, the width of one
of the PMOSTS was first increases by 1.5% and tleeneased by 1.5%. Both
conditions were simulated with input voltages 00+iV and -10 mV, with input
offsets of +6 mV and -6 mV. The results can be tbumtable 5.4.

Vin: | PPS(chop act=0): | PPS (chop_act=1):| Total (2 seconds):

Isc= 1.015 - §, Input offset = +6 mV

-10 mV -317.0 -1293 -1610.0

10 mV 1291 316.9 1607.9
Isc=1.015 - ¢, Input offset = -6 mV

-10 mV -1272 -322.7 -1594.7

10 mVvV 322.5 1271 1593.5
Isrc=0.985 - ki Input offset = +6 mV

-10 mV -326.8 -1293 -1619.8

10 mV 1289 326.3 1615.3
Isrc=0.985 - kni Input offset = -6 mV

-10 mV -1308 -322.5 -1630.5

10 mVvV 323.1 1311 1634.1

Table 5.4: Pulses per second, charge pump mismatch

The errors between the positive and negative inputseese measurements are:
lsrc=1.015 - 4, Input offset = +6 mV: 0.13%
Isrc=1.015 - 4, Input offset = -6 mV: 0.08%
Isrc=0.985 - 4, Input offset = +6 mV: 0.28%
Isrc=0.985 - 4, Input offset = -6 mV: 0.22%

These are all well within tolerance. Mismatch ia ttharge pump, even combined
with mismatch in the input stage, will thus be @dp removed by the chopper.

The temperature test is the next test to be peddri@nce again an input of +10 mV
and -10 mV was used. No chopping was applied, siocaffset was added and the

only quantity of interest is the difference betwées results at various temperatures.
Six different temperatures were simulated, ran@iom -40 °C to +90°C. The results,
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i.e. pulses per second, can be found in tableAs ®xpected, the differences are huge
at this point (roughly + 16 %) and are mostly calisg the charge pump.
Implementing an NTAT reference for this block shibsblve the issue as mentioned
in section 3.4. The difference between positive megative voltages is due to a shift
in the (small) offset current of the input stagkisleffect will be canceled by
chopping.

Vin: -40 °C -20 °C 0°C 25°C 60 °C 90 °C
-10 mV -940.0 -895.9 -849.6 -795.2 -733.1 -682.7
10 mV 956.9 902.3 855.6 798.7 729.1 678.38

Table 5.5: Pulses per second, temperature sweep

The final test has been performed after re-dimemsgpthe integration capacitor.
Tests have been performed to verify the voltage s&ised by the charge dump with
minimum capacitor size and input voltage, as welraximum capacitor size and
input voltage. These tests cover the extreme vahasan occur here.

With an input voltage of 100 uV and a capacitarfcg 4 pF, a voltage difference of
882 mV is expected. At 100 mV and 4.6 pF the exgzeutlue is 483 mV. The results
in table 5.6 are both within 1% of the theoretiaues. This means that a margin of
125 mV will always exist between the voltage steg the difference between the
comparator thresholds. The final step is to reer&tile 5.1 to verify that the system
is still linear with this new charge dump duratidihe results can be found in table
5.7 and they do not give any cause for concermisrfront.

Vin: C (pF): AVt (MV):
100 pVv 3.4 875
100 mV 4.6 479
Table 5.6: Voltage step over integrator capacitor
Vin: PPS (chop_act=0): PPS (chop_act=1): Total (2 seconds):

-100 mV -9428 -9428 -18856
-10 mV -941.9 -942.5 -1884.4
-1 mv -93.47 -95.71 -189.18
-100 pVv -8.466 -10.39 18.856
100 pVv 10.38 8.464 18.844
1 mVv 95.55 93.39 188.94
10 mV 944.5 942.8 1887.3
100 mV 9454 9439 18893

Table 5.7: Pulses per second under ideal conditioesy charge dump duration

5.2.2 System Level Simulations With Chopping

As mentioned earlier, the testing the chopper #atihormal interval will take a long
time. This applied for an actual circuit, but aleothe simulations. In fact, the
amount of data gathered during a simulation rua tnansient of one minute (to
include both chopper states) with the required ayuwould generate too much data
to be processed in a reasonable amount of timeefidre, the only thing that was
tested was the functionality of the chopper, byirsgthe interval to 455 ms.
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Figure 5.7 confirms that the chopper works as heeln When the chop_act signal
goes high, the inputs toggle and as a result tieetibbn of the integrator output
voltages toggles as well.

With the system now complete, the total currentscomption can be measured. This
does not include the digital blocks since theysameulated using behavioral
descriptions, but due to the low clock speed nb bigrrent consumption is expected
there. The result can be found in figure 5.8. Aarage supply current of 8.0 pA is
found, which is well within limits.

Transient Response

— | ¥dd

Average = 8.00 uA

200

I {ud)

100

-50.0
0.0 .25 = 75 1.0
Tirme (s

Figure 5.8: Supply current consumption
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6. Conclusions and Recommendations

6.1 Conclusions

The functionality of the system is in confirmatioith the theories upon which it is
based. The figures in chapter 5 show that the iategvoltage varies linearly in time,
with a dV/dt that varies with the input voltagetilgither threshold is reached. At
this point an amount of charge is quickly addedrtcemoved from the integrator and
the process repeats itself.

The linearity is well within limits if the componenexhibit perfect matching (a non-
linearity error of 0.24% was found). When mismaitckhe V-1 converter is also
simulated, the accuracy drops somewhat. The wasg mismatch found in this case
that was not caused by accuracy limitations instheulator was 0.7%, which is still
well within the 1% limit.

The accuracy is maintained if mismatch is addetieaccharge pump and when the
maximum voltage swing at the integrator outpueiduced by altering the duration of
the charge dump phase. The voltage swing remaihgwhe boundaries set by the
comparator thresholds if the size of the integratiapacitor changes due to process
spread, guaranteeing proper functionality undecistmstances.

The only linearity issue at present is the accurddipe system under temperature
variations. A total error of approximately = 16 $cachieved over a temperature range
of -40 °C ... 90 °C. This error is mostly causedtuy temperature dependence of the
charge pump (and to a lesser degree by the V-leztew. Finally, the current
consumption remains well within the 100 pA limiteaaging at 8.0 pA.

6.2 Recommendations

As mentioned before, the temperature stabilityhefgystem is not sufficient as of yet,
and this is mostly due to the fact that the chgngap has not been properly
compensated for temperature variations. In factjdigg the same PTAT reference
that is used by the V-I converter, a PTAT behaisdound in the charge pump. The
recommended solution would be to add an NTAT sotod®as the charge pump that
would give it the same relative current change éeperature that is found in the
V-I converter.

A second recommendation is to reconsider the chgppiechanism. Several possible
implementations have been treated, and espedmlynechanism where the polarity
of the integration capacitor is swapped is prongisiha measure can be found that
alleviates the influence of the parasitic capacigato ground, or a capacitor structure
is found that has a lower parasitic, this measareserve to significantly reduce the
time between chopping events.

Finally, a layout of the system needs to be madetidy that functionality is

maintained when layout parasitics are added. Thigdavalso pave the road to an
actual tape out and the possibility to test thesgaf system in practice.
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Appendix A: Assignment Description

Integrated ‘State of Charge’ circuit for rechargeale batteries.

Most wireless ‘Portable Part’ applications make ofsgechargeable batteries as a source of power. To
be able to develop an accurate battery managergsmithm it is essential to ‘know’ or keep track of
the amount of charge present in the battery celhgtpoint in time.

The graduation project will consist of selectingrorenting the best principle to keep track of the
amount charge that is flowing in and out of thadrgtand implementing this principle into a praatic
CMOS circuit. History has shown that this quitehalienging task to perform. A software algorithm
must be able to readout the ‘State of Charge’ feoragister (e.g. in the form of a counter value).

Characteristics: - standard CMOS mixed-signalgtesi
- evaluation of silicon design.
Specifications: - current range -1...+1A.
- accuracy +1% over 60 dB dynamic range (1niBA)

- current consumption <100uA
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Appendix B: Component Parameter Estimations

A number of simulations have been performed toredt the model parameters of
several devices available in the tsmc018rf libradyich was used for this project.

B.1 MOSFET Threshold Voltages and K-factors

The most important parameters are the threshotdges and K-factors of the N-
MOST and P-MOST devices. These have been estirbgtedeeping the gate-source
voltage of both device types while keeping thermsaurce voltage constant. Long
devices were used to avoid errors caused by chéemgth modulation. The
estimations have been done by plotting the squerteaf the drain current, yielding
the relationship depicted in formula B.1.

Ip :;D'I[COX BWEE(VGS —Vi, )2

\/ﬁ = \/;DJ[(:OX BVLX [(VGS _VTH)

This means that, as long as the quadratic reldtipr®lds, the plot will be linear. By
adding a tangent line to the part of the curve figiloy to strong inversion, and
extrapolating this to 0 A, one can thus find theeshold voltage. The K-factor can be
found by differentiating B.1.

d.l,
r:\/;wmoxﬂ/\i B.2

dVq L

B.1

Again, this is only true where B.1 is valid, i.eetstrong inversion region. It is thus
possible to find the K-factor by differentiation thie tangent line that was used to find
the threshold voltage.

The following parameters were used for both N-MG®d P-MOST devices:

- |Vl 1.8V

- |Veq OV..1.0V
- L 10 pm

- W 10 um

- WIL 1

Figure B.1 shows the result for the N-MOST devind figure B.2 shows the result
for the P-MOST device. Curves created by usingptirameters found in the
estimation where also added for verification.
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DC Response
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Figure B.1: N-MOST parameter estimation
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Figure B.2: P-MOST parameter estimation

For the N-MOST:

d.fi

o _11gm0e A 4, [Ty, = 028™A
dVGS

V., =390mV
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For the P-MOST:

d/l, JA mA

= 490M10° — = =0.048—
V lun OX V

B.4

GS

Ve = —390mV

As can be seen in the figures, a good match betWrmesquare root model and the
simulated curves is achieved.

B.2 Lambda Estimation

An estimate of how the MOSFET devices behave whem drain source voltage
changes has also been made. This has been doneéyisg the drain-source voltage
of both N- and P-MOSTS of different lengths, wtkkeping their gate-source voltage
constant, and maintaining saturation. By taking p@ots on the resulting curves, an
estimation fofk can be made. Note that since the square root maemade under
the assumption thatis small enough to be neglected for 10 um devitesyalue

that will be found here is not the true value. ill nowever give an impression of the
shape of the curve, which can be useful to choesié lengths where large output
resistances are desirable. In B.5, a formula iveéthat is used to find from two
points along the output curve.

I ;wmoxd&/[ﬂves TH [ﬁ]‘+/]WDSA)
Ioe ;w[@oxd&/[ﬂves TH [ﬁ]‘+/]WDSB)
-
i

+ AW ,) B.5
+A Vg5)

[—
DB~ DA
A j—

I D.A m/DS,B =1 D.B m/Ds,A

For the estimation, the following parameters wesedu

- |Ved 1.0V
- |VDS,AI 750 mV
- |Voss| 1.8V
- W lpum
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Figure B.4:4 estimation for P-MOST devices

Both figures show a very lowfor 10 um devices as expected. Theoretically these
values should even be zero, but some deviationdegetihe quadratic model and the
very high order models used in Cadence is not mimgt What is interesting to see is
that the curve more or less flattens out for leagthove 5 pm.

B.3 Matching Parameters

Two important MOSFET matching parameters have bie¢ermined through Monte
Carlo simulations (100 runs), namely the thresmoisimatch (Ary) and K-factor
mismatch (A). These factors have been found by performingaipey point
simulations on MOSFET diodes biased at 200 nA aoHihg at the standard
deviation 6) for the VTHO and BETAEFF parameters respectivéhe following
formulas have been used to find the factors froeselparameters [5]:

O = Ay
VTH D_
il B.5
I - A
K WML
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Note that the formula for K-factor mismatch is giviacorrectly in [3]. It was copied
from [5] but Pelgrom uses K as a factor in the sabs dependant part of the
threshold voltage, and usgg$or the transconductance parameters.

Threshold mismatch:

W =2 pum NMOST PMOST

L (um): ¢ (mV): AvTH: ¢ (mV): AvTH:
0.18 6.08 3.65- 19 7.82 4.69 - 16
1 2.44 3.45- 19 3.15 4.45 - 19
2 1.71 3.42 .16 2.22 4.44 - 10
5 1.08 3.42-16 1.40 4.43 - 16
10 0.764 3.42 - 16 0.987 4.41 - 19

Table B.1: Threshold mismatch
The following averages can be found from table B.1:

AVTH,N ~34- 103
AVTH,p ~4.4. :I.O3

The deviation at minimum size comes from the sigaiit difference between drawn
length and effective length at these sizes. Thakees are therefore not used in the
calculation of the average.

K-factor mismatch:

N-MOST W=2pum W=5pum

L (um): /K (10°): Ak (10°): /K (10°): Ak (10°):

1 4.72 6.68 2.95 6.59

2 3.42 6.84 2.13 6.74

5 2.11 6.67 1.31 6.56

10 1.48 6.61 0.917 6.49
Table B.2: N-MOST K-factor mismatch

P-MOST W=2pum W =5pum

L (um): /K (107): Ak (10°): /K (107): Ak (10°):

1 3.96 5.60 2.46 5.50

2 2.79 5.58 1.73 5.48

5 1.80 5.68 1.12 5.60

10 1.29 5.77 0.799 5.65
Table B.3: P-MOST K-factor mismatch

AK,N ~ 6.6 - 10'3

AK,P ~5.6- 10'3

With these values, an quick, first order estimatbmismatch can be made where
needed.
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B.4 CAPA Capacitance versus Voltage

A sweep has been performed to find the capacitahaeCAPA. This has been done
by measuring the impedance of a CAPA at a rang@bias voltages. The result can

be found in figure B.5.

1. CAPA Capacitance vs. VDC

Figure B.5: Relative CAPA capacitance versus DGagd

B.5 Summary and Some Other Constants

A summary of the results from this appendix, ad agl few other constants that are

convenient to have at hand are listed here.

Name: Symbol: Dimension: Unit:
Boltzmann’s constant K 1.38 - 1D JIK
Magnetic constant i 4.1-10' H/m
Electric constant €0 8.85 . 102 F/m
Electron charge e 1.6 - 10 C
Room temperature ol 300 K
Thermal voltage % 25.9 - 10 Vv
Inverse thermal voltage M 38.6 e
PNP saturation current ls 2.38 - 10 A
NMOST threshold voltage ~ Vy 390 - 1C¢° \Y;
NMOST K-factor Hn - Cox 0.28 - 10 AIV?
NMOST threshold mismatch Ayt 3.4 -
NMOST K-factor mismatch A 6.6 - 10 -
PMOST threshold voltage ~ Vy -390 - 10° \Y;
PMOST K-factor Hn - Cox 0.048 - 16 AIV?
PMOST threshold mismatch Ayry 4.4 -
PMOST K-factor mismatch A 5.6 - 10 -
Minimum device length Lain 180 nm
Maximum device length Mhax 20 Hm

" Found by simulation
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