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Summary

The analog front-end of a proposed BJT-based temperature sensor has been designed. The
design has been analysed using Monte-Carlo simulations with mismatch over all process
corners. The design was implemented in a 90nm generic process design kit. The analog
front-end achieves ultra-low power consumption with a current consumption of 2.3 yA at
a temperature of 27 °C and can operate over the military temperature range of -55 °C -
125 °C. It uses a voltage supply of 2 V.

An adaptive self-biasing operational amplifier was implemented in the bandgap reference
circuit to ensure sufficiently high DC loop-gain. It operates on an ultra-low current con-
sumption of 631 nA. To reduce errors due to mismatch and process spread two correction
techniques have been employed, that is chopping of the input signals of the operational
amplifier and dynamic element matching of the current sources in the bipolar core.

The residual temperature reading error at the output of the analog front-end is large and
results in significant errors. This is because no compensation technique was implemented
in the analog front-end to compensate for process spread of the BJTs and should be im-
plemented digitally. The temperature reading errors due to offset and mismatch in the
current sources have been reduced to around 0.03 °C at a temperature of 27 °C. The noise
in the circuit was analysed without the dynamic effects of the DEM because of its simple
implementation and results in an equivalent temperature error of around 0.12 °C, which
indicates the resolution that is achievable. The settling time of the circuit is in the range of
110 ys.
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Chapter

Introduction

Temperature sensors are used in many measurement, instrumentation and control systems,
and even in households they are employed in various places. Examples of where temper-
ature sensors are used are coffee machines, computers, heating systems or cars ([1], p.
1). This makes the temperature to the most-often measured environmental quantity, which
leads to a large market. Therefore, it makes sense to integrate temperature sensors on chip
with a readout circuitry that provides a digital output to reduce manufacturing costs to a
minimum. Such temperature sensors are called smart temperature sensor. These sensors
are able to directly communicate with computers in a standardised digital format. Nowa-
days, the digital output is almost mandatory in modern systems ([1], p. 2). Low-power
radio systems have become more and more important in recent years which is why wire-
less temperature sensing has become very attractive for a many applications. Examples
are in automotive, building automation or healthcare ([2], p. 1.).

Wireless sensors can be implemented as spatially distributed nodes in a wireless sensor
network, which were introduced in the 2000s. Physical or environmental quantities can
be measured and monitored by smart sensors, and due to the integrated analog-to-digital
converter (ADC) a digital output is generated that is sent to a control unit via the wireless
network. This control unit can either be centralised or distributed and receives the data for
further processing. ([2], p. 2)

A smart temperature sensor is depicted in figure 1.1, it consists of an analog front-end
which includes a temperature sensing circuit and a bias circuit. Additionally, an ADC is
present that converts the temperature reading from voltages or currents to a digital format
which is then communicated to another system through a digital interface. This digital in-
terface can be, for example, I2C for a wired sensor, or wireless local area network (LAN)
for a wireless sensor ([1], p. 4), [3].

There are different techniques of designing temperature sensors that exploit the temper-
ature dependency of the device characteristics. The output of the temperature sensing
circuit is usually a temperature-dependent analog signal, such as a voltage, current, period
or frequency ([1], p. 3). Which is indicated as temperature-dependent voltage Vprar in
figure 1.1. PTAT stands for proportional to absolute temperature which means it has a
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linear and positive increase with rising temperature. However, to implement a smart tem-
perature sensor a second analog signal is required to produce a digital representation of
the temperature. In this case, it is a reference voltage Vrgr to which Vprar is compared.
This kind of measurement is called a ratiometric measurement ([1], p. 3).

The scope of this thesis is to design the analog front-end of a bipolar junction transis-
tor (BJT) based temperature sensor with ultra-low power consumption. The temperature
sensor is to be implemented on-chip for wireless operation, hence the ultra-low power
consumption.

The thesis is organised as follows, chapter 2 will describe different sensing methods used
in smart temperature sensors and gives a brief overview of achieved performances. Chap-
ter 3 describes the theory of the temperature sensing method using BJTs and their non-
idealities. In chapter 4, different correction and compensation techniques are presented to
improve the performance. The design of the analog front-end of the chosen temperature
sensor is explained in chapter 5. Chapter 6 deals with the simulations that are conducted
in the simulation program Cadence Virtuoso to verify the design. The final result will then
be analysed using Monte-Carlo (MC) simulations. The last chapter 7 will conclude the
thesis and will give an outlook for future work.

VPTAT
temp

VREF

integrated smart temperature sensor

temperature digital
N / —- temperature
reading

Figure 1.1: Block diagram of a smart temperature sensor. It shows the different parts included on
the chip ([1], p. 3).




1.1 Pre-Study

1.1 Pre-Study

This master’s thesis is based on the findings of a pre-study that was conducted as a part of
the two years master’s programme at NTNU, Trondheim, at the Department of Electronic
Systems [4]. During the pre-study a literature review was conducted with the aim of
finding and comparing reported sensor architectures to obtain an architecture that fulfils
the requirements. These requirements were set beforehand and are listed here [4]:

e Ultra-low power consumption

e Sampling speed of 1 to 100 samples per second

e One temperature calibration after manufacturing

e Temperature range from -40 °C to +100 °C

e Absolute accuracy within 0.5 °C from 0 °C to 65 °C
e Resolution of 0.25 °C from 0 °C to 65 °C

e Implemented on-chip in 0.18 um CMOS technology.

A total of 20 articles, comprising different types and architectures of temperature sensors,
were compared based on two figure of merits (FoM) and their overall performance. Table
1.1 was extracted from [4] and shows the performance parameters of the two sensors (BJT-
sensor [5] and MOS-sensor [6]) that were deemed to be the most promising. At the bottom
of the table the two FoMs are compared. The lower the value, the better the performance.
It can be seen that the MOS-sensor ([6]) has lower FoM-values than the BJT-sensor ([5]).
However, as is described in [4], the BJT-based sensor shows an overall good performance
which fulfils all the requirements. The comparatively high power consumption can be
reduced by decreasing the resolution and/or the accuracy, as well as the conversion time.
One very important aspect is the calibration of the sensor. The MOSFET-based sensor is
calibrated with a more expensive 2-point calibration, whereas the BJT-sensor only uses
a fast 1-point voltage calibration. The combination of these characteristics is the reason
why the BJT-sensor was deemed more promising. The architecture of the BJT sensor is
described in chapter 2.3.
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Table 1.1: Parameter list of the chosen temperature sensors. Excerpt from [4].

Parameters 2 [5] 17 [6]
Sensor type BIT MOSFET
CMOS Technology 0.16 ym 65 nm
Chip Area 0.08 mm? 0.013 mm?
Power 5.1uW 640 pW
1.2V (Vppr)
Supply Voltage 15V-2V 05V (Vpopr)
Temp. Range -55°C-+125°C | -20°C-+100 °C
Inaccuracy +0.15°C -27°C/+1.8°C
Resolution 0.02°C 0.25°C
Calibration volta.ge 2-point
1-point
Conv. Time 5.2 ms 34.3 ms
Energy/Conv. 27 n] 0.022 nJ
Resolution-FoM 0.0108 nJK? 0.001375nJK?>
Project-FoM 0.0009 nJK 0.00020625 nJK
Voltage Sensitivity 05°C/V
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Literature Review

2.1 Introduction

In section 2.2 a brief overview of different temperature sensing methods that are used in
state-of-the-art sensors is given, as well as a brief description of their functionality and the
achieved results of state-of-the-art chips. Afterwards, a short outline of the functionality
of the chosen temperature sensor is presented in section 2.3.

2.2 Temperature Sensing Methods

2.2.1 Resistor-based Sensors

Temperature sensors based on resistors are widely used. Most of the CMOS-compatible
resistors have a high temperature-coefficient which is desirable because the temperature is
measured based on the resistance variations. Typical temperature coefficients of resistors
in CMOS are between 0.1 %/°C and 0.4 %/°C, depending on the resistor type, according to
[2]. This means that the resistance value can change about 72 % over a temperature range
of -55 °C to 125 °C. Resistor-based sensors can function on very low voltages which is
then limited by the minimum supply voltage of the readout circuit.

However, the drawback is that resistors suffer from strong processing spread. In typical
CMOS-processes these resistance spreads can be as high as 15 % or 20 %. In addition,
the temperature coefficients are also affected by processing spread and higher order non-
linearities. That is why this type of temperature sensor can be rather costly since it needs
multiple temperature calibrations. ([2], p. 8-9)

Temperature sensors based on resistors are reported to have temperature ranges of -40 °C
to +180 °C and achieve inaccuracies of £0.15 °C (for a standard deviation of 3c) over a
temperature range of -55 °C to +85 °C, after trimming the sensor at three temperatures
according to [2]. Another sensor is reported to achieve an inaccuracy of +1 °C over a
range of -45 °C to +125 °C ([2], p. 9).
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2.2.2 Thermal Diffusivity Sensors

According to [2], the thermal diffusivity of silicon is well defined and exhibits a highly
temperature dependent characteristic. It is a rate at which the heat diffuses through a
silicon substrate which can be used to design temperature sensors. The thermal diffusivity
D can be approximated by D oc 1/718.

The working principle is shown in figure 2.1. It uses a heater to generate heat pulses
which are sensed by a relative temperature sensor, a thermopile, which is placed at a known
distance from the heater. The received heat pulses are converted into a small voltage signal.
Current pulses with a constant frequency are sent through the substrate while dissipating
power into the substrate. This results in temperature fluctuations which also propagate
through the substrate and are then sensed by the thermopile. The delay between the pulses
of the heater and the sensed temperature fluctuations is related to D. [3]

heater thermopile

l/fpulse

I/heauter

Si02 \\
AN AN~

heat propagation

~+

—>O(¢<—

Vsensor W

t

substrate

Figure 2.1: Operating principle of a thermal diffusivity based sensor ([7], p. 15).

However, such a temperature sensor is not suited for low-power operation because of the
energy required for the heat pulses. Yet, it is possible to design sensors with decent ac-
curacies without trimming. Sensors with accuracies of +0.2 °C and £0.5 °C (30) over a
temperature range from -55 °C to +125 °C are reported. Therefore, this type of sensor can
be a solution in applications where uncalibrated accuracy is important, while the power
consumption is of second interest. ([2], p. 9-10)

2.2.3 MOSFET-based Sensors

MOSFETs are well defined and optimised in CMOS processes and therefore it is of benefit
to use MOSFETs as temperature sensing elements [3]. In addition, when MOS transistors
are biased in sub-threshold region their power consumption is very low. When a MOSFET
is operated in the sub-threshold region its drain current I and the gate-source voltage Vs
are temperature-dependent exponentially related which is a similar relation as exhibited
by the bipolar junction transistor. Equation 2.1 shows the exponential relationship of Ip
and Vgs ([2], p. 10).

w q
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In this equation, k is the Boltzmann’s constant, T the absolute temperature, q the electron
charge, W and L are the width and the length respectively and m the body effect coeffi-
cient, which is computed as m = 1 4+ Cp/Cox. Here, Cp is the depletion-layer and Cox
is the gate-oxide capacitance.

It is possible that the MOSFET replaces the BJT as sensing element. Though, the MOS
transistor performance is dependent on the processing spread of two parameters which
results in greater inaccuracies. The parameters that are suffering from processing spread
are the threshold voltage Vt and the oxide capacitance Cpx. Nevertheless, the MOSFET
offers the possibility of low supply voltage operation, due to the fact that it is biased in
sub-threshold region as mentioned above. Therefore, the gate-source voltage is signifi-
cantly lower as in saturation region and can be controlled by sizing W or L ([2], p. 11).

Another method of measuring the temperature is the propagation delay of a CMOS inverter
chain or the frequency of a ring oscillator. The operating principle is shown in figure
2.2. It uses a counter to measure the propagation delay where the delay Tp in an inverter
consisting of PMOS and NMOS transistors can be written as follows ([2], p. 11), [3]:

(7)<
R on
T w In [WDD — 4‘/“’} . 2.2)

P uCox(Vop — Vi) Vbp

The mobility u and the threshold voltage Vi, are temperature dependent. Due to process-
ing spread it is usually necessary to perform a two-point calibration, and in addition it
suffers from very high power supply sensitivity, which can be in the range of 10 °C/V ([2],
p- 11). A temperature range from -20 °C to +100 °C are reported with inaccuracies of
several degrees [8].

counter Trigger | |

Trigger i :
2 Start ;

Out ; |_'_
I—WD)- X D— Stop A Stop : E

Teray= (1, Vr,Vip) Clock :

Figure 2.2: Block diagram of the alternative temperature measurement, based on MOSFET inverter
delay ([2], p. 11).
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2.2.4 BJT-based Sensors

The sensor type that is used in this thesis (the process of choosing this architecture was
explained in section 1.1) is based on the bipolar junction transistor and its temperature
characteristics. These characteristics exploit two voltages, which is the thermal voltage
Vi = kT/q (where k is the Boltzmann constant, T is the absolute temperature and q is
the electron charge) and the silicon bandgap voltage Vo, for a ratiometric measurement.
Figure 2.3 shows that it is possible to use the thermal voltage to generate a voltage Vprar
that is proportional to absolute temperature (PTAT) while the bandgap voltage is used to
generate the temperature-independent reference voltage Vrgr ([1], p. 4).

VReF=VBE1*+VPTAT

S 1.2} :
Y Vee2
ll ‘pl 21 Ve
S BET ™ Verar=0a-AVpe
- AVBE + .
o AVBe=VBE2-VBET
VBE1 VBE2 o | I o
- - 0 I 600
—— P —
operating temperature (K)
range
(a) (b)

Figure 2.3: Operation principle of a BJT-based CMOS smart temperature sensor. a) Two diode-
connected transistors are biased at a well-defined current density ratio 1:p; b) the in that way gen-
erated base-emitter voltages are generating the voltage Vprar and Vggr for the ratiometric measure-
ment ([1], p. 4).

The two diode-connected transistors are biased at a precise current density ratio p. This
results in two base-emitter voltages Vg, and Vgg, that are complementary to absolute
temperature (CTAT) in nature. The difference between these two base-emitter voltages
generates the PTAT voltage AVgg. Since this voltage is rather small it has to be amplified
to be useful, which is then the voltage Vprar = o - AVgg [[1], p. 4), [3].

As can also be seen from figure 2.3 b) is that the reference voltage Vggp is based on the
absolute base-emitter voltage of a BJT. If the base-emitter voltage is extrapolated to

T =0 K it equals the silicon bandgap voltage Vo of around 1.2 V. From there, it decreases
by about 2 mV/K (equation 2.5) which is why the amplified difference voltage is added to
the base-emitter voltage. The reference voltage is approximately temperature-independent
(11, p:5).

The scaling factor o can be calculated by taking the equation for Vggg:

Vrer = Vee + a- AVgg, (2.3)

and solving it such that the temperature coefficient of Vggr is zero ([2], p. 23):
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Thus, the scaling factor is found to be approximately:
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The bipolar transistors that are used for the temperature sensing core are vertical bipolar
junction transistors. Vertical PNP BJTs are less prone to processing spread and packag-
ing stress but they are, however, less flexible in terms of implementation. This is due to
the collector being inside the P-substrate, and therefore, not directly accessible which is
shown in figure 2.4.

The typical forward current gain 3¢ of a vertical PNP transistor is in the range of 3 to 4,
which is rather small compared to the forward current gain of vertical NPN transistors
(Br = 24) (I12], p. 7). This results in a relatively large base current and this in turn in lower
sensitivity to non-ideal higher order components in the saturation current I of the BJT.
The overall well-defined temperature dependency of Vgg and AVgg makes the BJT-based
temperature sensor attractive for industrial use. According to [2], temperature sensors
with a one-point trim and accuracies of 0.5 °C (30) over a temperature range of -50 °C
to +120 °C, and £0.1 °C (30) from -55 °C to +125 °C are reported. An additional ad-
vantage is that the temperature dependent voltages and the reference voltage are generated
from the same circuit which greatly simplifies the implementation ([2], p. 8).

B E

=] 1 g

P [ Inef (P
N-Well
1

Figure 2.4: Cross section of a vertical PNP transistor in a standard CMOS process ([2], p. 7).

The generic readout of BJT-based sensors scales the generated AVgg voltage, as was
already mentioned in equation 2.3 and shown in figure 2.3. This can be seen in figure
2.5 where the reference voltage and the PTAT voltage are applied to an ADC. The ADC
output p is then scaled to generate the according digital temperature reading Do, The
ratio u can be calculated as follows ([2], p. 23)

[y - AVBE _ VPTAT (2 6)
Vep+a-AVgr  Vepr ’
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This ratio is PTAT and varies between 0 and 1 over a temperature range of 600 K. The

digital output D,y can be expressed as

Dout =A- w+ Ba
where A =600 K and B =-273 K ([2], p. 23).

giph g%

Q2.7)

+ AVBE -

scaling

— Doyt

+ Q- Q¢ +
VBE2 VBE1

Figure 2.5: Bias core and generic readout circuit of BJT-based bandgap temperature sensors ([2], p.

24).
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2.3 Chosen Temperature Sensor

2.3 Chosen Temperature Sensor

The chosen temperature sensor ([5]) is, as stated in 1.1, based on BJTs and the bandgap
reference architecture described in 2.2.4 and shown in figure 2.3. However, instead of
generating the reference voltage Vrgr = Vg1 + o - AVgg it is sufficient to use the ratio
X = Vgg; / AVgg which contains all necessary information. A block diagram is shown in
figure 2.6.

5“/1 é% X—\/Bi

| digital
" | back-end

—Dout

+

VBE? VBE1

Figure 2.6: Circuit diagram of the proposed sensor. It consists of the bias circuit (not shown), the
sensing circuit, the ADC and the digital backend and uses the ratio X to determine the temperature

(121, p. 39.).

The ratio X = Vgg;/ AVgg is a non-linear, monotonic function of the temperature for a
current density ratio p = 5 (shown in figure 2.7). This temperature dependency can be
linearised to:

o
a+ X’
and then implemented in the digital backend.

Next to the analog front-end with the biasing and sensing circuits, a 2nd-order Zoom-ADC
is existent. It consists of a coarse 5-bit SAR-ADC and a fine 10-bit AX-ADC. The Zoom-
ADC firstly finds the coarse temperature range which lies between the integers n and n+1.
During the coarse conversion phase a clocked comparator compares the base-emitter volt-
age Vg to integer multiples of AVgg. Five steps are executed in which the SAR-ADC
adjusts the scaling factor until the integer n is found. Afterwards, the fine conversion
zooms into this range and finds the fraction part of the temperature value. A block dia-
gram of the Zoom-ADC is shown in figure 2.8. Every cycle of the fine conversion requires
an integration. The voltages Vgg and AVgg are sampled during the same clock cycle and
integrated the next cycle. Thus, the conversion time can be reduced by half, which in turn
improves the energy efficiency.

p= (2.8)

11
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—

Ve /AVge
N
[o0]

X=
(o))

-55 125
temperature (°C) temperature (°C)

Figure 2.7: Non-linear, monotonic function of X and the linearised function y as a function of the
temperature ([2], p. 40).

The zoom-in phase reduces the complexity of the ADC and the power consumption be-
cause it reduces the resolution requirements on the AY.-ADC. In addition, a second order
Zoom-ADC is employed instead of a first order ADC which was done in previous works.
This approach shows significant improvements in speed and energy conversion.

clk § rsty  clky

Vee bs bs
—:@ > > LF > >

SAR
Logic Vie=(n+1)-AVpge

AVBE VI‘-= n-AVBE

(@ (b)

Figure 2.8: Block diagram of the Zoom-ADC during a) coarse and b) fine conversion [5].
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Chapter

The Parasitic Vertical PNP BJT

3.1 Introduction

Chapter 3 describes the physics and characteristics of bipolar junction transistors. First, a
categorisation of random and systematic errors is given in section 3.2. Afterwards in sec-
tion 3.3, the ideal characteristics of the BJT are described. Hereinafter, the non-idealities
of the I-V-Characteristics are explained in section 3.4 which are causing inaccuracies in the
currents and voltages. In addition to the non-idealities, processing spreads and temperature
dependencies are adding to errors in the temperature reading at the output of the sensor.
In the end, the noise model of the BJT and MOSFET will be briefly explained (section 3.7).

In the literature it is common to use the same sign conventions for PNP as for NPN transis-
tors, also indicated in figure 3.1. This means, the base-emitter voltage of the PNP transistor
is called Vgg and difference voltage AVgE instead of the technically correct terms Vgg and
AVgg. Therefore, Vgg should be read as [Vgg| or Vgg.

3.2 Error Definition

The error sources in a temperature sensor can be distinguished in different categories,
systematic errors, random errors and process errors ([1], p. 55, [9], p. 96).

Systematic errors are predictable and the same for each sensor. It is possible to correct
them by design. An example for a systematic error is the curvature of the Vgg voltage
({11, p. 55

Random errors on the other hand are unpredictable and vary from sensor to sensor but they
are zero on average. These errors are statistical in nature and are present in each sensor. An
example is the mismatch of two transistors that were fabricated under the same nominal
conditions ([1], p. 55, [9], p. 96).

Process errors result from the manufacturing process which conditions can never be kept
precisely the same (temperature, concentration levels, oxide thickness, etc.). Therefore,

13



Chapter 3. The Parasitic Vertical PNP BJT

the nominal properties of a circuit differ from sample to sample ([9], p. 96).

3.3 1Ideal I-V-Characteristics

The collector current, and therefore the collector current base-emitter voltage relation of a
bipolar junction transistor can be written as ([1], p. 16)

Vi
IC:IS-exp<qk;E>. 3.1

The saturation current Ig is given by ([1], p. 16)

qAgn?D, kT Agnifm,
Is = = , (3.2)
WpNq Gp

where q is the elementary charge of an electron, Ag is the emitter area, n; is the intrinsic
carrier concentration, Dj, is the average diffusion constant of holes in the base, Wy is the
base width and Ny is the donor concentration. The product W N, indicates the number of
impurities per unit area of the base, and is also called Gummel number Gg. The effective
hole diffusion constant D), can be expressed as

— kT
D, = G (3.3)

The variable z,, is the effective hole mobility, T is the absolute temperature and k the
Boltzmann constant.
By rearranging equation 3.1, it is thus possible to express the ideal base-emitter voltage as

follows
kT I
Veg = = -In (C> . (3.4)
q Is

3.4 Non-Idealities of the I-V-Characteristics

In practice, non-ideal currents have to be taken into account that affect the accuracy of the
difference voltage AVpg = Vggs — VBE1.

Generation of carriers in the base-collector junction and diffusion of minority electrons
in the collector result in leakage currents. Therefore, the PNP transistors are used in a
diode-connected configuration (figure 3.1), where the base-collector voltage is set to zero,
which reduces the leakage current to negligible levels ([2], p. 20, [1], p. 17).

To account for these differences in the hole concentration the collector current is thus ([1],

p. 17)

1%
Io = Is - exp (qk;E - 1) : (3.5)
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¢ / bias
Ie
+
VBE
I I

Figure 3.1: Diode-connected PNP transistor and the indicated base-emitter voltage drop Ve ([1],
p- 19).

This results in a better approximation of the base-emitter voltage Vpg

kT Io+1
VBE:-ln(C+ S). (3.6)
q Is

Accordingly, the difference voltage AVgg is calculated as follows, by taking the base-
emitter voltages of the two PNP transistors in the sensing circuit (compare figure 2.3)

kT -1 I kT I I
AVBE:VBEQ_VBEQZ‘ln<pC+S> —-ln( c+ S)
q Is q Is

_ kT m<P'Ic+Is Is >_/<T ln(P'Ic+Is)
g Is Ic+1s) ¢ Ic+Is

(3.7)

The term k7T/q is the thermal voltage V, which equals around 26 mV at room temperature.
Even though the voltage seems to have a positive temperature coefficient, it is actually
negative due to the strong temperature dependency of Is ([2], p. 21). This will be explained
in the sections 3.5 and 3.6.

As long as the collector current I¢ is significantly larger than the saturation current Ig it is
possible to say that

kT

This indicates that the collector current should be chosen as high as possible. However,
it cannot be chosen arbitrarily high. Self-heating and a considerable voltage drop across
series resistances are results of a current that is too high. According to ([1], p. 17), the
second reason is that the transistor would enter the high-injection region. In this region the
concentration of the minority carrier is low in comparison to the majority carrier concen-
tration. That means that the logarithm of the collector current In(I¢) becomes proportional
to qVge/(2kT). Figure 3.2 shows this effect and the plotted collector current and current-
gain.
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high-injection
T series resistance
£
BF indep.
IOf lc .
T >
n i
=8 1
In(/s)t” 0 :
0 Vee —> In(lc) —
(a) (b)

Figure 3.2: a) The collector current I¢ and the base current Ig are shown as a function of the base-
emitter voltage Vgg; b) the corresponding forward current-gain g versus the collector current ([1],

p. 18).

Another non-ideality is that the transistor is biased via its emitter node instead of the
collector node which makes it necessary to take the base current into account when de-
termining the base-emitter voltage. Diode-connected substrate PNP transistors have their
base grounded to make sure that the base-collector voltage is zero. That, however, means
that the resulting collector current is smaller than the emitter current ([1], p. 18).

Br
1+ Br
op is the common-base current-gain, and 3 is the common-emitter current-gain, which
is equal to I¢/Ig. The common-base current-gain o is an indicator for how much of the
emitter current flows to the collector. It is ideally one.

IC:IEf.[B:OéF‘IE: IE (39)

3.4.1 Series Resistance

The voltages of the BJT are differing because of resistances in the BJT. The base-emitter
voltage is a sum of the intrinsic base-emitter voltage Vp-g' and the voltages across the base
and emitter resistances, Rg and Rg, respectively ([1], p. 36).

Vg =Vppr +1IgRp + IgpRp

Rp ) (3.10)
Br+1

Ve = Vg + 1Ig (RE+
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3.5 Temperature Dependencies

Combining the base and emitter resistances into a single resistance Rg in series with the
emitter, the base-emitter voltage can be written as follows ([1], p. 36)

kT

Iias
VBE = —In ( b
q

Is

) + Ibias Rs, (.11

where I;,s = Ig and the finite current-gain is ignored. This series resistance affects the
difference voltage AVgg, too

kT
AVpg = e In (p) + Iias (p — 1) Rs. (3.12)

For currents in the range of a few uA or lower, the resulting voltage drop is small enough
to be neglected in comparison to Vgg. But for AVgg it can be significant.

3.4.2 Early Effects

There are two Early effects in the BJT that affect the base-emitter voltage Vg, the forward
and reverse Early effect.

A voltage drop across the base resistance Rg and the collector resistance Rc¢ results in a
non-zero base-collector voltage which in the end affects the effective base width Wy of the
transistor. Thus, it causes the collector current of a BJT to depend on the base-collector
voltage. Typically, this forward Early voltage is quite large (according to [1] around 100
V) which is why this effect is usually negligible ([1], p.38).

The reverse Early effect also has an impact on the base width which changes the collector
current Ic. It introduces a multiplicative error in the base-emitter voltage Vgg. However,
if the temperature sensor uses a ratiometric measurement which is common for smart tem-
perature sensors, then the multiplicative error cancels due to division of the base-emitter
voltages ([1], p. 39).

3.5 Temperature Dependencies

3.5.1 Saturation Current

The base-emitter voltage Vg is affected by the temperature dependency of the satura-
tion current Is. The saturation current has several temperature dependencies as following
equation shows

KT AR (T)i(T)

Is = o) (3.13)

As can be seen, the intrinsic carrier concentration n;, the effective hole mobility 1z, and
the Gummel number Gg are temperature dependent in different ways. Therefore, the sat-
uration current can be written as ([2], p. 20, [1], p. 21)

Is(T) = CT"exp (— q;%) , (3.14)
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where C is a constant, 1 = 4 - n, and Vo is the extrapolated bandgap voltage at 0 K.
Inserting 3.14 into 3.1 results in

Io(T) = CT"exp (‘I(VBE(T) — V9°)> . (3.15)
kT
Rearranging this expression yields:
_ kT Io(T)
VBE(T)—VgO+q'ln( CTn ) . (316)

In figure 3.3 which is taken from [1], the curvature of the base-emitter voltage is figura-
tively depicted. The variable Vg is the extrapolated bandgap voltage without curvature
at T=0K, Vo is the extrapolated bandgap voltage with curvature at T = 0 K and Vgg(T;)
is the base-emitter voltage at a reference temperature of T = 300 K.

VBEo A, VBeo=1.25V
y RN Vo =1.15V
90 } VBe(T;) =0.55V

VBE( Tr) b bl bl

VB —>

0 . .
-273 -85 T, 125
Temperature (°C)—

Figure 3.3: The temperature dependency of the base-emitter voltage Vgg ([1], p. 23).

In [1] it is described that the curvature for a collector current that exhibits PTAT behaviour
can be calculated as follows

c(T)zg-(n—m) <T—TT—T-ln<£)>. (3.17)

Figure 3.4 shows different curvatures for different values of (r) - m). In the Spectre model
of the 90nm process kit used for this work, the variables V4o and 7 are called EG and XTI,
respectively. The bandgap voltage EG = 1.11 V, and XTI = 3. Therefore, the curve for (1) -
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3.5 Temperature Dependencies

m) =2 (for m = 1, because the collector current I¢ is proportional to T') is valid. However,
this should be understood as a rough estimate.

Or
05
A5L// 0 N\ 1
ot NN\
25}

Curvature ¢(T) (mV)

' .50-25 0 25 50 75100125
Temperature (°C)

Figure 3.4: Curvature of Vgg for different values of (r, - m) ([1], p. 23).

3.5.2 Current Gain

The common-base current (equation 3.9) is temperature dependent and can vary signif-
icantly which has to be taken into account when the temperature dependency of Vg is
derived. Taking equation 3.9 and adding the temperature dependence of B

__Br(T)
ap(T) = T+ Br(T)’ (3.18)
where [3r can be written as
T XrB
Br(T) = Bro (TT> : (3.19)

The term By is the nominal current-gain, T; is a reference temperature and Xrp is a tem-
perature exponent found by fitting the equation to measured data ([1], p. 24).
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This temperature dependency of Ic(T) = ap(T)Ig(T) results in an additional term in
Vee(T)

kT ap(T) )
Vi T)=1V, T afF=constan + — 1
BE( ) BE( )| tant p n (OéF(Tr)

XrB
(1+ Bro) (77:) (3.20)

X7
T B
0 (2 )

With the aid of compensation techniques it is possible to reduce the additional term in Vgg
to negligible levels ([1], p. 24).

- VBE (T)|(1F=constant + —- In

3.5.3 Bias Resistor

The bias resistor in the biasing circuit affects the collector current, too. The collector cur-
rent is dependent on the temperature dependency of the bias voltage and the bias resistor.
The collector current can therefore be written as

_ %ias(Tr) z "
Ic(T) = 7Rbias(T) <Tr) , (3.21)

where the bias voltage Vi, is assumed to be proportional to a power of T ([1], p. 42).
This temperature dependency of the bias resistor results in an additional term in Vgg(T)
({11, p. 42):

VBE (T) = VBE (T) |RbiaS:constant

kT (3.22)
— 7[71(1 + arTcRr1 (T — Tr) + aTCRQ(T - TT)2)'

The variables arcr; and arcgry are the first- and second-order temperature coefficients.
The contribution of the second-order coefficient is usually small enough to be ignored.
The first-order coefficient on the other hand can have a quite significant effect on the base-
emitter voltage and its curvature. This effect can have both, negative and positive effects
on the curvature. For negative values of arcgr; the curvature of Vg is reduced. However,
for positive values the curvature is increased ([1], p. 43).

3.6 Processing Spread

3.6.1 Preface

Every chip is subject to processing spread which affects the performance of the devices.
The temperature under which the manufacturing steps are done can vary, or the concen-
tration of elements that is introduced differs from chip to chip ([9], p. 98). Even though
it is attempted to minimise the variations during the fabrication there will always be some
spread, and this spread can be significant. In [9] it is stated that device parameter variations
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3.6 Processing Spread

can occur that are equal to, for example, a change of 100 mV in the threshold voltage V0.
This section describes the processing spread of the saturation current and current gain and
its effect on the base-emitter voltage Vgg.

3.6.2 Saturation current

The saturation current Ig is not only dependent on temperature variations but is also sub-
ject to processing spread. This becomes clear when equation 3.2 is examined, which is
repeated here

kT An?r,
Is = WeN, (3.23)
The base doping Ny depends on tolerances in the manufacturing process. An n-well forms
the base region and its spread can be estimated by using the n-well sheet resistance which
can vary up to 50 %, according to ([1], p. 29). Such variations would result in similar
changes in Ig and variations in Vgg up to 13 mV. Usually however, the spread is much
smaller.
The base width Wy differs from the ideal value because of lithographic errors and varia-
tions in the depth of diffusions. Spreads in the area can result in changes of Vgg of up to
£0.25 mV. The base width is determined by the difference in the depth between the base
and the emitter diffusions. It is typically small to optimise the current gain ([1], p. 30).
The intrinsic carrier concentration n; and 7i,, are both subject to variations due to mechan-
ical stress ([1], p. 30). The mechanical stress will not be further investigated in this thesis.

The spread of the base-emitter voltage Vgg due to the spread in the saturation current Ig
can therefore be expressed as follows ([1], p. 29)

T I
Vip = % In (C)

Is+ Alg
kT IC> kT ( IS)
== In|=)-=in(1+-= (3.24)
q (Is q Als
kT Alg

~ VBE|a1s=0 7 Is
where the approximation In(1 + x) = x for x < 1 is used. For the used process kit gpdk090
this Vg spread results in a change of up to £10 mV over the temperature range of -50 °C
to 125 °C. This is shown in figure 3.5. The dotted line indicates the normal base-emitter
voltage without process spread. The two black lines indicate the process spread for the
worst cases which are retrieved by using corner simulations.

As was already stated, these process variations persist and are random which is why they
cannot be controlled by the circuit designer. It is necessary to expect at least a few mV of
Vg spread. This will result in significant errors in the temperature accuracy of the sensor
which have to be trimmed. The sensitivity analysis is done in chapter 5.6.
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Figure 3.5: Spread of Vg due to processing spread of the saturation current Is for a PNP BJT in
gpdk090nm.

3.6.3 Current Gain

The common-base current gain o (see 3.4) is also subject to processing spread which
results in spread of Vgg. This can written as ([1], p. 31)

Ver = kT -ln <(aF + AaF)IE)
q Is
_*T (aFIE)+H-zn (1+A°‘F) (3.25)
q Is q ap
kT AO[F

~ VBE|Aap=0 + ———
q af

This shows that the spread in the current gain op affects Vpg similarly as the saturation
current Ig. If the current gain was independent of the temperature, it would result in a
PTAT spread in Vgg that could be trimmed out. However, Aog / oF is likely dependent
on the temperature because of the spread in different base-current components. Thus, the
resulting spread is not PTAT and cannot be fully removed by trimming ([1], p. 32).

3.6.4 Bias Resistor

Due to processing spread the nominal value and the temperature dependency of the resistor
will vary. The spread in Vg due to the bias resistor adds directly to the spread as a result
of the spread in the saturation current. The base-emitter voltage can be written as ([1], p.
43)
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kT
VBE = VBE(T)|Rbia5:constant - 7171 <

kg A]%bias
q Rbias '

Rbias + ARbias)

Ryias (3.26)

= Ve (T)|Rbm5:constant -

The resistor value Ry;,5 can be determined by taking the sheet resistance Ry, and the resis-
tor’s length and width:

L

Rbms - Rsh W (327)
It is possible to decrease the spread of the length and width ratio to negligible levels by
making W several times larger than the minimum width ([1], p. 43). This means that the
spread of the bias resistor is only dependent of the sheet resistance which is subject to
spread in the doping and thickness of the resistive layer and other parameters ([1], p. 43).
If the spread ARy;as/Rpigs is temperature independent it would be PTAT. Such a spread can
be trimmed out based on a temperature calibration. However, in practice the temperature
coefficients of resistors depend on the doping level and other parameters. Therefore, it is
not possible to say that the bias resistor spread is PTAT. To be able to trim out the effects
of the spread it is necessary to measure the absolute value of the resistor and determine the
temperature coefficients. ([1], p. 45)

3.7 Noise-Model

3.7.1 Types of Noise

There are various noise sources in electronic circuits. The three most important noise
sources are thermal noise, flicker noise and shot noise.

The thermal noise is related to the random motion of electrons in a conductor. It has a
white spectral density and is directly proportional to the absolute temperature. This type
of noise occurs in all resistors and semiconductors. Thermal noise is always existent above
the absolute zero temperature also when there is no current present. It is therefore unaf-
fected by the bias conditions of the system. This noise imposes fundamental limits on the
dynamic range achievable in electronic circuits. ([9], [10], [11])

Flicker noise is existent in every active device. However, contrary to the thermal noise, it
only occurs if a dc current is flowing. This kind of noise arises because some carriers are
trapped in the semiconductor for some time period and then released. It can be modelled
with a dependency of 1/f, where f is the frequency. This shows that the flicker noise is
most significant at low frequencies. ([9], [10], [11])

Shot noise occurs in pn-junctions and appears because a dc current is not continuous or
smooth but rather a consequence of pulses induced by the flow of individual carriers.
Therefore, it is dependent on the dc bias current and is typically larger than thermal noise.
It can also be modelled as a white noise source. ([9], [11])
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3.7.2 Noise in BJTs

The noise of bipolar transistors is a result of shot noise in the collector and the base cur-
rents, flicker noise of the base current and thermal noise of the base resistance. All noise
sources are independent of each other and can therefore be summed. The mean-square
values of the different noise sources are usually combined in two equivalent noise sources
at the base of the BJT, see figure 3.6. The input voltage noise V;(f) is given by ([9], p.
380)

VA 1
D gy (m i 2gm> , (3.28)

where Af is the bandwidth, k is the Boltzmann constant, T the absolute temperature, ry, is
the base resistance and the g, term is due to the shot noise in the collector current referred
back to the input. The second source is the equivalent input current noise, I; ([9], p. 380)

2 (f) kilg  Ic )

Af M (IB H AT

where q is the electron charge, the term 2qlg is the base current shot noise, the ksl /f
term is the flicker noise (ky is a process dependent parameter), and the I /|3(f)|? term is
the input-referred collector current shot noise which is often ignored.

Typically, the noise in a BJT is dominated by thermal noise due to the series base resis-
tance and shot noise in the base-current junction.

(3.29)

VZ(f)

‘@E (Noiseless)
HOR

Figure 3.6: Noise sources of a BIT ([9], p.379).

3.7.3 Noise in MOSFETSs

The noise in MOSFETs is typically dominated by flicker and thermal noise and is modelled
as a noise-voltage source at the gate of the MOSFET and noise-current source from drain
to source, which can be seen in figure 3.7.

The voltage source at the gate models the flicker noise as follows ([9], p. 380)

V2 (f) _ ky
Af WLC,.f’
where kg is again the process dependent parameter, W is the width, L the length and C

the oxide capacitance of the transistor. The 1/f-noise in MOSFETs typically dominates at
low frequencies and is therefore very important. As equation 3.30 indicates larger devices

(3.30)
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have lower flicker noise, and in addition, the flicker noise in PMOS devices is lower than
in their counterparts, the NMOS.

The thermal noise is due to the resistive channel of the MOSFET in the active region and
can be modelled as ([9], p. 381)

I3 (f)
Af

where v is the white noise parameter and equal to 2/3 for long-channel devices. For short
gate-length devices much higher values are possible.

=4kT~vgm, (3.31)

VE(f)

@k OO

Figure 3.7: Noise sources of a MOSFET ([9], p. 379).

25



Chapter 3. The Parasitic Vertical PNP BJT

26



Chapter

Compensation and Correction
Techniques

4.1 Introduction

Chapter 4 gives insight into advanced circuit techniques to reduce errors introduced by
random and systematic errors that were discussed in chapter 3. Different techniques are
mentioned and explained that address different errors in the system to reduce them to
acceptable levels.

4.2 Compensation for Finite Current Gain

In chapter 3.5.2 it was explained that the error of the current gain affects the base-emitter
voltage Vgg of the PNP transistor. The collector current I of a BJT depends on the
forward current gain B and therefore it might be obvious to control the collector current
in some way instead of the emitter current. However, since the collector node of substrate
PNP transistors is grounded this could only be done indirectly ([1], p. 92).

Therefore, an alternative is employed to reduce the error due to finite current gain. A
resistor is added to the base of the PNP transistor Qg (see figure 5.2) with the higher
current in the bias circuit. Due to the feedback loop the input voltage of the op amp is
zero, and thus ([1], p. 93)

1 R,
\% I iasR = I ias - Vi R . 4.1
BE,QBL T 1p » = mly 15 Br m + VBE,QBR 4.1)

Solving this equation for Iy, results in

Lpsus = 1+ Br VBE.QBR — VBE,QBL _ L+ Br AVpEg

4.2
Br Ry Br Ry 42
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Applying this current to the emitter of the BJT results in a base-emitter voltage of
kT I, Br ) kT AVpE
Vg = —In| — =—In . 4.3
BET (Is Br +1 q RylIs (4-3)

Now the base-emitter voltage is independent of Br. In practice, the base resistance of Qgr,
has to be taken into account because it adds to the resistor Ry/m ([1], p. 94)

4.3 Chopping

The offset at the input of the op amp is a significant source of inaccuracy in the sys-
tem. CMOS amplifiers usually exhibit offset voltages in the mV range which is caused by
transistor mismatch in the input pair of the differential amplifier. This mismatch can be
reduced by using larger transistors but to achieve offset levels in the uV range it is neces-
sary to employ offset cancellation techniques, such as chopping. The chopping technique
is a dynamic process that is able to not only remove the offset of the amplifier but also
1/f-noise, as well as offset drift ([1], p. 175).

The principle of this technique is shown in figures 4.1 and 4.2. The input signal Vj, is
passed through a switch (see figure 4.3), which can be implemented as a transmission
gate, that changes the polarity of the inputs of the differential amplifier. This switch is
driven by a clock signal ¢.,. Because of the periodically switched polarity of the inputs
the signal Vj, is modulated by a square wave. This modulated signal is then passed through
the differential amplifier with the offset V. At the output of the amplifier the input signal
is found at the harmonics of ¢, and the amplified offset voltage is found at DC. A second
chopping demodulates the amplified signal back to DC and modulates the offset to the
harmonics of ¢,. The harmonics are then filtered out by a low-pass filter which leaves the
amplified input signal without the offset ([1], p. 176).

dcn Vos Oen

| _'os, |
+ o+ - - — -
Vin A \_/'_1 \1_2 _\ Vout
- -t LPF— +

Figure 4.1: A chopper amplifier. Containing two chopper switches, the amplifier and a low-pass
filter ([1], p.177).

The duty cycle of the chopping switch control signal needs to be exactly 50 % to average
out the offset voltage.

The residual offset of chopper amplifiers is due to charge injection and clock feed-through
in the chopper switches which results in voltage spikes. If these voltage spikes are at the
input or output of the amplifier they will be demodulated by the second chopper which
appears as an average DC offset. This offset is typically in the range of a few tens of pV.
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Figure 4.2: The voltages Vin, Vos, Vi, V2 and Vo as function of time ([1], p.177).

(11, p- 179)

The residual offset can be reduced by reducing the switching frequency f.; of the chopping
switches. This results in less voltage spikes. However, this is limited by the corner fre-
quency of the flicker noise because if the frequency f;y, is lower than the corner frequency
of the flicker noise it will not be entirely averaged out.

b Bon den

niflws

ez

Figure 4.3: The chopper switch. Taken from ([1], p.177).

4.4 Dynamic Element Matching

Dynamic element matching is a technique to reduce errors due to mismatch. If, for exam-
ple, six current sources are used to generate a bias current ratio of 1:5, where each current
source generates the unit current then the voltage AVgg will have six possible values. This
is due to the mismatch between the current sources. It is possible to average out the error
of the mismatch which results in an error of almost zero. Figure 4.4 shows a possible im-
plementation of dynamic element matching for current sources. It shows that each current
can be directed to the bipolar transistors Q; or Q,. If current I, (where 1 < n < p+1)
flows through Q; and the remaining currents through Q, then the generated difference
voltage AVgg is equal to ([1], p. 60)

kT itn Iz kT
AVpgn=—"In (Z¢> = — -In(p+ Apn). (4.4)
q L, q
The mismatch between the currents I, and the average of the remaining currents is Ap, /

p-
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The average of the p + 1 possible difference voltages AVgg can be computed as follows
({11, p. 60)

+1
1 p

AWEMWZEITE:AWMm» (4.5)
n=1

According to [1] this technique cancels the first-order errors but a second-order error is
still existent. The second-order error can be expressed as

2
|AVBE,avg — AVBE|ap=0| < %ﬂ <Ap> ) (4.6)
q p
where Ap/ p is the worst-case mismatch between the currents. Dynamic element matching
can be easily implemented and reduces errors to levels of a few uV in AVgg.
The same procedure can be employed to reduce mismatch errors in the bipolar transistors.
However, if only two transistors are used with the same emitter area then it is possible
to completely eliminate the mismatch error between the transistors without any additional
switches in series. It is enough if the circuit from figure 4.4 is used. This is due to the
fact that the difference voltage AVgg is the difference between two AVpgg voltages that
are generated by the same current I, flowing through Q; first and then Q,. The resulting
AVgE can be written as ([1], p. 62)

kT
AVBEA,TL — AVBEB,n =2- 7“1(}7 + Apn) (47)

The error is then removed by averaging the p + 1 difference voltages as is done in equation
4.5. It takes 2(p + 1) steps to run through the entire DEM process which results in an
overall average that is free from first-order mismatch errors.

¢H ib ¢@~~ ‘@H

Figure 4.4: Principle of dynamic element matching for current sources to generate an accurate
AVge ([1], p. 61).
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4.5 Curvature Correction

4.5 Curvature Correction

In section 3.5 it was described that the base-emitter voltage is experiencing a curvature
due to the temperature dependency of the collector current, see equations 3.16 and 3.17.
There are many ways to correct the curvature of the base-emitter voltage, therefore, only
a small selection is presented here.

One way of reducing the curvature of Vgg is to use a bias current that is dependent of the
temperature since the saturation current Ig is the reason of the curvature in the first place.
The bias current is proportional to T™, as can be seen in equation 3.17 which leads to the
curvature in Vgg to be proportional to (v} - m). If the bias current is also dependent on the
temperature, for example, as a PTAT/R current then the bias current is proportional to T!,
with m = 1. The outcome is a smaller curvature of the base-emitter voltage ([1], p. 81).

It is possible to make the bias current proportional to m =~ 7. This would cancel the ma-
jority of the curvature. However, this technique is hard to implement in standard CMOS
processes.

In addition, the temperature dependency of the bias current is also dependent of the tem-
perature dependency of the bias resistor Ry;as. Resistors that exhibit a negative first-order
temperature coefficient (TC) reduce the curvature whereas a positive TC increases the cur-
vature. Very high TCs are needed to cancel the second-order curvature, however, resistors
in standard CMOS processes usually do not have such high TCs ([1], p. 82).

Another option to reduce the curvature is to use a temperature dependent gain o that is
applied to AVgg. Often times the value of o depends on the ratio of two resistors. The
two resistors can be chosen such that they exhibit two different TCs. One resistor with a
low TC and another one with a high TC. That makes it possible to achieve a temperature
dependency of a that reduces the curvature of Vgg. ([1], p. 82)

4.6 Trimming

Processing spread can result in considerable errors in the base-emitter voltage Vgg. To
account for these errors trimming techniques can be used to reduce them. To be able to
trim a temperature sensor the temperature error has to be determined. This is done through
calibration of the sensor at one or sometimes more than one calibration temperatures. It is
possible to reduce the temperature error at the calibration temperature to zero ([1], p. 69).
The errors in Vg are due to processing spread and mechanical stress. The processing
spread induces an error that is PTAT which is why this error can be reduced by adding a
PTAT voltage to Vg which results in ([1], p.69)

kT
VBE,trim = VBE + ’Y?, (4.8)

where the PTAT voltage is a multiple of the thermal voltage. The coefficient y is obtained
from the calibration that has to be done beforehand. The calibration data consists of the
output reading D, and the actual temperature. Using these two parameters it is possible to
calculate an ideal ADC output yigea and the actual ADC output u. By computing the error
in the base-emitter voltage Vgg a relation between the actual and the ideal ADC output
can be established which then leads to the coefficient v. ([1], p. 71)
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One way of introducing a PTAT correction to Vg is to add a programmable PTAT voltage
to Vg which can be a difference in AVgg which is scaled by a factor yy. Figure 4.5
shows how this can be implemented. The PNP transistor is biased at a PTAT/R current.
An additional resistor Ry 1S added in series with the emitter of the transistor. Ry 1S
made of the same material as the bias resistor Ry;,s. This results in a PTAT voltage across
the resistor which can be described as follows ([1], p. 71)

kT
VBE,irim = VBE + YW - AVBE bias = VBE + v - 7171(1?) 4.9)

The coefficient vy = Ryim / Rpias and p is the current density ratio. Adjusting the size of
Ryim changes the magnitude of the PTAT voltage which can be achieved by dividing Ryin
in N discrete unit elements and using a multiplexer.

AVBE pias
Rbias o—
Rtrim + o—o|
Rt i —2
+ N x tim
v N
BE,trim ) .
Vee Q3 :
_ — o

Figure 4.5: Voltage domain trimming. A programmable resistor is implemented in series with the
emitter of the PNP transistor. The resistor Ryim can be implemented by N unit elements ([1], p. 71).

A second method of trimming is the current-domain trimming where the emitter-current
density is adjusted. This is shown in figure 4.6. The bias current Iy;,s is changed by factor
v1 and/or by changing the emitter area Ag by a factor y4.

Vi rim = Vi + i (”) (4.10)
q VA

However, the PTAT voltage that is added to the base-emitter voltage is a logarithmic func-
tion which has to be taken into account when determining the coefficients. It is possible
to compose the emitter area Ag of several transistors in parallel. Using switches in series
with the emitter it is possible to switch the transistors on and off. This however leads to an
additional voltage drop across the switches that is added to the base-emitter voltage, there-
fore, large switches would be needed to reduce this effect. An alternative is to compose
the bias current of a number of current sources where the switches are in series with the
high impedance of the current source. This means that their on-resistance can be large and
small switches can be used ([1], p. 72).

Modulated trimming is a method that uses less chip area if high resolution trimming is a
requirement. This process uses a digital modulator to switch the bias current of a PNP
transistor between two values, Ipiis1 and Ipiaso. These two values correspond to the extreme
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¢ ‘%ms

VBE trim

Figure 4.6: Current-domain trimming. On the left side, the programmable emitter area is shown; on
the right hand side is the programmable bias current shown ([1], p. 72).

values of the trimming range. The modulator uses an input vy which is in the range of
0 < v < 1 to generate an output that is in the end passed through a low-pass filter which
results in the average voltage ([1], p. 73)

VeE trim = (1 —vm)VeE1 + YMVBE2 = VBE1L +7M - N <§ng;) . 4.11)
as

In case it is crucial to keep the analog circuitry simple the effect of errors in Vg can
be reduced or cancelled by means of a digital correction. This digital correction, how-
ever, needs a significant amount of chip area but might also be implemented off-chip on
a microcontroller. But the trimming parameter has to be known to be implemented in the
microcontroller. If the effect of a PTAT error in Vgg on the ADC’s output p. is known then
the output can be written as

- a-AVpg , (4.12)

kT
VBE,ideal + E? +a-AVpg

and the ideal output is

- AVBE
VBE.ideal + @ - AVpEg'

Hideal = (4’ 1 3)

The difference between the reciprocal outputs is a temperature independent variable yp
and equal to

kT
Pl
q
-4 4.14
D - AVBE ’ ( )
which leads to the ideal output Wigeal
Hideal = ——. (4.15)
1—=pp
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In the end, the digital temperature reading at the output of the system (see equation 2.7)
should be expressed as

Dowt = A-—H 4 B, (4.16)
1=9pu

where A and B are the already mentioned constants in chapter 2.2.4.
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Chapter

Design of the Temperature Sensor

5.1 Introduction

Chapter 5 describes the design of the analog front-end. It starts by setting specifications
that serve as design guideline in section 5.2. Afterwards, in section 5.3 the structure of
the analog front-end is analysed. Hereinafter, a budget for the system is established by
setting up equations for the sensitivity of the temperature reading at the output to errors in
the analog front-end, section 5.4. This includes a detailed evaluation of each error which
is done in section 5.6. Then the analog front-end design is explained, which deals with
the device dimensioning of the different circuit parts, such as the current-mirror or the op-
amp. In the end in section 5.7.8, the initial design is tested and altered to achieve a better
performance.

5.2 Design Specifications

In chapter 1.1 the requirements for the temperature sensor and the process of finding a
suitable one were presented. The design specifications for the design of the analog front-
end are based on the available performance data of the proposed temperature sensor in
[5]. Table 5.1 shows the performance that is aimed for and should be understood as design
guideline. The sensor should be implemented on-chip in 0.18 yum CMOS technology.
However, only a generic process design kit for 90 nm is available which will be used
instead of a 180 nm process design kit.

The entire proposed temperature sensor draws a current of 3.4 uA with a conversion time
of 5.3 ms, where the entire front-end draws only 2.1 yA. Since only the analog part is being
designed in this thesis the goal is to achieve such a low current for the analog front-end.
The conversion time is 5.3 ms which means part of the conversion time goes to the settling
of the signals in the analog part of the system. As an assumption, 1 ms will be put aside
for the settling. Leaving a comfortable margin means that the settling of the signals should
be done in 500 ps. The chip area is as an initial budget also chosen to be the same as the
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Chapter 5. Design of the Temperature Sensor

one of the proposed sensor, which uses 0.08 mm?.

The accuracy of the analog front-end is just a guideline for the design process. Since it
depends also on the digital part of the sensor, where error corrections are performed to
reduce errors of the analog front-end.

Table 5.1: Design specifications of the analog front-end.

Parameter Specification
Temp. range -55°C-125°C
Supply voltage 2V
Ibias 90 nA
Current consumpt. op amp 630 nA
Total current consumpt. 2.1 A
Accuracy 0.5°C
Resolution 0.1°C
Settling time 500 us
Area 0.08 mm?

5.3 The Analog Front-End

The proposed temperature sensor in [5] consists of the analog front-end and a digital part
that consists of the ADC and the digital-backend. This is shown in figure 5.1.

T e Cex
Y

5/ /

V
[ DEm BE
control

5 ;
QgL Qpr QL Qr ' s
chop : Digital

Doyt <——| Backend

bias circuit bipolar core
off-chip

Figure 5.1: Overview of the entire system of the proposed temeperature sensor [5].

Due to the limited amount of time for this thesis only the analog front-end will be designed,
and therefore, the ADC and the digital back-end are not further explained.

The analog front-end (shown again in figure 5.2) consists of the bias circuit and the bipolar
core. The bias circuit generates the two PTAT voltages Vgg; and Vpg, and the CTAT
voltage AVgg (see figure 2.3). The resulting current Iy, is PTAT in nature and used to bias
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5.3 The Analog Front-End

the PNP transistors of the bipolar core, where the base-emitter and difference voltages,
Vg and AVgg respectively, are applied to the inputs of the succeeding ADC.

A P )

DEM
control
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o

|XﬂV\l|
<
=

bias circuit bipolar core

Figure 5.2: Overview of the analog front-end ([2], p. 61).

The bias circuit is a common way of setting up a bandgap reference circuit and to generate
a PTAT current. The two PNP transistors in the bias circuit have equal emitter areas which
is why a higher current density ratio is used to achieve the two base-emitter voltages Vg
and Vgg,. The op amp in the positive feedback loop forces AVgg across the resistor Ry
which has an accurate PTAT current I, as consequence. The resistor Ry/5 is implemented
to compensate for spread in the forward current-gain (B, see chapter 4.2.

The positive feedback loop of the op amp in open-loop configuration would respond to
negative/positive differential input voltages with an ever-increasing/decreasing output cur-
rent. In the bias circuit the op amp is configured in a negative feedback loop. This is due
to the PMOS current mirror at the output of the op amp which inverts the signal resulting
in a stabilised circuit. For proper operation, a start-up circuit is needed for the bias circuit
because it has two stable operating points. The first stable point is a so-called ”degener-
ate” bias point where all the transistors carry zero current even though the supply voltage
is turned on. The feedback loop is able to support a zero current state in both branches.
The second stable point is the bias point. The start-up circuit will be explained later in
section 5.7.6.

The inputs and the output of the op amp are chopped to reduce the input offset voltage, as
described in chapter 4.3.

The op amp is using an adaptive self-biasing layout which is shown in figure 5.3. Its input
stage consists of a common differential input stage (Ms:Mg) with NMOS loads (M;:M>).
The small-signal differential gain can be obtained by using the half-circuit analysis ap-
proach of the differential stage which results in ([10], p. 123)

ml

1
A’Ul = —gm5 " (g|rd85||rdsl> 5 (51)

Where gy, > is the transconductance of the transistors and rys the source-drain impedance.
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Since the NMOS loads are diode-connected and typically it is assumed that rqg >> gp, the
voltage gain can be approximated as

Ay o I8 _ _9m6 (5.2)
9m1 Im2

| e

/ 51y : .
Rb T [] :

Ry, o .

2 chop | :

5 p . n

QBL QBR : :
- ' .

Figure 5.3: Proposed circuit of the adaptive self-biasing operational amplifier. Taken from ([2], p.
63).

The second stage of the op amp consists of the transistor M3 that converts the voltage out-
put of the first stage into a current which is fed back to the differential pair via the current
mirror Mo:M;;. The transistor M; forms a voltage follower with the diode-connected
transistor Mg. The branch consisting of M4:Mg:My is therefore a replica circuit to make
sure that the drain-source voltage of M3 is equal to M; . This is due to the fact that the
diode-connected transistor My has the same drain current and the same size as M , result-
ing in the same drain-source voltage V4. M7 and Mg are assumed to be equal apart from
their width to length ratio. The gate voltage of M7 and Mg is the same which results in the
same source voltage, and thus the same drain-source voltage for M3 as that of M ».

The branch consisting of M3:M7:M | can be analysed as a cascode stage with active PMOS
load. The voltage gain can be written as

Av2 = _Gm : Routv (53)

where Gy, is the overall transconductance of the branch. The overall transconductance Gy,
can be approximated as G,,, = g3 ([10], p. 86). The ouput resistance of the circuit can
be found to be

Rout = ([1 + (gm77das7)]rass + ras7) || 10, 5.4

where the first part is derived from a common-source stage (My) with a degeneration
resistor equal to rge; in parallel with the output impedance of Myg. The PMOS My is
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diode-connected which allows to approximate the output impedance as rjg = 1/gn10. Us-
ing equation 5.3 and inserting G, and Ry results in

Ay = —9m3 - (([1 + (gm77‘ds7)}7‘ds3 + Tds?) H TlO)

1 (5.5)
),

where it can be assumed that gn7r47 > 1 and gn714s77ds3 => 14s7. This results in

Ava = —gm3 - (([1 + (gm7rast)|Tass + ras7) ||
m10

1
AU2 = —3gm3 (g7rz7rds7rds3 || )
g m10 (5.6)
AU2 ~ _ m3 )
9gm10

The replica branch consisting of M4:Mg:Mjy is found to have no significant influence on
the gain of the amplifier as it is just there to ensure the independence of the current from
mismatch between the drain-source voltages of M, and M3. Therefore, the total voltage
gain of the amplifier can be approximated as

Av,tot ~ Avl . Av2 = @ . M (57)
9m1  9mio
The main loop of the bias circuit consists of the transistor M3, the bias resistor Ry, the
BJT QgL and the positive input of the op amp. The loop-gain Aj,, can be expressed as

Aloop = A’U,M13 ' Av,opampa (58)

where Ay3 is the gain of the common-source stage M3 and Ay gpamp the total op amp
gain (equation 5.7). Noticing that the transconductance g3 = 4gm; and gm0 = 48m13
means that the transconductances cancel each other. Inserting the two gain expression
yields the final loop-gain Ajgp

g 9ms3
Aloop = —9gm13 - Rous - Zme , 2w

gm1  gm10

g 4g
Aloop = —9mi13 - Rout L ml

9Im1 4g7n13
Aloop = —9ms5 * Rout 5.9)
Aloop = —9m5 * (rdsli‘)”(Rb + )

9mQBL
1

Aloop ~ —0ms5 * (Rb +

ImQBL
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5.4 Sensitivity Analysis

As explained in Chapter 2.2.4 the final digital output of a BJT-based temperature sensor
can be written as [1]

Doy =A-pu+ B. (5.10)
Where A =~ 600 K, B =~ -273 K and

_ Vprar  «a-AVpg

= = . 5.11
VrEF Vee +a- AVgg 1D

As can be seen from these equations, the output D,,,; depends on the three variables Vg,
AVpg and «a. Therefore, the temperature error at the output can be calculated using these
values which results in the sensitivity equations 5.12, 5.13 and 5.14. These equations in-
dicate how much the output Dy, reacts to changes of the aforementioned variables.

The sensitivity equations are calculated by using the equations 5.10 and 5.11 and by dif-
ferentiating D,,; to Vg, AV and a. The sensitivity equations are therefore ([1], p.
55)

- AVBE

0(A- B
SDC,M (T) — aDout _ ( VBE + - AVBE + )
Ver VeEe oVBE (5.12)
__A-Q~AVBE__A-M__ T
Vigr VREF Vrer’
Oé'AVBE
0(A - B
SDO“t (T) = 8D0Ut _ VBE —+ « - AVBE + ) _ A Qe VBE
AVse DINGY PINGY Vipr
. AVBE
Ao (1l - ——— 5.13
:A‘O"(VREF—OZ'AVBE) _ o VrEF : 613
VI%EF VI%EF
_ A-T N
VREF
« - AVBE
(A - B
SDout (T) _ aDout _ VBE + - AVBE + )
@ 156" oo
:A-AVBE~VBE:A'VBE'/,L: T'VBE (514)
Vier a-VRer a-VREF
_ T Vrgr—a-AVgg T T
o « VREF - (0% A ’

The approximation u ~ T/A was used to simplify the equations which originates in

Dout - B -Dout - 27300 _ Tout T
TR 1 ==~ (5.15)
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From these equations it can be seen that the sensitivities in Vgg and AVgg are PTAT
and CTAT, respectively. Figure 5.4 shows the sensitivities over a temperature range from
-55 °C to +125 °C. In this graph the sensitivity S £€/ng (T) is divided by o, that is the
sensitivity to errors in o - AVgg. It clearly shows the already mentioned PTAT and CTAT
characteristics. The worst-case for a 1 mV error in Vg is at 125 °C with an error of 0.32
°C, whereas the worst-case error of 0.33 °C in AVgg is at -55 °C for a 1 mV error. For o
the worst-case error of 1.5 °C is at room temperature for an error of 1 % in o ([1], p. 56).
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Figure 5.4: Sensitivities of the digital output Doy to errors in Vgg, o - AVpg and relative errors in
o ([11, p. 56.)
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5.5 Determination of the Bias Current

In chapter 3.4 it was explained that the bias current of the PNP transistors cannot be chosen
arbitrarily high (see figure 3.2). To determine the current range that results in an almost
constant forward current-gain (g, a diode-connected PNP transistor (figure 3.1) of the used
process kit was biased with an emitter current that was swept from 1 pA up to 100 mA.
The resulting B versus the collector current I¢ is shown in figure 5.5. It can be seen that
the current-gain stays almost constant for a current range between 20 nA up to 15 pA.
Therefore, it is possible to choose a bias current for the PNP transistors of Iy;,s = Ic = 90
nA (Slpips = 450 nA) which results in a B ~ 2.6.
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Figure 5.5: F

5.6 Error Budgeting

The voltages Vgg and AVgg show various non-idealities, as was explained in chapter 3.4.
The total error at the output of the temperature sensor will be the accumulation of all errors
in the analog front-end as well as the readout circuit. This means that a fraction of the total
error has to be allocated to each error source that exists in the circuitry. This is done by
using the sensitivity analysis equations and calculating the maximum error in Vgg, AVgg
and o based on a given error contribution AT at the output of the sensor system.

For the budgeting of this sensor an error contribution of AT = 0.1 °C was chosen for each
error source. Since the scaling factor a is not implemented in the analog front-end but in
the digital part, there will be no error budget for it.

In the end, the budget will be presented in table 5.2 and serves as design guideline in
addition to the design specifications in table 5.1.
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5.6.1 Igand Ry, Errors

Errors, such as processing spread, temperature dependencies or other non-idealities, in the
saturation current Ig and the biasing resistor Ry, affect the base-emitter voltage Vg, as
described in chapter 3.5 and 3.6. It is either possible to calculate the combined error of
both (Is and Ry;,) or the individual error in Vgg of the saturation current and the bias
resistor by using the maximum relative errors due to processing spread.

The combined error can be written as ([1], p. 57)

kT
VeE — VBE,ideal = (VBE) = e In(l1+e), (5.16)
T
q

where 8(Vgg) is the absolute error in Vg and ¢ is the relative error in the saturation cur-
rent Ig and/or the bias resistor Ry,.

To be able to calculate the temperature reading error at the output of the sensor the sensi-
tivity equation 5.12 has to be multiplied with the error in Vg ([1], p. 57).

e=AT = SP(T) - §(VgE) (5.18)

If an error contribution of AT = 0.1 °C is to be achieved at the output then the combined
relative error € in Is and Ry, has to be smaller than

AT -Vger-q\ _
E(Dout) < <TQk' = 0871 % (519)
The individual error of the resistance process spread is (based on equation 3.26)
kT AR
VeE — VBE,ideal = 0(VBE,AR,) = v In (1 + Rbb) ) (5.20)

The maximum error in Vg due to the resistor spread can be calculated at the top of the
temperature range (T ~ 400 K) as follows

1.38-10728 L . 400 K +4.82 mV
§(VBp,aR,) = 1.602 - 101519 C Hin (115 %) = ( —5.6 mV) - 62D

From equation 5.21 it can be seen that the worst-case error of the resistor spread at the top
of the temperature range results in several mV error in Vgg. By using equation 5.12 and
5.21 the temperature error at the output of the sensor can be calculated as

S(Dout) = S\[/)};:; (T) '§(VBE,AR5) = -

T (+4.82mV ~1.61°C
( —5.6mV ) (+1.87 Oc) (522)

In addition, the spread of the saturation current Ig adds to the error of the bias resistor.
Based on corner simulations of a diode-connected PNP transistor it was found that the

VREF
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voltage Vg varies around 10 mV for the used process kit (see chapter 3.6). The resulting
error in Vgg is then

T
e(Dout) = Sp2(T) - 6(Vppars) = g +10mV = +3.33°C.  (5.23)

The individual errors of Is and Ry, show that these errors are very large in the worst case.
An error contribution of € = 0.874 % is therefore not likely to be achieved without trim-
ming the PTAT errors in Vgg.

5.6.2 Mismatch Errors

Two PNP transistors with the same emitter-area are operated at a specific current-density
ratio p to generate an accurate PTAT voltage AVgg. Therefore, the ideal difference voltage
AVgg is ([11, p.58)

T

Mismatch between the current sources that generate the current density ratio p affects
AVgE as follows ([1], p. 59)

kT kT A
AVpg = 7[71(1) + Ap) = v {ln(p) +lIn (1 + pp)} . (5.25)
The absolute error 3(AVgg) can then be written as

T A
§(AVpg) = LI (1 n p) . (5.26)

q p

kT A

§(AVgE) ~ o ?p. (5.27)

As was done before, the sensitivity of the sensor output D, to changes in AVgg is multi-
plied by the absolute error to calculate the temperature error at the output. This means that
equation 5.13 and 5.27 are used as follows

A-T kKT Ap
. a - —_— e —,

VreF q

This equation has its maximum around the middle of the temperature range (T ~ 300 K)

because the sensitivity 5.13 is CTAT whereas the error 5.27 is PTAT. The scaling factor o

can be determined by using equation 2.5 which results in o = 14.43.

The equation 5.28 can be rearranged to calculate the maximum relative error to achieve a

temperature error contribution of AT =0.1 °C

€(Dout) = SNyt (T) - 6(AVpg) = (5.28)

Ap AT~VREF~q 0.100'1.2V'q

p S(A-T)-a kT (600K —300K) 1443-k-300 K

To achieve such a low temperature error contribution due to mismatch in the current
sources of the bipolar core, dynamic element matching (DEM) is needed.

=0.107 %. (5.29)
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5.6.3 Bias Circuit Errors

The bias circuit proposed by Souri, Chae and Makinwa ([5]) uses a common approach for
the analog front-end. It consists of the bias circuit with an op amp in a feedback loop to
ensure that the difference voltage AVgg is generated across the bias resistor Ry, ([5], [1],
p- 66). The circuit will have inherent errors that will affect the generated Vgg voltage such
that it will deviate from its ideal value. The most important errors are ([1], p. 67)

e offset Vos (= 8(AVgE)) of the op amp,
. Ap . .
e Inaccuracy — 1n the current mirror,
p

o finite open-loop gain Agy.

The offset of the op amp adds directly to AVgg which results in an error in Vgg. Therefore,
the voltage Vg can be written as ([1], p. 67)

kT
Ve =—"1In (AVBE + 6(AVBE))
1 Ry -Is (5.30)
= k—T . {ln (AVBE> +In (1 + 6(AVBE)>} |

q Rb . IS AVBE .
The error in Vgg is then, using the simplification of in(1 4+ z) =«
for 5(AVpEg) << AVpg

kT O(AV, kT 6(AV] O(AV]

§(Vag) = — - % = k(T BE) _ (m(;’)E) (5.31)
BE ? “In(p)

To determine the maximum offset 5(AVgg) for a given error contribution equations 5.12
and 5.31 are used.

T 3(AVpE)
8(Dout) = Siyov(T) - 6(Veg) = — : 5.32
(Doue) = SP22 (1) - 8(Vipw) =~ - 20 (532
Rearranging equation 5.32 the maximum error in AVgg can be found as follows
0(Doyt) - Vi -1
5(AVgg) < 2Pout)  Vepr - In(p) (5.33)

T

Setting 8(Dgy) = 0.1 °C, Vgygr = 1.2V, p = 5 and the temperature T ~ 400 K to get the
smallest error then

(AVpE) < £483 uV. (5.34)

This offset might be possibly achievable by precision layout but to reduce the offset chop-
ping can be used.
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The inaccuracy in the current-mirror ratio adds also directly to AVgg. This means that
AVgE can be written as ([1], p.67)

KT kT KT A
AVis = = . In(p+ Ap) = °= - In(p) + = . 2P, (5.35)
q q q p
KT A
5(AVpp) =~ - 71". (5.36)

AVgg is affecting Vgg in the same way as the offset voltage. Therefore, it is possible to
use equation 5.32 and insert equation 5.36 ([1], p.67).

T §(AVpg)

8(Dout) = Syev(T) - 6(Veg) = — : 5.37
( t) VBE ( ) ( BE) VeEF ln(p) ( )
Again, rearranging the equation leads to the following:
A 0(Dout) -1 -V .
op < (Dout) - In(p) - Vrer a (5.38)

D k-T2

The same values are used as they were used for equation 5.34 which results in a maximum
inaccuracy for the current-mirror ratio:

A
?p <+14% (5.39)

This or even tighter requirements, for example an error contribution of AT =0.01 °C, lead
to the fact that DEM is needed, as was already said earlier.

According to [1] and [10], the needed open-loop gain can be computed to be

Vop—Vgs 2V —-06V
Aor > = ~ 3000 ~ 69 dB. 5.40
oL Voo 483 jV (5.40)
The gate-source voltage Vgs is set to 600 mV because the overdrive voltage for the current

mirror will be set to 200 mV, this will be explained later.

5.6.4 Noise Budget

The overall noise in the system to achieve a temperature error of AT = 0.1 °C can be
computed as follows, using the sensitivity equations 5.12 and 5.13

e(Dout) = AT = S72% vy vy, (5.41)
and
e(Dout) = AT = SR+ Vn AV (5.42)
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Rearranging both equations 5.41 and 5.42 yields the maximum noise voltage for Vgg and

e(Doyt)  +0.1°C-12V
SDour 400 K
VBE

=300 uV, (5.43)

Un,Vee

and for AVBE

£(Dout) £0.1°C-12V
) - _ = 27.73 V. 5.44
VAV §Pp (600 K — 300 K) - 14.43 8 A4

In chapter 3.7, the theory of noise in BJTs and MOSFETs was described. The resolution
of the circuit is mostly limited by the noise present in the voltages Vgg and AVgg. This
noise is partly due to thermal noise and shot noise in the diode-connected PNP transistors
base resistance and collector current ([2], p. 27). Therefore, the noise can be written as

i . ET\?
U7217VBE = ;C +4kTRpB, = 2qlc B, (q[) + 4kTRpB,,
C
" 5.45
kT (5:45)
= 20 B, + 4kTRpB,,.

According to [2] the 1/f-noise can be neglected because it is relatively small in BJTs. In
addition, the noise due to the base resistance is also negligible because small bias currents
are used (in the range of A or smaller) which results in the 1/gy-related noise being the
dominating noise in the base-emitter voltage Vgg. In [2] it is also assumed that the noise
in the bias current is dominated by shot noise and adds to the overall noise in base-emitter
voltage. Therefore, the Vgg voltage can be written as

WT 21, ART
N gk—Bn T LY L (5.46)

m m gm

Un,Veg

The difference voltage AVgg is a combination of two Vgg voltages. This means that the
noise present in AVgg is the sum of the noise of two PNP transistors ([2], p. 27).

v?%AVBE = U72L7VBE1 + ,UEMVBEQ = 4k7TBn . (1 * 1> o4
9m p
The succeeding AX-ADC integrates the voltages Vg and AVpgg, and thus also the noise
present in these voltages, during a period T.o,y Which is the conversion time. The in-
tegration is equivalent to filtering the noise with a sinc filter with a noise bandwidth
B, = 1/(2 Teony)- According to [2] the integrated noise voltages can be written as

2kT 1
U"aVBE = T . T y (548)
2kT 1 1
UnAVer =T (1 * p)' (549)
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Taking equations 5.48 and 5.49 and multiply them with the sensitivity equations 5.12 and
5.13, respectively, results in the noise at the output of the sensor.

T 2T 1
VREF 9Im Tconv

T Vs = S0 (T) - Un, vy = (5.50)

A-T 2%T 1 1
or.aves = Sapt (T) - vn avy, = Voo N o T (1 + p). (5.51)

Based on the simulated forward-current gain g versus the collector current I¢ a current
is chosen to bias the BJTs (see chapter 3.4). If a current Ic = 450 nA (Slyias) is chosen
then the noise contribution can be calculated. The transconductance of the BJT can be
computed as shown in equation 5.52. For o7 Av,,, the transconductance of the BJT with
the lower bias current is used.

_ e
kT
Taking the equations 5.50 and 5.51 and filling in all the parameters with tightest tempera-
ture requirements and a conversion time of T,y = 5 ms leads to the following

gm (5.52)

~ 0.137 mK, (5.53)

0T, Ve =

400 K [2k-400 K1
1.2V 13.06 ni  5ms

600 I — 300 K %300 K 1 1
_ R I N 14432 (142
TTAVeE 12V \/ 1741 pA 5 ms ( + 5) (5.54)

~ 2.73 mK.

The results show that first of all the noise in the difference voltage AVgg is much larger
than the noise in Vg and that the output-referred noise of the BJTs is negligible. Usually,
the readout circuitry and the quantization noise are the dominating noise sources ([1], p.
165).
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5.7 Analog Front-End Design

5.6.5 Budget Summary

The previous sections were setting the budget for the analog front-end that should be met
to fulfil the requirements set in section 5.2. Table 5.2 lists the budget for the circuit which
also serves as design guideline.

Table 5.2: Design specifications of the analog front-end.

Parameter Budget
Is and Ry, errors < 0.87 %
Input offset voltage +483 uVvV
Current density ratio bias circuit <14 %
Current density ratio bipolar core < 0.107 %
AoL > 69 dB
Noise Vgg <300 pv
Noise AVgg < 27.73 uV

5.7 Analog Front-End Design

5.7.1 Introduction

After the budgeting of the system is done the sizing of the transistors is the next step.
The sizing of the transistors is more or less an estimate. Thus, it might include several
iterations combined with simulation to achieve the final device dimensions.

First, the sizing of the bias resistor will be explained and then the current mirror of the bias
circuit will be sized. Afterwards, the design of the op amp will be explained. Thereafter,
the design of the chopper and the DEM, as well as the start-up circuit will be explained.
In the end, the test of the design and changes are briefly described.

5.7.2 PNP Transistors and Bias Resistor

The PNP transistors that are used in the proposed design of [5] have an emitter area of
5 um x 5 ym. The same PNP transistors are available in the 90 nm process kit and are
therefore used.

The bias resistor will be made out of p-poly resistors without silicide to achieve high sheet
resistances. In section 5.5 the bias current was determined at which the forward current
gain of the PNP transistors is almost constant. The value was set to Iy;,s = 90 nA. Thus,
the value of the bias resistor can be calculated using the equation 4.2 by rearranging it
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R — AVpg f+1
b Ibia,s 6

kT
— -In(p)

R, = -1 s (5.55)

Ibias ﬁ
k300 K
) 9641
Rpiqs = —2 Lz — 639880 Q ~ 640 kQ.

90-10-2 A 2.6
The final value was set to

Ryins = 643 kQ, (5.56)

to adjust the bias current to be closer to 90 nA. As can be seen, the bias resistor is quite
large this will result in large structures on the chip. However, if ultra-low power consump-
tion is crucial then this trade-off is necessary.

5.7.3 Current Mirror

The bias current of the bias circuit is set by the bias resistor to Ip,s = 90 nA. The MOS-
FETs are supposed to work in saturation region, therefore the drain-source voltage Vs
needs to be larger than the overdrive voltage V. In addition, the gate-source voltage Vsg
(positive polarity for PMOS) needs to be larger than the threshold voltage V. Further, the
transistors are supposed to be biased in strong inversion. Therefore, an overdrive voltage
of Vo, = 130 mV is chosen.

Using square-law models for estimation it is possible to calculate a ratio of the dimensions
of the transistor ([9], p. 41)

2Ibi()f,:;
Voo =Vsa = |Vip| =\ | ——77+ 5.57
ov SG ‘ tp| lffpco:z:W/L, ( )

where y,Coy is the product of the carrier mobility and the oxide capacitance. Rearranging
the equation leads to the ratio of the width and length W/L

w o 2Ibias
L V3 ipCo
The value of u,Cox was found using the simulator and biasing a PMOS transistor at bias

point with V,, = 130 mV and a W/L-ratio of 5 um / 5 um. The value betaeff in Cadence
is defined as

(5.58)

w

betaef f = ppCos - T

To make sure that it only depends on u,Cox the W/L-ratio was set to 1 with a length L
larger than 1 ym because the transistors are likely to have a long gate due to the small

current.

(5.59)
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It was found to be

A
betaef f = 122.14 NW. (5.60)

Inserting 5.60, Vo, = 130 mV and the bias current Iy, into equation 5.58 yields

w 2.90-107% 4
— = = 0.0872. 5.61
L 0.132 V2-122.14 pA/V? 0.087 ( )
Through simulation it was found that the ratio is closer to
w
T = 0.1081. (5.62)

In equation 5.39 the maximum mismatch for the current mirror was calculated and found
to be Ap/p = 1.4 %. This mismatch requirement is used to determine the necessary area
WL of the transistors. It is possible to calculate matching of MOS transistors using the
following equation to define the mismatch in the threshold voltage [12]

A2
o?(Vyo) = V[‘/’fLO + 870 D2, (5.63)
where o2 is the standard deviation of the threshold voltage Vo, Ave? is a process de-
pendent constant, WL the area, Sy> a process dependent constant and D? the distance
between two devices. If the devices are closely spaced the right part of the equation is
negligible. The same can be written for the betaeff from equation 5.60, which will be
called K [12]

o*(K) A% 2 M2

KZ WL + S D= (5.64)
The process constants Ay> and Ag? are not available for the 90 nm gpdk used for this
thesis. Therefore, values of a 180 nm process were used instead to get an initial estimate.
The constant for threshold voltage is assumed to be Avi? =20 mV2pm2, and for the K
parameter for PMOS Ag? = 0.5711 %*um?.
Using both standard deviation equations 5.63 and 5.64, it is possible to calculate the rela-
tive error in Ip for two transistors with the same Vgg [13]

(U(A]D)>2 _ (gm)2 oAy + CAK)

Ip Ip K?
LT ; 5 - (5.65)
[ () oo
WL I Vto ID K_
Rearranging the equation yields
1 [ 2 ]
WL=——_.|42, (gm> + A% (5.66)

(e
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Inserting all parameters where

<°'<A—’D>>2 _ (AP)Q — (0.014)2, (5.67)

Ip P
and s
2Ip
m = ) 5.68
I Ve 68
yields the area WL of the PMOS current mirror devices:
WL =24.318 pm?. (5.69)

To make sure that 99.7 % (30) of the devices are matching the area has to be tripled which
results in

WL =72.954 im?. (5.70)

With the ratio W/L = 0.11 and the area WL = 72.954 ym? the initial dimensions of the
current mirror devices are calculated to be

L=26um

5.71
W = 2.8 um. ©7D

These device dimensions are used as unit size for the current mirror devices. Table 5.3
shows the sizes for the initial design of the two current mirror devices. The width of M3
is multiplied by 5 to achieve the right current ratio. In Cadence, this is implemented by
using the multiplier function of the device which puts 5 devices in parallel. For the final
device sizes it was decided to use the maximum length of one device and adjust the width
accordingly to leave some margin.

Table 5.3: Aspect ratios of the current mirror devices M;> and M;3.

Device | Width [um] | Length [um]
M, 32 30
Mi; 5-32 30

5.7.4 Operational Amplifier

The gain expression of the operational amplifier was already mentioned in section 5.3. The
sizing of the devices is based on the gain expression but also on the overall requirements,
especially the current consumption. Therefore, as shown in figure 5.3, the input differen-
tial pair is biased with Iy = 90 nA which is why My is twice the size of M;3. The same
applies to M and My.

The differential input pair was sized in such a way that the overdrive voltage V,,, equals
100 mV. This means that the transistors are biased in saturation region and barely in strong
inversion. This way the transconductance gy, of the transistors is still quite high and the
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transistor behaves according to the square-law model, which makes matching easier. How-
ever, matching is not as important for the input pair as for the current mirror because chop-
ping is used (see chapter 4.3).

Since the matching is not too important due to chopping it was decided to aim for an offset
voltage of the input pair in the range of 1 mV. Using the mismatch equation for differential
input pairs according to [9]

1
2 _ .
0°(Vos) = 7 . (5.72)

m

2 In\* .
Avi+ | — | Ak

The values for the all parameters are the same as were used for equation 5.65. Setting the
offset voltage for a variance of 30 to 1 mV yields an area of

WL = 24.46 um?. (5.73)

This results in a width and a length of W = 1.9 ym and L = 12.77 ym. The initial dimen-
sions are chosen slightly larger to leave some margin and can be found in table 5.4.

The NMOS loads of the differential pair are also sized to be in saturation region and strong
inversion. An overdrive voltage of 130 mV, the same as for the current mirror, was chosen.
As was done for the PMOS transistors, the value of u,Cox was found by simulating an
NMOS transistor in saturation with the overdrive voltage of 130 mV and an aspect ratio of
W/L =5pm/5 pm. It was found to be

A
betaef f = 211.87 MW. (5.74)
Using equation 5.58 an estimate of the aspect ratio is found

%% 2-90-107°2 A
— = = 0.05027. 5.75
L 0.132V2.211.87 pA/Vv?2 (5-75)

By using the simulator and iterating the more accurate aspect ratio was found to be

% = (0.05769. (5.76)

The NMOS devices of the op amp are biased with the same drain current Ip, which means
that the gate-source voltage of the devices varies. To achieve high matching of the NMOS
devices in the op amp the maximum length for a single device was chosen. This is limited
by Cadence to L = 30 ym. Accordingly, the width can be calculated with equation 5.76.
The width and length result in an area of WL = 51.921 pm?.

The variance of the gate-source voltage can be calculated as follows ([14], p. 102.)

In\°> o%(AK)
2 _ D 2
o (Ves) = <9m> K2 Fren 5.77)
1 Ip\? '
= | Ave (QZ) + Ak
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Inserting the area WL = 51.921 pm?, the process constants Ayg? = 20 mV2um? and Ax>
= (0.865 %pm)z, as well as the bias current Ip = 90 nA and gy, as in equation 5.68, in the
above equation yields a variance of

0?(Vgs) = 1.43 pVv?

O'(Vgs) =12mV. (5-78)

The initial values that were chosen for the devices of the operational amplifier are listed in
table 5.4. Again, the multiplication means that there are n devices in parallel.

Table 5.4: Aspect ratios of the operational amplifier devices.

Device | Width [um] | Length [um]
M, 1.75 30
M, 1.75 30
M; 4-1.75 30
My 1.75 30
M5 2 13
Mg 2 13
M; 4-1.75 30
Mg 1.75 30
My 32 30
Mg 4.32 30
My 2-32 30

5.7.5 Chopping Circuit

The chopping of the amplifier was designed as explained in chapter 4.3. The switches
are designed as transmission gates (figure 5.6a) made out of one PMOS and one NMOS
transistor for each switch. This is done because PMOS transistors can pass higher volt-
ages better and NMOS transistors lower voltages which ensures that signals in a range
from close to ground to supply voltage can be passed. Signals between the supply rail and
ground are passed the worst because the on resistance r,, of the transistors is the highest.
However, these switches are only passing a very small current which is due to dynamic ef-
fects of charging gate-source capacitances. The charge stored on the parasitic capacitances
is the reason for voltage spikes during the switching [15]. To keep the parasitics low and
since the speed of the transmission gates does not have to be very high, the switches are
designed with minimum size of W = 150 nm and L = 280 nm.
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(b) Inverter in Cadence.

(a) Transmission gate in Cadence.

Figure 5.6: Transmission gate and inverter in Cadence

The clock signal for the chopping switches has to be also inverted which requires an in-
verter circuit, which can be seen in figure 5.6b. The clock inverter circuit consists of three
inverters and one transmission gate. This setup is due to the fact that one inverter has an
inherent delay for passing voltages. To account for this delay an always on transmission
gate is included in the inverting branch. The non-inverting branch consists of two invert-
ers. The circuit schematic can be seen in B.6. All transistors are minimum sized. Table
5.5 lists the device dimensions.

Table 5.5: Aspect ratios of the switch devices.

Device | Width [um] | Length [um]
PMOS 0.15 0.28
NMOS 0.15 0.28

5.7.6 Start-up Circuit

A bandgap reference circuit has two stable bias points. The bias point the circuit is de-
signed for and a so-called ”degenerate” bias point ([10], p. 512). The degenerate bias point
occurs when there is no current flowing through the branches of the bias circuit. To get the
circuit out of the zero-current state it is necessary to force some current into one branch
so that the op amp in feedback configuration starts to regulate the voltage difference at
its inputs. This leads to the start up of the circuit until it is settled at the bias point it is
designed for.

The start-up circuit for this bias circuit can be seen in figure 5.7. It consists of three tran-
sistors and a start-up resistance. The transistor Mg is always on even though there is
no current flowing. It acts as cascode transistor for M4. If there is no current flowing
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Figure 5.7: Start-up circuit in Cadence.

through M4 then no current is flowing through M16 either which pulls down the voltage
at the gate of M;s. M;s is connected to the node V,, which is the output of the op amp
and the gate voltage of the PMOS current mirrors. Once the voltage V,, is pulled down
by M5 the current mirrors start conducting which forces a current to flow. When the cur-
rent that is flowing through transistor Mg is increasing the voltage at the gate of M5 will
rise which turns it off. Therefore, the start-up circuit is not connected to the bias circuit
anymore. However, this circuit draws steady-current which is limited by the start-up resis-
tance. Since the steady-current should be as small as possible this variant of the start-up
circuit relies on a very large resistance in the range of megaohms (M(Q).

The transistor M4 is a current mirror, and therefore sized as the other current mirrors, as
described in 5.7.3. Transistor M5 should be sized such that the current flowing through it
is as small as possible which leads to long and narrow transistor. Its size was chosen with
minimum width W = 150 nm and a length of L = 20 um. The size of transistor M was
also chosen to be a long and narrow transistor as well, and therefore it has the same size,
W =150 nm and L = 20 um. The sizes are summarised in table 5.6. The start-up resistance
is 50 MS2. Because of the size of the resistance it was decided to use an ideal resistor.

Table 5.6: Aspect ratios of the start-up circuit devices.

Device | Width [um] | Length [um]
My, 32 30
M;is 0.15 20
Mie 0.15 20
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5.7.7 Dynamic Element Matching

The dynamic element matching consists of switches and a controller which periodically
switches the current mirrors in the bipolar core. However, only the switches are imple-
mented in this thesis. To generate the control signals of the switches, voltage sources are
used that generate pulses for the switches. The switches are using the same transmission
gates as the chopping switches (see 5.6a). The dimensions are listed in table 5.5. The
frequency of the switching was chosen to be six times faster as the chopping, so that one
complete cycle of the DEM is done in one cycle of chopping.

5.7.8 Test of Initial Design

This section describes how the iterative approach to improve the design was carried out
by testing the initial design described in this chapter and by using simulations which are
briefly described next chapter (see 6.2). Table 5.7 shows the final device dimensions. Even
though the circuit shows the expected behaviour in terms of bias currents and voltages, as
well as sufficiently high gain and stability over the corners for DC operating point anal-
yses, it did not fulfil all the requirements of section 5.6. The Monte-Carlo simulations
showed that the sensors input offset voltage showed a variance of 30 higher than the re-
quirement (see chapter 5.6.5). The current density ratio showed also high variations, as
well as the gain. In Cadence, it is possible to see which device contributes to mismatch
between devices. For example, it was shown that the current mirror devices M, and M3
have a large effect on the variation of the input offset voltage. Therefore, in an iterative
way, the design was simulated and improved by checking which device affects which pa-
rameter the most and which devices mismatch can be reduced.

The current mirror devices M, and M3 showed great influence on the input offset volt-
age. This means that their matching needs to be improved. In chapter 5.7.3, the equation
5.65 for the matching of current mirrors was used, it is not surprising that the mismatch
is not quite as expected. This is due to the fact that the process parameters Ay and Ag
that were used are not for this process design kit. Thus, to increase the matching of the
devices which is mostly dependent of the threshold voltage, the area of the transistors was
increased and at the same time the overdrive voltage was increased to lower the effect on
the input offset voltage. Therefore, the new overdrive voltage for all current mirrors is set
to 200 mV and the area is increased from 96 um? to around 150 um?. This results in a new
width and length for all PMOS current-mirror devices. The values can be found in table
5.7.

In addition, it was tried to lower the input offset voltage and to improve the current den-
sity ratio of the bipolar core by increasing the area of the NMOS devices in the op amp.
However, increasing the area increases the capacitances which slows down the circuit.
Nevertheless, since temperature usually does not change very rapidly it is acceptable to
have low speeds. Therefore, all NMOS devices were changed to larger areas while keep-
ing the overdrive voltage the same. It was found after running MC-simulations that the
current density ratio and the offset voltage improved, however, for temperatures at the end
of the range the current density ratio got significantly worse. This led to the decision to
keep the NMOS devices as before. The device dimensions are shown in table 5.7.

The differential input pair greatly affects the input offset voltage, however, since chopping
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is used these two transistors are kept the same.

All of the current mirror devices are exceeding the length limit for a single device which
is set to L = 30 um. Therefore, it was necessary to “cascode” two devices. When two de-
vices are biased with the same gate voltage they behave like one transistor with the length
of both devices summed up. This is called a "poor man’s” cascode ([10], p. 88).

Table 5.7: Final aspect ratios of all devices.

Device Width [um] | Length [um]
Current Mirror
M, 2.77 55
Mis 5-2.77 55
Operational Amplifier
M, 1.75 30
M, 1.75 30
M; 4-1.75 30
Mgy 1.75 30
M; 2 13
Mg 2 13
My 4-1.75 30
Mg 1.75 30
Mo 277 55
Mo 4.2.77 55
My, 2.2.77 55
Bipolar Core
My, 2.2.77 55
Mg 2-2.77 55
Mg 2.2.77 55
My 2-2.77 55
My, 2.2.77 55
My, 2-2.77 55
Start-Up Circuit
M4 2-2.77 55
M;is 0.15 20
Mis 0.15 20
Switching Devices
PMOS 0.15 0.28
NMOS 0.15 0.28
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Simulation

6.1 Introduction

Chapter 6 presents the simulation of the circuit, and afterwards the results. It starts by
explaining the different analyses that were conducted in section 6.2. Afterwards, the per-
formance of the analog front-end is presented in section 6.3.

6.2 Simulations

To test the circuit a variety of simulations are available in Cadence Virtuoso but only a few
are conducted to check the correct operation. A very brief overview of the simulations that
were used is given

The DC operating point analysis checks the bias point of the circuit, where it is possible
to check all the assumptions made about the circuit, such as bias currents, voltages, resis-
tances or capacitances.

The AC analysis is used to test the circuit to see how it reacts to a small signal stimulus
around the DC operating point, which includes, for example, the frequency response of
the circuit, as well as the bandwidth and amplification. Similarly, the stability analysis can
be used to check the frequency response of the system and whether it is stable or not.

The transient analysis computes the transient response of the circuit over a specified time
interval.

The noise analysis analyses the noise contribution of every device and computes the total
output referred noise.

Monte-Carlo (MC) simulations are used to simulate the random effects of processing
spreads and to receive an overview of statistical variations of the devices parameters and
how mismatch of the devices affect the performance.

Corner simulations are used to test the circuit for extreme cases in terms of device pa-
rameters, such as thinner gate oxide or lower threshold voltage. These extreme cases can
occur due to process variations. There are four corners and the nominal “corner”, shown
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in figure 6.1. These corners are named FF, SS, FS, SF and NN, where the first of the letters
stands for the NMOS and the second letter for the PMOS. They describe the speed of the
MOS-devices. Therefore, the FF-corner includes fast NMOS and fast PMOS devices and
so on ([10], p. 709). All of the mentioned simulations are also conducted over all corners.

PFET |
Speed
o o Acceptable
/ Wafers
o o
>
NFET
Speed

Figure 6.1: Process corners and speed of NMOS and PMOS devices ([10], p. 709).

6.3 Achieved Performance

6.3.1 Performance of the Analog Front-end

After several iterations on the design were performed the final version will be presented
here with the help of simulation results. The sensor will be analysed such that an overview
of the analog front-end performance for the nominal case is given at the three temperatures
T =-55°C, 27 °C and 125 °C including the variance o of each parameter.

First, the analog front-end uses an area of around 0.06 mm? which meets the set require-
ment. Second, the current consumption of the the analog front-end, the bias circuit and
the bipolar core are presented in table 6.1. The bias current achieves the desired current of
Ibias = 90 nA at the nominal temperature of T =27 °C and voltage supply of Vpp =2 V.

The designed analog front-end achieves a comparable low current as bias current and total
op amp current as the proposed temperature sensor. The total analog front-end current
consumption is similar to the stated 2.1 pA of [5], too. The start-up circuit was excluded
from the analysis because it draws a steady-current while the sensor is sampling the tem-
perature. Due to the limited time available this simple solution was chosen instead of
implementing a start-up circuit that draws no steady-current. It has to be stated that the
results presented in table 6.1 were retrieved from a DC operating point analysis and do not
consider processing spread or mismatch.
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Table 6.1: Area and current consumption of the analog front-end.

Parameter
Area 0.06 mm?
Supply voltage 2V
T=-55°C T=27°C T=125°C
Tbias 66.25nA  90.29nA  118.36 nA
Op amp total 462.88nA 631.09nA  813.8nA
bias circuit 860.39 uA  1.173 pA L1512 pA

bipolar core 795.05nA  1.084 yA 1.397 A
total (w/o start-up)  1.655 yA  2.256 pA 2.909 yA

Table 6.2 shows the MC simulation results of the generated bias current Iy;,s and the base-
emitter voltage Vgg, as well as the difference voltage AVgg. The deviation over 3¢ of
the bias current Iy, is quite large. According to the MC simulation this spread in the bias
current can be referred to the saturation current spread in the BJTs. However, the current
density ratio p is much smaller, which is important for achieving accurate voltages. This
will be described further down based on table 6.4.

The base-emitter voltage Vg shows that it is in the expected range based on simulation
of a diode-connected BJT (refer to figure 3.5). Similarly the difference voltage AVgg is
close to the expected ideal value.

Table 6.2: Bias current and base-emitter voltage of the bias circuit.

Parameter Min Mean Max Std Dev (o)
T=-55°C
Tbias 59.4 nA 66 nA 73.6 nA 2.6 nA
VsE 707.8 mV 7092 mV 7113 mV 694 uv
AVgg 39.5 mV 42.4 mV 46 mV 1.3 mV
T=27°C
Tpias 82.1 nA 89.9 nA 99.6 nA 32nA
VEBE 5392mV  541.1mV 543.8mV  885.5uV
AVgg 53.8mV  57.7mV  62.6 mV 1.8 mV
T=125°C
Tpias 108.5nA 1179nA 129.9nA 4 nA
VsE 331.8 mV  3345mV 337.9mV 1.1 mV

AVpgg 70.6 mV  75.7mV 82.1 mV 2.3 mV

Table 6.3 shows the simulation results of the bipolar core. The bias current of the bipolar
core matches closely the bias current of the bias circuit. The base-emitter voltage matches
the expected values, as well as the difference voltage AVgg which is close to the expected
values obtained from equation 3.8.

The standard deviation of the base-emitter voltages Vgg and the difference voltage AVgg
for both circuits stand out due to their large values. Those values are expected and can
be explained to originate in the spread of the saturation current Ig and the bias resistor Ry,
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(chapter 3.4 and 5.6.1). According to the MC simulations the deviation in the bias circuit
voltages stems almost exclusively from the saturation current of the two PNP BJTs. The
same can be seen for the base-emitter voltages of the bipolar core. Since the difference
voltage AVgg is dependent of both base-emitter voltages (Vgg; and Vgg;, see equation
3.7) the error is much larger compared to Vgg. This deviation can be reduced to very
small errors by using a trimming technique (chapter 4.6). However, the sensor proposed
in [5] uses a single digital trim of o (equation 2.5) to compensate for PTAT errors in Vg,
therefore, no trimming was implemented in the analog front-end in this thesis.

Table 6.3: Bias current and base-emitter voltage of the bipolar core.

Parameter Min Mean Max Std Dev (o)
T=-55°C
Tpias 118.7nA  132.1nA  147.1 nA 5.2nA
VBE 7053 mV  707.6 mV  709.9 mV 818.9 uv
AVgE 30.2 mV 31.9 mV 339 mV 837.6 uV
T=27°C
Tpias 163.9nA 1799nA 199.2nA 6.5 nA

Ve 5363mV  539mV  542mV 1.1 mV
AVgg 413mV  43.8mV  46.6mV 1.2 mV
T=125°C
Toias 2168nA  2359nA  2599nA  8.1nA
Ve 320.1mV  332.6mV  3365mV  1.5mV
AVgg 539mV  572mV  60.9 mV 1.5mV

The current density ratio of both circuits is presented in table 6.4. The current ratio is very
close to the ratio of p = 5, which was the aim. In chapter 5.6.2 the maximum mismatch in
the current sources for the bipolar core and in chapter 5.6.3 the mismatch for the current
sources in the bias circuit were computed. The mismatch in the bipolar core needs to be
smaller than Ap /p =0.107 %. In the bias circuit it should be smaller than Ap/p =1.4 %.
It can be seen that for a deviation of 3¢ the bipolar core current density ratio at its worst
for the the nominal process corner is at -55 °C, where it is around 0.054 %, and therefore,
smaller than the requirement. Which was achieved due to the usage of DEM for the current
sources (chapter 4.4). The bias circuit deviation at its worst is with 0.66 % smaller than
the requirement, too.

The current ratio of the bias circuit is well distributed around the aim of p = 5, whereas
the ratio for the bipolar core is slightly too high. This might originate in the switching
due to the DEM, which was not well adjusted. The DEM results in large current spikes
while switching, which might have the effect of increasing the current ratio because in
MC simulations without the use of DEM the two current ratios were exactly the same.
The DEM and the current spikes will be shown later.
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Table 6.4: Current density ratios of the bias circuit and the bipolar core.

Parameter Min Mean Max Std Dev (o)
T=-55°C
Current density ratio bias 4974 4999 5.022 0.22 %
Current density ratio bipolar  5.014 5.016 5.021 0.018 %
T=27°C
Current density ratio bias 4979 4999 5.017 0.18 %
Current density ratio bipolar  5.015 5.016 5.019 0.013 %
T=125°C
Current density ratio bias 4982 4999 5.015 0.16 %
Current density ratio bipolar  5.001  5.004 5.005 0.01 %

In table 6.5 the DC loop-gain, phase margin and gain-bandwidth product GBW are listed,
and also the input offset voltage after chopping is applied. The mean of the DC loop-gain
is somewhat lower as expected from the DC operating point analyses, where it was in the
range of 66 dB for the nominal corner at 27 °C. It stands out that the standard deviation is
very large for the loop-gain. A o =10 dB is a bad sign of some underlying problem, and
therefore should be analysed thoroughly. According to the simulations different parame-
ters are playing into the gain and its deviation. The variance contribution can be distributed
to different components of the circuit, such as the current mirror devices of the op amp, or
the differential input pair. Most of the variance contributions range from 1 % to 4 %, which
is a sign that the matching in the circuit is fairly well. At 27 °C for the nominal corner, the
NMOS-load transistor M, contributes by far the most to the variance with 21 %. Another
large part goes to the bias resistor, which is around 17 %. Therefore, it suggests itself to
improve the matching of the resistor by increasing its area, the same can be applied to
the transistor M2. However, after several iterations on the design where the area of the
bias resistor Ry, was increased it was found that this measure did not improve the variance
of the DC loop-gain. In addition, it seemed that the input offset voltage and the current
density ratio were also negatively affected by this change. The NMOS-load was therefore
subject for further possible improvements. Different approaches were tested on the design
to achieve higher matching of the NMOS devices in the op amp. These approaches in-
clude the increase of area while keeping the overdrive voltage the same and increasing the
aforementioned. The deviation in the DC loop-gain never significantly changed. The last
test was conducted using ideal resistors for the bias resistor but even this did not change
the problem. For this reason, it was decided that this problem has to be kept for future
work (see chapter 7).

Apart from the DC loop-gain, table 6.5 shows that the phase margin of the loop is suffi-
ciently high and that the system is stable with a 36 = 1.4°. The gain-bandwidth product
is not really high but as was mentioned before it is not really necessary since the temper-
ature usually does not change very quickly. The settling time of the system will be shown
further down.

The input offset voltage was decreased from 3c ~ 2.1 mV to around 180 pV with chop-
ping at 27 °C. To lower the input offset voltage even further a higher gain is necessary.
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Table 6.5: DC loop gain, phase margin, gain-bandwidth product and input offset-voltage of the bias
circuit.

Parameter Min Mean Max Std Dev (o)
T=-55°C
DC loop gain 36 dB 52.2dB 83.9dB 8.8dB
Phase margin 72.7° 74.4° 75.8° 0.51°
GBW 5263.2Hz 6379.5Hz 8037.1Hz 417.4Hz
Offset w/ chopping -497.4uV ~ -93uV 2923 uvV 1124 uV
T=27°C
DC loop gain 34.4dB 52 dB 92.9 dB 9.7dB
Phase margin 73.1° 74.7° 75.9° 0.47°
GBW 4969.8 Hz 5820.8Hz 7113.1Hz  326.8 Hz
Offset w/ chopping  -334.1 uV -3uVv 177.1 uV 61.3uV
T=125°C
DC loop gain 33.8dB 51.7dB 100.3 dB 11.3dB
Phase margin 73.1° 74.6° 76.1° 0.47°
GBW 4652.2Hz 53804Hz 64349Hz 2799Hz

Offset w/ chopping  -188.8 uV 3.8uV 125.5 uV 31V

6.3.2 Settling Time and Dynamic Effects

The settling time of V, for the nominal case at 27 °C is depicted in figure 6.2. Once the
supply voltage is turned on, the start-up circuit injects a current into the system. It clearly
overshoots in the beginning when it starts but the voltage V,, settles without much ringing
to its nominal value of V, = 1.4 V in 110 ys. This is significantly below the requirement
which was set to T = 500 us (compare table 5.2).
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Figure 6.2: Settling of voltage V|, when the supply voltage is ramped from 0 V in 500 ns.
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Due to the chopping and the DEM, dynamic effects arise that affect the voltages and the
currents. The residual offset of the chopper amplifier is depending on clock feed-through
and charge injection of the switches. The voltage spikes at the output of the chopper switch
in front of the op amp are shown in figure 6.3. The voltages directly after the chopping
show voltage spikes of around 30 mV. The voltage V,, at the output of the amplifier is al-
most not affected by these voltage spikes. Also the voltage Vgg shows only little variations
in the range of a few micro volts due to the chopping, which is shown in figure 6.4.
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Figure 6.3: Voltage spikes due to switching of the chopper at the input of the differential pair.
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Figure 6.4: Effect of chopping on base-emitter voltage Vgg;.

Figure 6.5 shows the effect of the DEM. The DEM was not well adjusted to the system
which is why it shows very large current spikes. These spikes are certainly unacceptable
and need to be mitigated. This can be done by proper timing of the switches so that one
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switch is fully open before another switch closes. In addition, the charge injection of the
switches should be minimised. However, this is left for future work (see chapter 7).

1)
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time ()

Figure 6.5: Current spikes due to DEM switching.

6.3.3 Noise

The total noise of the circuit was simulated for the outputs of the bipolar core. The noise
bandwidth was set to 8 kHz, which is approximately equal to the bandwidth of the circuit.
Table 6.6 presents the integrated noise for the Vgg;, Vggs and the output noise in AVgg
which is a summation of the two base-emitter voltages. In chapter 5.6.4 a total noise limit
was set to achieve a possible resolution of 0.1 °C. Using the sensitivity equations 5.12
and 5.13 the resulting error due to noise can be computed. The results are also shown in
table 6.6. It has to be noted that the switching devices of the DEM were not included in
the noise analysis. Due to the rather simple design of the switches and the large spikes it
would result in high noise at the output.

The noise in the base-emitter voltages is far below the limit and results in negligible error
contributions. The error in AVgg can be calculated by summing the spectral densities of
the base-emitter voltages ([2], p. 27). It is very close to the desired limit of 0.1 °C.

The highest noise contributors without the switching devices can be found to be thermal
noise of the differential input pair of the op amp, as well as the NMOS load M,. Adjusting
the area of these transistors can help to reduce the flicker noise part. Also properly imple-
menting the DEM and chopping switches can reduce the noise contribution by mitigating
the flicker noise.
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Table 6.6: Total noise at the output.

Noise \Y V? €(Dour)
T=-55°C
VVBE1 20.85uV  434.81 pV2 0.0037 °C

VVBE2 20.57 uV  423.09 pV2  0.0037 °C

vavee  2929uV  857.9pV?  0.13°C
T=27°C

VVBEI 22.84uV  521.46pVZ  0.0057 °C

VVBE2 2251V 506.63 pV2  0.0056 °C

vavee  32.07uV  1.028nV2  0.12°C
T=125°C

VVBEI 2491V 620.59 pV?  0.0083 °C

VVBE2 24.54uV  602.06 pV>  0.0081 °C

vavee  3497uV  1.022nVZ  0.09 °C

6.3.4 Residual Temperature Error

The residual temperature error of the bias circuit and the bipolar core can be computed by
using the sensitivity equations 5.12 and 5.13 and the results of the bipolar core presented
in table 6.3. Since the proposed temperature sensor in [5] is using a digital approach by
trimming the scaling factor o (see 2.5) to trim out the error in the base emitter voltages of
the BJTs, the error in the base emitter voltage is therefore quite large. Nevertheless, the
table 6.7 shows the 3o residual errors and how they would affect the temperature reading
at the output.

Table 6.7: Residual errors and the resulting temperature error €(Doy).

3o signal deviation 36 &(D oy) deviation
Error source -55°C 27 °C 125°C -55°C 27 °C 125 °C
VRE 2457TmV  33mV 45mV  045°C 0.6 °C 0.82°C
AVgg 2512mV 3.6mV 45mV 11.54°C 1298°C 10.93°C

currentratiop  0.054 % 0.039% 0.03% 0.047°C 0.028°C 0.039 °C

As can be seen, the error due to AVgg extremely stands out. The base-emitter voltage is
strongly dependent on the saturation current as was described before. Deviations of up
to 4.5 mV are therefore expected. The difference voltage AVgg is the result of Vgg, -
Vg1 which is why it deviates that much as well. If the base-emitter voltage deviation can
be reduced to microvolts by means of trimming, the deviation of AVgg will significantly
decrease, too. This is also in accordance with the MC simulation where it is shown that
the variance contribution of both voltages stems almost entirely from the BJT’s saturation
current Ig.

The current density ratio of the bipolar core is lower than the requirements, and therefore
fulfils the desired error contribution of 0.1 °C (see chapter 5.6.2).

The errors shown here include the errors of the bias circuit, as well. To show that the
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desired results of the bias circuit are met, the error contributions are computed in table 6.8.
Again, the base-emitter voltage shows large deviations, similar to the base-emitter voltage
of the bipolar core and is therefore left out.

Table 6.8: Residual errors and the resulting temperature error €(Doy) of the bias circuit.

3o signal deviation 36 &(D o) deviation
Error source -55°C 27 °C 125°C  -55°C 27 °C 125°C

current ratio p 0.66 % 054% 048% 0.014°C 0.022°C 0.034°C
Offset w/ chopping 337.2uV  1839uV  93uV  0.038°C 0.029°C 0.019°C

The residual errors due to the current density ratio and the input offset voltage of the op
amp are far below the set maximum limits.
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6.3.5 Worst Case Analysis

Most of the circuit was tested over several hundred Monte Carlo simulations over each
process corner. Table 6.9 shows the two worst cases of each parameter, for parameters that
were tested with MC simulations it shows the 3o range.

Table 6.9: Worst cases and their according process corner and temperature.

Parameter Worst Case 1 Worst Case 2
Bias circuit
FSat 125°C FFat 125°C
Tbias 30 =13.43nA 30 =13.05nA
SSat125°C FSat125°C
Vg 36 =358 mV 30 =3.76 mV
SSat 125°C NN at 125°C
AVpg 30 =796 mV 30 =6.96 mV
FF at-55°C SSat 125°C
Offset w/ chopping 30 =565.2uV 30 =482.7pV
SFat-55°C FF at -55 °C
current ratio p 36 =0.71 % 36 =0.71 %
FSat-55°C SSat-55°C
DC loop-gain 55dB 54.9 dB
SFat-55°C NN at-55°C
Phase margin 73.5° 74.5°
Bipolar core
FSat125°C FFat 125 °C
Tbias 30 =26.94nA 30 =26.16 nA
SSat 125°C FSat 125°C
Ve 36 =4.62mV 30 =471 mV
FF at-55°C FSat125°C
AVgg 36 =4.62mV 30 =4.6 mV
FF at-55°C FSat 125°C
current ratio p 36 =0.24 % 36 =0.15 %
Settling time 222 us 188 us
FSat 125°C NN at 125°C
Noise Vg 26.4 uV 249 uv
FSat125°C NN at 125°C
Noise AVgg 37.1uV 34.97 uvV

The deviation in Ipj,s is not as important as the current density ratio p, however it was
listed here to show its largest deviation. The current density ratio p needs to be as precise
as possible to lower the temperature reading error. It can be seen that the current density
ratio for the bias circuit fulfils the requirement of Ap/p < 1.4 %. However, for the bipolar
core the two worst cases exceed the limit of Ap/p < 0.107 %. The variance contribution
is distributed on many parts of the circuit which means that the matching is fairly well
done. Higher matching might be achieved by a better designed DEM.

The input offset voltage of the op amp exceeds the aim of 483 uV in one case and barely
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stays at the limit for the second case. This problem might be mitigated by precision layout
of the differential input pair.

The settling time could not be analysed with MC simulations but the worst cases presented
here, indicate that the margin to the required settling time is quite large.

The worst case noise in the base-emitter voltage Vg is small enough to be neglected. The
noise in AVgg ranges between 0.1 °C and 0.15 °C and should therefore be reduced for the
Wworst cases.

The worst gain achieved for DC operating point analysis was included. It shows that the
gain is lower than the requirement. However, it might be sufficient to keep the input offset
voltage low enough but this has to be verified after the problem of the large gain deviation
was investigated. The phase margin is sufficiently high for every case with small standard
deviations. The gain and phase margin for the nominal case and the two worst cases are
shown in appendix A.
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Conclusion

The goal of this work was to design the analog front-end for a BJT-based temperature
sensor. The temperature sensor was found while carrying out a literature review on state-
of-the-art low-power sensors based on requirements stated in 1.1. The literature review
was conducted as a pre-study to this Master’s thesis at NTNU, Trondheim.

After presenting different design approaches of temperature sensors in CMOS process
technology (chapter 2), the most important device physics of the bipolar junction tran-
sistor were explained in chapter 3. These include the ideal I-V-characteristics and the
non-idealities, which are important for designing an accurate sensor. To mitigate errors
due to processing spread and mismatch between the devices it is necessary to employ dif-
ferent techniques such as chopping or dynamic element matching.

In chapter 5, the specifications for the analog front-end are set based on the achievements
of the proposed temperature sensor in [5]. After analysing the analog front-end and the
operational amplifier, sensitivity equations were set up which are used to describe the
sensitivity of the temperature reading Doy to errors in different parameters of the analog
front-end. To complete the specifications for the analog front-end, those sensitivity equa-
tions were used to set up an error budget for the circuit (see table 5.2) that should be met
in order to meet the specifications (see table 5.1). Afterwards, the sizing of the MOSFET
devices is described which emphasises on the matching of the devices. After testing the
initial design in Cadence Virtuoso using different simulation types, the design was ad-
justed to better meet the requirements.

Chapter 6 presents and discusses the results of the final design. The designed analog front-
end achieves very similar current consumptions for the op amp, Iopamp = 631 nA, and the
total analog front-end, Lio = 2.26 YA, as the proposed sensor, running on a voltage supply
of VDD =2V.

Two error and mismatch correction techniques are used to mitigate the input offset voltage
of the op amp and the mismatch in the current sources of the bipolar core, which are chop-
ping and DEM respectively. Due to the chopping of the op amp it was possible to reduce
the offset voltage to Vo535 = 184 uV, which results in a temperature error of

0.03 °C at 27 °C. The DEM manages to reduce the current density ratio error in the bipolar
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core to around 0.054 % which equals a temperature reading error of around 0.03 °C. These
values are well below the limit which was set beforehand. The base-emitter voltages and
the difference voltage, however, show very large deviations. This is expected because no
correction technique was used to account for processing spread in the saturation current of
the BJTs. The proposed temperature sensor in [5] employs digital trimming of the satura-
tion current of the BJTs which is why no analog correction technique was implemented.
Reducing the deviation in the base-emitter voltages should therefore reduce the tempera-
ture reading errors to acceptable levels. The noise in the circuit was analysed without the
switching devices of the DEM because the DEM was not properly set up due to limited
time for this work. Without the DEM, the circuit achieves a noise level of around 32.1 uV
in the difference voltage AVgg of the bipolar core which results in a temperature reading
error of around 0.12 °C. Thus, it does not completely fulfil the requirements set in the
beginning.

The DC loop-gain of the bias circuit shows sufficiently high values for DC operating point
analyses, however, when using MC simulations it shows extreme deviations of up to

o =11 dB. This could mean that something in the circuit is designed too marginal which
results in the large deviations. Analysing the MC simulation results show the variance
contribution is distributed on numerous devices. Even though it was attempted to increase
the matching and using ideal resistors for the bias resistor this problem could not be re-
solved.

The phase margin of the loop is in the range of 75°, indicating that the system is stable. In
addition, the GBW is around 5.8 kHz. The settling time of the system after start-up was
shown to be well below the required minimum of 500 ys with T = 110 ys.

The bandgap reference circuit and the bipolar core designed in this work match the require-
ments of ultra-low power consumption for temperature sensors based on BJTs. Therefore,
it is possible to use this work as starting point for usage in smart sensors for wireless sensor
networks. However, since there are several aspects that are showing shortcomings, such
as the gain deviation or the current spikes of the DEM, further work has to be put into this
design to make it a reliable and promising ultra-low power analog front-end, that meets all
requirements over all process corners and the entire temperature range.

Future Work

Due to the limited time of this work, several aspects could not be properly dealt with.
Thus, a brief overview for possible future work is given here.

Most prominently, the problem of the DC loop-gain needs to be investigated and resolved
to ensure proper functionality. To obtain proper temperature readings, it is necessary to
mitigate the process spread in the BJTs by means of trimming to reduce the deviation of
the base-emitter voltage to an acceptable level. The DEM needs to be properly imple-
mented to mitigate large current spikes. This is also valid for the chopping, however, the
dynamic effects of the chopping are less compared to the DEM. The circuit does not fulfil
all requirements for all process corners over the entire temperature range, for example the
current density ratio and the input offset voltage. A proper analysis of the noise with DEM
should be conducted. The start-up circuit of the analog front-end should be replaced by a
start-up circuit that draws almost zero current when the circuit is turned on.
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Appendix

Gain and Phase Margin

The following figures show the gain and the phase margin of the bias circuit for the nom-
inal case at 27 °C and the two worst cases, SS at -55 °C and FS at -55 °C. The gain is
depicted in red and the phase margin in blue.
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Figure A.1: Gain and phase margin for NN at 27 °C.
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Figure A.2: Gain and phase margin for SS at -55 °C.
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Figure A.3: Gain and phase margin for FS at -55 °C.

70

LOOPGAD (48)

78



Appendix

Circuit Schematics

The following pages contain all the schematics of the analog front-end. First, an overview
of the entire analog front-end and the voltage sources for the testing are shown. After-

wards, each part is shown separately.
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Figure B.1: Overview of the analog front-end schematic.
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Figure B.2: Close-up of the bias circuit schematic.
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Figure B.5: Chopping switch schematic



G8

CLK

voo
vss Iy

IN_

c
EFD'Bd 2 5
T o b
- EE s}
< IS
CHOPL > g I
= =)
o &
M I = 52
"gpdk@9F_nmas2v" oo E‘g
. ©wst5dn =z

m:
WED y

Figure B.6: Clock inverter schematic.

CHOPH-

"gpdkB9@_nmaosZv"
wi150n .

vy
%]
=




TdOHD

GNEFOUIL @m@xv

| LU
c@mm_

%};}

=1L

| i

camm_

CE%@

LAZEOWD T EEER

db

HAOHD
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