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Abstract

Voltage references are an essential building block for many electronic systems, such as analog-to-digital and
digital-to-analog converters, and voltage regulators. Although state-of-the-art voltage references already
demonstrated high performance over the standard temperature range (—40°C to 125 °C), specific applica-
tions require an operating temperature far beyond this range. A relevant example is the electronic interface
for quantum processors, for which voltage references that can operate down to cryogenic temperatures are
needed.

This thesis presents a CMOS-based voltage reference that can work over a wide temperature range from 4 K
to 300K. To achieve a low-drift, high-accuracy reference, it is designed based on the devices’ cryogenic be-
haviour to minimize the nonlinearities of the PTAT- (proportional to absolute temperature) and CTAT (com-
plementary to absolute temperature) voltages and combine them to generate a stable output voltage. Dy-
namic compensation techniques are employed to reduce the effect of process variations and a switched-
capacitor circuit is proposed to minimize the output ripple. The voltage reference is designed to provide a
high output voltage of 0.9V while operating in a nominal supply voltage of only 1.1V, with the minimum
required voltage of 0.96 V. The expected temperature coefficient (TC) and inaccuracy (30) over the entire op-
erating temperature range from 4 K to 300 K is expected to be 60 ppm/K and 1 %, respectively after performing
a single point trimming. The power consumption at 300 K is 57 pW and is expected to be 17pW at 4 K.

The targeted specifications of this design are comparable with the state-of-the-art voltage references working

atroom temperature. To verify the performance at cryogenic temperatures, the design has been taped out in
TSMC-40nm technology.

iii






Acknowledgements

First, I would like to thank my supervisor Dr. Fabio Sebastiano for giving me the opportunity to work on this
project. I would like to thank him for all the discussions, valuable comments, and encouragement, which
helped me a lot throughout the project. Next, I would like to thank my daily supervisor Job for all the support.
I really enjoyed all the discussions we had, technical ones, and of course, non-technique ones. I would like
to thank him for always being approachable and always helping me in various ways. It was definitely a great
experience working with him. Furthermore, I would like to thank CoolGroup for all the help and the fun time
we had. Especially a thank to David and Rishabh, for all the discussions and practical/mental support this
year. It was a great time working in the same office with them.

Finally, I would like to thank my family for all their love and support.

Y. Wu
Delft, September 2022






Contents

1 Introduction 1
1.1 Quantum Computing. . . . . . . . o v v i e e e e e e e e e e e e e e 1
1.2 Cryogenic Electronics. . . . . . . . . . . 0 o o e e e e e e 1
1.3 Wide Temperature Range Voltage References . . . . . . . . . . . . . . v v v i v v v v v v oo 1
1.4 ThesisObjective . . . . . . . . . L . o e e e e e e e e e e 2

1.4.1 Targetspecifications. . . . . . . . . . . . i e e e e e e e e e e e e e e 3
1.5 ThesisOutline . . . . . . . . . . . 0 L i e e e e e e e e e e e 3

2 Integrated Voltage References 5

2.1 WorkingPrinciple. . . . . . . . . . e 5
2.1.1 BJT-basedvoltagereferences. . . . . . . . . . . . . . Lo 6
2.1.2 MOS-based voltagereferences. . . . . . . . . . . . . e e e e e e e 6

2.2 KeyPerformance Parameters . . . . . . . . . . . . 0 c it e e e e e e e e e e e 8

2.3 State-of-The-Art Voltage References - Standard TemperatureRange . . . . . . . . ... .. .. 8

24 Cryo-CMOS and Design Challengesat4K. . . . . . . . . . . ... oo oo 9
2.4.1 Device behaviour at cryogenic temperatures. . . . . . . . . . ..o e e e e 10
2.4.2 Design considerations and challengesat4K . . . . . . . . ... ... ... ... .. 11

2.5 State-of-The-Art Voltage References - Cryogenic Temperature Range . . . . . . . . ... .. .. 11

3 Intrinsic Accuracy of the Voltage Reference 15
3.1 Introduction . . . . . . . . . L e e e e e e e e e e e e e e e 15
3.2 Available Datasets. . . . . . . . . . .o e e e e e 15
3.3 Temperature Dependence of the PTAT- and CTAT Voltage. . . . . . . . . . . ... ... .... 16

3.3.1 PTAT from themeasurements . . . . . . . . . . . o v v v v v vt v v v it e e 16
3.3.2 CTAT fromthemeasurements . . . . . . . . . . . v vt v v vt v vt v vt v e u o 17
3.33 SUMIMATY . . v v v v v vt e e e e e e e e e e e e e e e e e e e e e 19

3.4 Effects of Compensation Techniques on TC and Variation . . . . .. ... ... ... ..... 20
3.4.1 EITOISOUICES. . v v v v v v v v v v v e e e e et e e e e e e e e e e e e e e e e 20
342 DEMandchopping . . . . . . . . . . . e 23
343 Trimming . . . ... Lo o e e e e e e e e e e e e e e 24
3.4.4 Curvature CorreCtion. . . . . . . v v v v v v v v v v e e e e e e e e e e e e e e e 26
345 SUMMATY . . o v v bt e e e e e e e e e e e e e e e e e e e e 27

4 Circuit Design 29
4.1 System OVEIVIEW . . . . v v v v vt e e s e e e e e e e e e e e e e 29
4.2 Reference Generator . . . . . . . . . . o i Lt it i e e e e e e e e e e e e 30

4.2.1 Referencecore. . . . . . . . . . . . i i i e e e e e e e e e e e e 30
4.2.2 Offset cancellationtechniques. . . . . . . . . . . . . . i i vt 31
4.2.3 Start-up transSistor . . . . . . . . . e e e e e e e e e e e e e e e e e e e e e e e e e 33
4.24 Simulationresults . . . . . . ... Lo e 33

4.3 Offset-Compensated SC-INtegrator . . . . . . . . . v v v v vt v v it vt e e e e 35
4.3.1 Motivation for using SC-Integrator to do the averaging . . . . .. .. .. ... ... .. 36
432 Workingprinciple . . . . . . ..o e 37
4.3.3 Modified architecture . . . . . . . . . .. 38
4.3.4 Non-idealities in the SC-integrator. . . . . . . . . . . . . . ... ... 39
435 Switches . . . . . o L e e 40
4.3.6 CDAC . . . o o e e e 41
4.3.7 Input common-mode voltage of theopamp . . . . . . . . . . ... ... ... ... .. 42
4.3.8 Simulationresults . . . . .. Lo Lo e 42



viii

Contents

4.4 OpAMD .« v v v i e e e e e e e e e e e e
4.4.1 Specifications . . . . . ... Lo L oo o o
4.4.2 Architecture . . . . . . ..o Lo
4.4.3 Sizingconsiderations . . . . ... ... .00 L.
444 Biasingnetwork . . . . . .. ... ... e
4.4.5 Simulationresults . . . . . . . ... ... 0oL,

4.5 ClockGenerator. . . . . . . . . . . v v v i i e e

4.6 FullChipOverview . . . . . . . . . . . i i i v i v v ..
4.6.1 Layout. . . . . . . . i e

5 Performance of the Voltage Reference

5.1 Typical Vour. « « v v v v o e e e e e e e e e e e e e e e
52 TCandinaccuracy(30) . . . . . . . . . . .o oo v oo
5.3 LineRegulation. . . . . ... ... ... ... ..
54 NOISE . . v v v v i e e e e e e
5.5 Power Consumption . . . . . .. ... ... ...,
5.6 Comparison with the State-of-the-Art. . . . . .. .. ... ... ..

6 Conclusion

6.1 Mainconclusions. . . . . . . . . . . e e e e e e e
6.2 Futurework. . . . . . . . . . e e e e

A Error Sources Transfer Function

Al PTAT Voltage (AVgs). . . . . o o v v v i it e e e
A2 ScalingFactory. . . . .. ... . . L o e

B Effect of Compensation Techniques on TC and 30

Bibliography



Introduction

1.1. Quantum Computing

Over the past years, an increasing amount of attention and resources has been invested in developing quan-
tum computers. Quantum computing is believed to be a great candidate to solve complex computational
problems that cannot be solved in a reasonable time by classical computers. In contrast to the traditional
classical computers, which use classic bits 0 and 1 for operation, quantum computers use quantum bits
(qubits) as the basic computational unit. Qubits can be in a superposition of both 0 and 1 at the same time
[1]. Properties such as superposition and entanglement enable quantum computers to perform parallel oper-
ations on large amounts of data, opening the door for an exponential speed-up in the number of calculations.

1.2. Cryogenic Electronics

Quantum mechanical effects are usually associated with very small energy scales. In order to observe this
behaviour, qubits must be operated at sub-Kelvin temperatures [2], requiring the qubits to be placed inside
so-called dilution refrigerators. Furthermore, quantum processors require an electronic interface to control
and read out the qubits. Currently, these electronics are usually operated at room temperature. Therefore,
wiring is required to connect the qubits inside the dilution refrigerator to the room-temperature equipment.
As a result of the large physical size of such dilution refrigerators, the required wiring has a minimum length
in the order of 2 m. This long wiring now also comes with nonidealities such as delay, interference, reliabil-
ity, resistance, etc. Besides, to perform meaningful computations, future quantum computers would require
millions of qubits and therefore millions of wires. Due to the physical space and heat load of the wiring, di-
rectly wiring all qubits to room temperature equipment is not feasible and limits the scaling capabilities of
quantum processors.

A proposal for a scalable quantum processor is shown in figure 1.1. To reduce the amount of required in-
terconnects in the dilution refrigerator, the electronic interface is proposed to be placed spatially close to
the quantum processor [3]. If all the read-out and control electronics can operate at the same temperature
and can be integrated with the qubits, many possibilities open up for scaling up the number of qubits. How-
ever, such control electronics at cryogenic temperatures also require cryogenic electronic technology. Among
semiconductor technologies, CMOS technology has several advantages, for example, it has high reliability
and can be integrated on a large scale. Moreover, it has been demonstrated to operate down to 30 mK [4].
These features make CMOS a promising solution for implementing future quantum computers.

1.3. Wide Temperature Range Voltage References

Commonly used electronic circuits, such as data converters and voltage regulators require a well-defined ref-
erence voltage. Many designs for high-performance voltage references over the standard temperature range
(—40°C to 125°C) can be found in literature. However, figure 1.2 shows that certain applications require elec-
tronics that can work outside this temperature range. For example, planetary exploration missions and deep
space probes rely on low-temperature electronics that can work from —20 °C to —229 °C [5]. Quantum proces-
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Figure 1.1: Quantum processor proposed in [3]. (Image reproduced from [3])

sors today are also required to work at milli-Kelvin temperatures [2]. For these emerging applications, voltage
references that can operate down to the cryogenic temperature are thus required.

This project focuses on designing a wide-temperature range voltage reference for quantum computing ap-
plications, although the actual temperature range that the electronics are going to work on is restricted to
cryogenic temperatures. Performing standard compensation techniques, such as trimming, is non-trivial
and costly if the voltage references would need to be placed inside the dilution fridge before performing
the compensation [3]. On the other hand, if it would become possible to perform the calibration at room
temperature, then the cost and time required for calibration will be significantly reduced. In addition, since
cryo-CMOS design is still in the early stages, extending the knowledge on performance limiting effects for
voltage references is of high importance. Extending the temperature range to assess the fundamental limits
is therefore also relevant from a scientific point of view.

2.73K 130K

300K
Cosmic background Temperature of
temperature poles on Mars Room temperature
® I ,
-
=
B
0K

20mK-4.2K 242K
Quantum Most cold resistant
Computer mobile phones

Today!

Figure 1.2: Applications that require electronics operating outside the standard temperature range.

1.4. Thesis Objective

This project is a follow-up project on the work presented in [6] and [7]. The main objective of this project is to
implement voltage references that can operate over a wide temperature from 300 K down to 4 K and to assess
to what extent the performance of cryogenic voltage references can compete with the start-of-the-art voltage
references over the standard temperature range. The research question for this project can be summarized in
the following problem statements:

* How would nonlinear transistor behaviour affect the performance of a voltage reference? Where do
these nonlinearities originate from and how do they behave over temperature?

* What is the effect of process variations on the performance of voltage references at cryogenic tempera-
tures? How can they be compensated for?
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* What are the bottlenecks for designing a voltage reference that can operate down to cryogenic temper-
atures? What can be done to overcome these bottlenecks?

One of the main challenges in designing cryo-CMOS and cryogenic voltage references, in general, is the lack
of cryogenic CAD-compatible transistor models, while high-performance voltage references would require
accurate models to take the second-order effects and process variations into account. For the designs pre-
sented, only the standard room temperature models were available. Additional care has thus been taken to
ensure high performance and robustness to unexpected changes in device parameters.

1.4.1. Target specifications

An overview of the target specifications is given in table 1.1. The design will be implemented in a bulk 40-nm
CMOS process from TSMC, with a nominal supply voltage of 1.1V. Extended details and a rationale for the
derivation of the specifications are discussed in section 2.2.

Table 1.1: Target specifications

Technology TSMC 40-nm CMOS
Supply 1.1V
Temperature range 4Kto 300K
Temperature coefficient (TC) 10 ppm/K
Power 10 uyW
Line regulation 10mV/V
Noise (1Hz to 10Hz) 13.7 UV s
Inaccuracy (30) 1%
Area 1 mm?

1.5. Thesis Outline

The thesis is organized as follows: Chapter 2 introduces the working principle of the voltage references and
presents the state-of-the-art voltage references at both room temperature and at cryogenic temperatures.
This chapter also includes an overview of the design challenges at cryogenic temperatures. Chapter 3 focuses
on investigating the nonlinearities presented in the transistor behaviour and the effects of process varia-
tions on the reference voltage based on both theory and measurement data. This chapter aims to provide a
critical understanding of what is required for designing a cryogenic voltage reference. Chapter 4 presents the
system-level design, including the architectural choice and trade-off involved, followed by the transistor-level
implementation, simulation results, and layout images. Chapter 5 presents the performance of the design.
Finally, the conclusion and future work of the thesis will be presented in Chapter 6.






Integrated Voltage References

Voltage references are an essential building block for many electronic systems, such as data converters and
voltage regulators. The performance of a voltage reference will directly affect the circuits in which the out-
put of the reference is used [8, 9]. Voltage references should be able to provide a well-defined voltage that is
independent of process, voltage, and temperature (PVT-independent). However, it is non-trivial to directly
generate a constant voltage over temperature based on a single device parameter. Therefore, additional cir-
cuit techniques are usually required to ensure the reference has sufficient temperature stability and also is
robust enough against supply and process variations. This chapter aims to provide the background for volt-
age references, including the working principle, performance metrics, and a state-of-the-art overview. In
addition, the rationale behind the targeted specifications of this project (table 1.1) and the design considera-
tions at cryogenic temperatures will be introduced.

2.1. Working Principle

The common approach to generate a reference voltage is based on combining voltages with opposite tem-
perature dependence. For example, adding a voltage that is proportional to absolute temperature (PTAT) to
a voltage that is complementary to absolute temperature (CTAT) with a proper scaling factor « results in a
voltage that is independent of temperature (V..¢) [10, 11].

Vrer = Vetar + @Vprar. 2.1
This is illustrated in figure 2.1 below.
V A
a
V A
PIAT
-~ . . oVprar
> v Lo
Temp. el
vy ' D®— >
A ‘_."
C):q? L ch;
Temp.

Temp.

Figure 2.1: Working principle of the voltage references.
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2.1.1. BJT-based voltage references
The PTAT- and CTAT voltage can be generated by using BJT transistors as illustrated in figure 2.2. For a
forward-biased BJT, its collector current (I.) is given as

(%) 1|

Ic=1Ig

where I is the saturation current, Vj, the base-emitter voltage, g the electron charge, T the absolute temper-
ature, and k the Boltzmann constant. Since the exponential term in the equation 2.2 is much larger than the
-1 term, V},, can be obtained by rearranging the equation,
kT, (I
Ve = — ln( ¢ )
q

Is (2.3)

Vpe is to first order, having a negative temperature coefficient, and therefore can be taken as the CTAT voltage.

Ibias

e

= — Temp. Temp.

Figure 2.2: Generation of the PTAT- and CTAT voltages using BJTs.

The PTAT voltage can be generated by exploiting the exponential relation between I and V.. Assuming two
transistors Q; and Q- are biased with a current density with a ratio of p, then the difference in their V;, can
be expressed as

kT
AVpe = Vper = Vper = 7111(!7)- (2.4)

Adding Vj,, and AV}, with a proper scaling factor a can result in a voltage V,.r that is to first order indepen-
dent of temperature.

kT
Vref =a-AVpe+ Ve =a- 7 IH(P) + Ve (2.5)

Voltage references that are realized based on this approach are usually referred to as bandgap references as
their working principle is fundamentally extracting the bandgap energy of the silicon at 0K [10-12]. The
bandgap voltage at 0 K can be seen as a physical constant and thus is immune to PVT variations. This feature
makes it suitable for being a quantity to extract and hence to use as a reference. However, the Si BJT loses its
exponential characteristic at cryogenic temperatures due to the reduced current gain and an increased base
resistance as shown in 2.3a [13]. Implementing a reference for wide-temperature range operation based on
BJTs is therefore not viable.

2.1.2. MOS-based voltage references

Fortunately, MOS transistors in weak inversion show a similar I-V curve as BJT devices, therefore the same
concept mentioned above can also be realized by MOS devices. Instead, the threshold voltage of the MOS
transistor is extracted, contrary to the bandgap voltage in the case of BJT devices. Moreover, it has already
been proven that the exponential behaviour of MOS devices holds down to cryogenic temperatures as shown
in figure 2.3b [13, 14], which makes them good candidates for implementing cryogenic voltage reference. The
drain-current I; of MOS devices in weak inversion is an exponential function of its gate-source voltage Vg
and can be expressed as

w Vgs— Vi —Vbs
Ig= Tucoxexp(—g;VT ) (1 -exp— ) (2.6)

where W/L is the device aspect ratio, p the mobility, C,, the oxide capacitance, V;j, the threshold voltage,
V4, the drain-source voltage, Vr the thermal voltage (kT/q), where g is the electron charge, T the absolute
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Figure 2.3: Cryogenic temperature behaviour of BJT and DTMOS (Images reproduced from [13].)

temperature and k the Boltzmann constant. n is the non-ideality factor given as

Cox + Cdepl
n= —m——

) (2.7)
COX
where Cgep; is the depletion capacitance. If Vj; larger than a few Vr, rewriting 2.6 yields
Vgs = Vi +nVrln I 2.8)
= Vih T -~ |- .
& pCor(n-1 VY

Vgs is empirically showing a CTAT behaviour. The PTAT voltage can be generated, similar as in the case of
BJT’s, by biasing two MOS transistors in weak inversion with different current densities as shown in figure
2.4. The PTAT voltage can be obtained by taking the difference in their Vg,

kT
AVgs=Vgs1— Vg2 = n7ln(p), (2.9)

where p is the ratio in bias current between transistor Q; and Q. The ratio p is a design choice, and can be set
by biasing two core devices with a ratio in currents or using the same biasing current but with different core
device sizes. By summing this PTAT (2.9) and CTAT (2.8) voltage with a proper scaling factor «, the reference
voltage V;.r can be obtained,

kT
Vref=a~AVg3+Vg5=a~n7ln(p)+vg5. (2.10)

1P sV )P'bw‘as JD Ibias v

+ %.v Ve -
Vgs B\l S,

- Q Q;

= Temp. = = Temp.

Figure 2.4: Generation of the PTAT- and CTAT voltage using MOS transistors.

Compared with the BJT-based references, MOS-based references are fundamentally extracting the threshold
voltage of the transistors (extrapolating at 0K). However, unlike the bandgap voltage, which is a material
constant and hence not depending on the process corner, the threshold voltage highly depends on doping
concentration and thus usually has a large spread across corners. As a result, without performing any com-
pensation, the accuracy of the MOS-based references is often worse than the bandgap references [15].
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2.2. Key Performance Parameters
The PVT-independence of a voltage reference can be evaluated by a set of key performance metrics. These
primary performance metrics include:

* Temperature coefficient (TC): The temperature coefficient indicates the drift in the reference voltage
over temperature. It is usually calculated using the box method given in equation 2.11, which expresses
the maximum difference in V;,¢ over the entire operating temperature range in ppm/K (parts-per-
million per kelvin) [16].

Vref,max - Vref,min

TC x 108, 2.11)

B (Tmax — Tmin) * Vref,ideal

* Inaccuracy (30): The inaccuracy reflects the sensitivity of the voltage reference to process variations.
It is usually expressed in 30, in which o is the maximum of the standard deviation based on all the
samples over the full temperature range. Note that in order to have sufficient statistical numbers to
quantify the inaccuracy, the number of measured samples is also an important consideration for the
error bars on 30.

* Noise: Noise can be seen as a random variation in the output of a voltage reference over time. Noise
in the reference voltage is typically compared based on the integrated noise in the 0.1 Hz to 10Hz as a
low-pass filter is usually placed in front of the following circuits to filter out the high-frequency noise.

 Line regulation: Line regulation is a measure of the supply voltage dependence of the reference. It is
defined as

VOLlf
AVin
where AV, is the change in supply voltage and AVy,,; is the corresponding change in V;,¢. In other
words, it is the ability of a voltage reference to maintain a constant output voltage despite changes in
the supply voltage. It usually has unit V/V or %/V. The smaller this parameter is, the less the reference

voltage changes from the nominal value when the supply varies.

Line Regulation = , (2.12)

As mentioned in the project objective (section 1.4), this project aims to assess the performance limits of cryo-
genic voltage references. The targeted TC and inaccuracy (30) for this project are therefore comparable with
the state-of-the-art voltage references operating at room temperatures, which is 10 ppm/K, and 1 %, respec-
tively (as will be introduced in the following section). Noise performance is determined based on the require-
ments of circuitry in figure 1.1 that will use the reference voltage as input [17, 18]. It is targeted to have 15-bit
resolution. Given the expected V;..r of 900 mV, the integrated noise in the frequency band from 1 Hz to 10 Hz
should remain below 13.7 uV,,,.. to achieve this resolution.

To measure the targeted inaccuracy (30) of 1%, the error caused by supply variations on V;..r should be suf-
ficiently small. The allowable error is therefore decided to be 0.1%. For V=900 mV, the error on V;,r will
be smaller than 1mV even if there is a 100 mV change in supply. This translates to 10 mV/V in line regulation.
Another parameter that will be taken into account in this project is power consumption. The total available
cooling power at 4K in the dilution refrigerator is only in the order of a few Watts [4]. Power consumption
is targeted for 10 uW (0.001 % of the total power budget) in order to allow sufficient power for more power-
hungry circuits. The summary of the targeted specifications can be found in table 1.1.

2.3. State-of-The-Art Voltage References - Standard Temperature Range

This section presents an overview of the state-of-the-art voltage references operating on the standard tem-
perature range from —40°C to 125°C.

BJT-based voltage references

One of the high-performance voltage references in terms of TC and accuracy is the design proposed by Ge
[19]. It was implemented by using a conventional architecture as proposed in [10], but with various com-
pensation techniques such as trimming, chopping, and curvature correction to compensate for process vari-
ations and nonlinearities. The up-modulated mismatch errors caused by chopping are filtered by using a
switched-capacitor notch filter. Next to this, the voltage reference presented by Boo [20] also employed the
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above-mentioned compensation techniques. Moreover, this design has dynamic element matching (DEM)
applied to the current sources. The architecture of the full system is shown in figure 2.5a. This is a switched-
capacitor-based voltage reference, which generates the PTAT- and CTAT voltage in one phase, and sums them
together in the next phase. Different DEM arrangements give a slightly different reference voltage, which
introduces time-varying ripples. These ripples introduced by DEM are averaged by the oversampling of
the sigma-delta ADC that is using the reference. By using these compensation techniques, a TC as low as
5.5ppm/°C and 30 of 0.14 % is achieved.

On-chip | Off-chip
b SDMT
AZADC
i Voo (a) Output Voltage:
--'-"a-bE Deci. {160 B CoxtWiLp mg
Filter [~ Pour Io %R me=m|VT|n(m) +(m_bVTHb'VTHt)
+ 1-—')V
(1) Ve
Vrer
SC BGR Vs M, b) LS:
Ven,s 1 Veas 42 o LILILILT (b) LS:

1

Viet  Vier b Imb
—ref2(q-Zmb ), Zmb_
My Voo 9 Re_

Ve Ve
Vg Gen, |EB2 41 TEB2 02
VEB.!J:

'mb

T e Thick Oxide NMOS
GND
(@) Architecture proposed in [20]. (Image reproduced from [20]). (b) Core architecture proposed in [21]. (Image reproduced from [21]).

Figure 2.5: Architecture proposed in [20] and [21].

MOS-based voltage references

With the trend toward low-power applications, MOS-based references started to draw attention. Shao [21]
presents a fully MOS-based voltage reference by stacking the diode-connected MOS transistors. The core ar-
chitecture is shown in figure 2.5b. It consists of two diode-connected MOS transistors M; and M}, biased in
weak inversion. Given the current flowing through these two transistors is the same, V;.r can be expressed as
shown in the figure by solving the equation 2.6. By exploring the sizing and the threshold voltage difference
of M; and Mj, the first-order temperature dependence in V;.r can be removed. Since the CTAT voltage is
generated by exploiting the threshold voltage difference between M; and M}, two types of transistors, thick-
and thin oxide NMOSs are used to increase the difference. This design achieves a TC of 108 ppm/°C and 3o
0f 0.43 % without trimming. It consumes the least amount of power compared with other designs introduced
in this section, but TC is also worse. Another voltage reference that was implemented in a comparable tech-
nology with this project is presented in [22]. Instead of summing the PTAT- and CTAT voltage together, the
transistors are biased in their zero-temperature-coefficient (ZTC) point. At ZTC point, the temperature de-
pendence of carrier mobility and the threshold voltage can compensate for each other. As a result, the voltage
that is immune to temperature changes can be obtained by exploring the ZTC point. However, the ZTC point
is highly sensitive to process variations, the 3¢ of [22] is 1.17 % even after performing 2-point trimming.

The comparison table of the performance for these designs is given in table 2.1. In general, it is possible to
achieve high accuracy by using a basic bandgap reference core, but only when multiple compensation tech-
niques are being applied to this core. High-performance designs often come with the cost of high power con-
sumption and complexity. Another thing that is worth noticing is that BJT-based voltage references achieve
better performance in terms of TC and 3o. This is because the bandgap voltage is less prone to the process
variations compared with the threshold voltage [21-23].

2.4. Cryo-CMOS and Design Challenges at 4K

State-of-the-art designs already demonstrated high-performance voltage references at room temperature.
However, not all of the room temperatures design considerations and approaches are suitable for implement-
ing a wide temperature range voltage reference. Various physical effects cause device behaviour to change
when going to cryogenic temperatures. Due to these changes, many proposed architectures for room temper-
atures applications cannot be used anymore for cryogenic applications. These effects, design considerations,
and challenges are briefly presented in this section.
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Table 2.1: State-of-the-art voltage references overview for the standard temperature range.

JSSC 2011 [19] | JSSC 2021 [20] | JSSC 2017 [22] | JSSC 2021 [21]
Technology 0.16um CMOS | 0.18um CMOS | 65nm CMOS | 0.18um CMOS
Supply [V] 1.8 1.8 0.8 1.8
Type BJT BJT MOS MOS
Temp. range [°C] -40to 125 -40to 125 -40to 125 -40to 130
Vref [V] 1.08 1.14 0.69 0.26
TC [ppm/°C] 12 5.5 5.6 108
30 [%] 0.15 0.14 1.17 0.43
Samples 61 18 50 15
Trimming points 1 1 2 -
Power [W] 99u 30.6u 13u 1.8n
Area [mm?] 0.12 0.38 0.01 0.006

2.4.1. Device behaviour at cryogenic temperatures

* Increased threshold voltage: The threshold voltage is expected to increase 100 mV to 200mV at 4K

compared to 300K [24-26]. An increase in threshold voltage implies that a larger Vg, is required for
the same current. Effectively, this is similar to reducing the supply voltage, hence making low-voltage
design at cryogenic temperatures more challenging than at room temperatures.

Steeper subthreshold slope: Figure 2.6a shows the I;-V, curves for NMOS device at three different
temperature points in the logarithmic scale. The subthreshold slope becomes steeper as temperature
goes down [13, 27, 28]. When moving to cryogenic temperatures, the transistors start behaving more
as an ideal switch, mainly due to the significantly reduced subthreshold leakage currents. However,
for a fixed current, it also causes the required Vg to be higher at cryogenic temperatures than at room
temperature when the device is operating in weak inversion. The subthreshold swing (SS) in 40-nm
CMOS technology reduces from 90 mV/dec at 300K to 20 mV/dec at 4.2 K [27].

x107°
_ | I
1074 ¢ Vgl = 50mV
Ds
41 /-
T, X

< —
= 107 A

a =
_

Lo 14 (©) ‘ W/lL=1 .z,u.f-i{lnn
0 0.5 1
Vg [V]
(a) Id-Vg curves for NMOS device with W/1=1.2um/0.4 pm in (b) Id-Vyg curves for N/PMOS devices with W/L=1.2 pym/0.4 um
40-nm CMOS technology. (Image reproduced from [27]). in 40-nm CMOS technology. (Image reproduced from [24].)

Figure 2.6: DC measurement data of N/PMOS devices in 40-nm CMOS technology.

 Increased mobility: Due to the increase in mobility, the drain current I; at cryogenic temperatures

is higher than at room temperatures if the device is operating in strong inversion [29]. For the 40-nm
CMOS technology, the mobility increases 2x from 300K to 4K [27]. Consequently, the required Vg at
4K is lower than at 300K for a fixed current. This is illustrated in figure 2.6b.

Increased mismatch: Mismatch becomes worse at cryogenic temperature [27]. Figure 2.7 shows the
NMOS drain current mismatch for different device geometries at three temperature points. The dashed
lines in the figure indicate the threshold voltage. Due to the increased threshold voltage, the device
is more likely to operate in weak inversion for a given current compared with at room temperatures,
which also makes mismatch worse.
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Figure 2.7: NMOS drain current mismatch for different device geometries in 40-nm CMOS technology. (Image reproduced from [27].)

Carrier freeze-out: At cryogenic temperature, dopant does not have enough energy to get ionized. It is
referred to as carrier freeze-out, which results in a high substrate resistance [29].

Kink effect: Another effect observed at cryogenic temperatures is the kink effect. When the source-
drain voltage is large, the drain current shows a sudden increase. High V; results in a large electric
field, which introduces a bulk current due to the impact ionization. This bulk current, together with
the large bulk resistance, results in a significant IR drop that increases the bulk potential which lowers
the threshold voltage [29]. Consequently, the drain current increases. However, the kink effect is only
observed in mature technologies and therefore is less relevant to this project.

2.4.2. Design considerations and challenges at 4K
The design challenges originating from the devices’ behaviour and the general design considerations at 4 K

are summarized below.

2.5.

Headroom issue: An increase in threshold voltage leads to a headroom issue. Consequently, only the
architecture that is suitable for low-voltage applications will be considered.

Miamatch degradation: As will be discussed in chapter 3, mismatch degrades the 30 and TC of the
voltage references directly. Therefore, extra care, such as careful sizing/layout or compensation tech-
niques, should be taken to minimize the effects of mismatch.

Moving bias points: Especially in voltage-mode voltage references, where the currents are typically
PTAT, the current levels can easily change up to 5x [6] when moving from 300 K down to 4 K. Depending
on the exact sizing, transistors may observe major shifts in bias points or even operating regions. This
may potentially introduce nonlinear errors and therefore affect the TC.

Limited power dissipation: The available cooling power is limited at low-temperatures [4, 30]. As a
result, the power budget is less. Using low power to achieve high performance is always a challenge.

No reliable models: High-performance voltage references require highly accurate models for design.
Especially when performing the curvature correction and temperature compensation [16], precise mod-
els are essential to take all the second-order effects into account. Yet, reliable models at cryogenic
temperatures are not available during the design phase of this project, design has to rely on the mea-
surement data. Consequently, extra care has to be taken to ensure the performance at 4 K.

State-of-The-Art Voltage References - Cryogenic Temperature Range

This section presents an overview of the state-of-the-art voltage references that can operate down to the cryo-
genic temperature range. Among them, Homulle presented the first MOS-based voltage reference working at
4K [14]. The design is shown in figure 2.8a. It was realized by using dynamic-threshold MOS (DTMOS) with
the approach introduced in section 2.1. In contrast to the commonly used approach, it suggests that bias-
ing transistors in strong inversion can give better performance. The work presented in [6] explores different
devices: NMOS, PMOS, and DTMOS, to assess the best candidate for implementing a cryogenic voltage ref-
erence. It provides sufficient statistical characterization to give insight into the effects of process variations
on cryogenic voltage references. This work will be discussed more in chapter 3. The design proposed by
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Yang [31] is based on the ZTC point approach. The architecture is shown in figure 2.8b, where My is the core
transistor. Opamp is used to equal the voltage at node X and node Y, consequently, the desired bias point of
My can be reached by choosing the value of R;. Through the help of Ry, the drain voltage of Mx can also
be set properly. My is implemented by stacking identical devices to increase the effective length to reduce
the sensitivity of the device to process variations. However, ZTC point is very sensitive to the biasing condi-
tion and process variation [22], given the extracted device models at 4 K and 77K, this design only achieves a
TC of 1214 ppm/K from 4K to 300 K. Moreover, the authors only report measurements for 1 sample, leaving
the inaccuracy undefined. Next to this, Liu presents a cryogenic bandgap reference using BJT devices [32].
However, this design only be measured down to 77 K. And since BJTs will lose their characteristic at cryogenic
temperature as mentioned in section 2.1.1. Therefore, it is less relevant to this project.

Mg, &%HMM M; ﬁMﬁ. MHP | #EM‘; o qHMS}

M RZa VREF
S2
M M. ||
-—C{ ’—{ ! 2] RaZ Sovo Ms4j||°—*
X il Mxa (4wau)
Re Rex [, Mxs dwau)
>
£33 Ri o« $s0@ 00
LCst RUBELS rapr 73] | Mt | G2l
Mg }J [, Mp: = Ly
T v T Ca CCzT My (4u/tu)
SS

(a) Voltage reference proposed in [14].
(Image reproduced from [14].) (b) Voltage reference proposed in [31]. (Image reproduced from [31])

Figure 2.8: Architecture proposed in [14] and [31].

A performance comparison is summarized in table 2.2. Among the designs that can work down to 4K, [6]
achieves the best performance in terms of TC and 3¢. Nevertheless, it still cannot reach comparable perfor-
mance to the designs at room temperatures. This can be attributed to the following two reasons. Firstly, the
designs presented so far are mainly based on the basic core devices (as shown in figure 2.4) and without us-
ing further compensation techniques. As a result, the intrinsic accuracy and temperature dependence of the
devices will limit the performance directly. Secondly, there are no reliable models to predict what happens at
cryogenic temperatures, which adds another challenge when aiming for high performance.

Table 2.2: State-of-the-art voltage references overview for cryogenic temperature range.

SSCL 2018 [14] ESSCIRC 2019 [6] SSCL 2020 [31] | TNS 2020 [32]
Technology 40nm CMOS 40nm CMOS 28nm FDSOI | 0.18um CMOS
Supply [V] 3.3 1.1 1.2 1.8
Type DTMOS NMOS | PMOS \ DTMOS MOS BJT
Temp. range [K] 4to 320 66 to 300 4 to 300 4 to 300 77 to 290
Tmax 1.02 0.48 0.54 0.63 0.49 1.17
Vet vl = 0.81 048 | 0.71 0.6 0.66 1.14
TC [ppm/K] 833 76 539 436 1214 102.8
30 [%] 6.6 1.2 2.2 1.7 NA 1.29
Samples NA 14 28 28 NA 5
Trimming points NA 1 NA -
Tmax 368 12.3 13.8 139 15.8 3.24
Power (W] —- " 1325 6.5: 7.4;7 7.3: 13.95 0.725
Area [mm?] 0.0004 0.006 0.009 0.009 0.041 NA

As mentioned above, one of the missing parts in the state-of-the-art of cryogenic voltage references is the
implementation of the compensation techniques. It would potentially be a bottleneck that limits the per-
formance of the cryogenic voltage references. To fill this gap and to know what kinds of errors should be
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compensated for, chapter 3 will introduce different error sources present in the MOS-based voltage refer-
ence. Furthermore, the effect of different compensation techniques on performance will be investigated.






Intrinsic Accuracy of the Voltage Reference

3.1. Introduction

As mentioned in chapter 2, one of the design challenges for cryogenic electronics is to cope with the lack
of CAD-compatible cryogenic device models. To point out the direction for system- and circuit design, the
main objective of this chapter is to identify the bottlenecks for designing cryogenic voltage references, and
assess the performance that can be achieved when applying certain compensation techniques. This analy-
sis is based on datasets from earlier voltage reference designs. The organization of the chapter is as follows.
Firstly, the available datasets will be introduced on which the analysis is based. Secondly, the temperature
dependence of the PTAT- and CTAT voltage will be explored. Finally, the effect of process variations on Vs
will be introduced, followed by the compensation techniques that allow for mitigating the error sources.

3.2. Available Datasets

The architecture of the reference generator used in this project is the same as the voltage reference presented
in [6], as it has already been proven to work from room temperature down to 4 K. The simplified architecture
is shown in figure 3.1. The schematic on the left is the reference with NMOS as core devices, while the right is
the reference with PMOS as core devices. This circuit consists of a PTAT generator formed by M;, M, and R;.
With a current density ratio p in the core transistors M; and M>, which is set by the current sources M3 and
M,, a PTAT voltage is generated across R;. This PTAT voltage is then been converted into current and mir-
rored to the output branch through Ms, which also amplifies the current with a factor m. The PTAT voltage
is now effectively scaled-up by a factor (y)= m- R»/R;. The reference voltage can be obtained by adding this
scaled PTAT voltage to the CTAT voltage generated by Mg. More details will be presented in chapter 4. In the
following contents, R; will be referred to as the PTAT resistor Ry:4: and R will be referred to as the output
resistor Ryy;-.

Figure 3.1: Simplified architecture of the voltage reference proposed in [6]. (Image reproduced from [6].)

15
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The measurements presented in this section originate from an extension of the work presented in [6]. These
measurements were already available at the start of this project. The circuits that were measured were from
two batches, where each batch has three flavors of voltage references on-chip, namely NMOS-, PMOS-, and
DTMOS-based references. Different flavors of voltage references have the same architecture as shown in fig-
ure 3.1, the difference only lies in the types of the core devices (M,26). The measured reference voltage is
shown in figure 3.2. Yellow curves indicate the measurement data, while the blue curve is the average refer-
ence voltage and the red curves the +30. The temperature coefficients of these three types of references are
347 ppm/K, 559 ppm/K, and 484.2 ppm/K, respectively, calculated by the box method as shown in equation
2.11. The inaccuracy (30) is 4.8 %, 2.6 %, and 3 %, respectively. In order to characterize and investigate the
error sources contributing to the inaccuracy, an architecture that allows for DEM on both the current sources
and core transistors has also been taped out and measured. There are 36 samples for each flavor of the voltage
reference and 16 samples for the architecture that includes the switches for DEM.
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(a) NMOS-based reference. (b) PMOS-based reference. (c) DTMOS-based reference.

Figure 3.2: Measured reference voltage from 36 samples for the NMOS-, PMOS-, and DTMOS-based references.

3.3. Temperature Dependence of the PTAT- and CTAT Voltage

The working principle of the voltage reference presented in [6] is based on combining a PTAT voltage with
a CTAT voltage. Therefore, a low temperature-drift reference voltage can only be generated if the PTAT- and
CTAT voltage are sufficiently linear. However, the measurement data shows there is a large curvature present
at cryogenic temperatures. To investigate the origin of this nonlinearity, the PTAT- and CTAT voltages are ex-
amined separately. In this section, only the effect of nonlinearity will be analyzed, i.e., the effect of mismatch
has not been taken into account.

3.3.1. PTAT from the measurements
The ideal PTAT voltage V)14, can be expressed as

KT
Vptar = n7ln(p), (3.1

where p is the current density ratio between M; and M, in figure 3.1 and n the subthreshold non-ideality
factor. The measured V)4 is shown in figure 3.3 below. The green lines represent the measured data points
while the yellow lines indicate the ideal PTAT trend, obtained by extrapolating the data between 220K and
300K. In all the measured curves, for all three device flavours, Vq; shows a similar trend. Starting from
300K, Vpq first decreases linearly with temperature as predicted by equation 3.1, and starts to saturate when
reaching approximately 60 K. Saturation remains until around 15K and a kink-like behaviour appears. Note
that the kink here refers to the observation in the measurements of the PTAT voltage in figure 3.3, which is
different from the so-called kink effect at cryogenic temperatures [29].

As mentioned in chapter 2, the generation of V)4, is based on the operation of the core transistors in the
subthreshold region. The drain current can then be approximated as in equation 2.6. The subthreshold swing
(SS), which is the required change in gate voltage for 10x change in current can be computed as

0Ip kT

-1
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Figure 3.3: Measured PTAT Voltage for the NMOS-, PMOS-, and DTMOS-based references.

usually expressed in mV/dec. The SS determines the temperature dependence of Vy;4,. In other words,
Vptar Tollows the trend of the subthreshold slope. Figure 3.4 shows the extracted subthreshold swing in 40-
nm and 28-nm CMOS technology as found in literature. The saturation of the subthreshold swing is observed,
essentially regardless of the technology [13, 14, 27, 33]. Given that k, g in equation 3.1 are physical constants,
the saturation of V)14 below 60 K might be caused by the increase in n, provided that the equation 3.2 still
holds at cryogenic temperatures. In case equation 3.2 still holds at cryogenic temperatures, 7 increases from
approximately 1.7 at room temperature to larger than 50 at 4 K, indicating that Cg,, significantly increases at
cryogenic temperatures, which is not reasonable and has been proved wrong [28]. Another explanation for
this might be associated with the imperfection of the interface or the blurring in the band-tail [28] that makes
the subthreshold swing differ from the prediction.
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Figure 3.4: Measured non-ideality factor and subthreshold swing vs. temperature.

Another nonlinearity that cannot be described by equation 3.1 is the kink around 15 K. This kink is observed
in both batches of the references, yet it is still not clear what is the actual cause. Figure 3.5 shows the mea-
sured V)4 from another PMOS-based voltage reference design. The architecture of this voltage reference is
the same as the others, but the absolute length of the core device was reduced from 2 pm to 0.4 um. There
are in total 4 samples for this reference design. Compared with figure 3.3, the kink has been alleviated sig-
nificantly by using this shorter device and even disappears in one of the samples. Kink might be caused by
circuit-related issues or the physical behaviour that is associated with the channel length. However, further
measurements are required in order to draw a conclusion on what is the exact cause.

3.3.2. CTAT from the measurements

The measured CTAT voltage is shown in figure 3.6. The green lines show the measurement results while the
dashed yellow lines represent the ideal CTAT voltage, interpolating from the measurements at room temper-
atures. The general trend is that V4, is linear with the temperature down to around 70K, from where it starts
to deviate from the linear trend. V,;,; of the NMOS-based references saturates, while V,;,; of the P/DTMOS-
based references shows a sudden increase. V¢, used in this design was taken from the Vg of the output
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Figure 3.5: Measured PTAT voltage of the short channel PMOS-based reference.

transistor. Vg mainly follows V;j, as can be seen from equation 2.8. Therefore, the nonlinear trend in V4, is
mostly caused by the non-linear behaviour in Vyy,.
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Figure 3.6: Measured CTAT Voltage for the NMOS-, PMOS-, and DTMOS-based references.

The trend of V.4, from the measurements is similar to the trend of V;; found in literature. Figure 3.7 shows
measurement data of the threshold voltage in TSMC’s 40-nm and 28-nm technologies. For the NMOS devices,
and PMOS devices with smaller sizes, Vyj, saturates when the temperature is below 50 K. V;j, can be described
as

Vin =Pums+20p + Qdep ) (3.3
ox
where ®r is defined as
kT N,
qnpz—ln(ib), (3.4)
q nj

and where ® )5 = ®); — Pg is the work function difference between the gate (®j;) and the semiconductor
(®s), Ngyup the doping concentration of the substrate, n; the intrinsic carrier concentration, C,, the oxide
capacitance per unit gate area and Q. the charge in the depletion region [34]. To first order, V;j, has a CTAT
behaviour. That is because the Fermi level is closer to the valence band when going down in temperature due
to the scaling of the Fermi-Dirac occupation function. As a result, a higher gate voltage is required for band
bending to push the Fermi level closer to the conduction band [25, 26]. n; in equation 3.4 can be described

as
ni=vNcNyexp

where N, is the density-of-states in the conduction band and N, is the density-of-states in the valence band.
The exponential term inside n; makes V;j, saturate after reaching a certain temperature. Yet, the threshold
voltage of PMOS devices exhibits a sudden increase below 70 K instead of saturation. This might be attributed

~Eg(T)

) 3.5
2kT/q (8:9)
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to the temperature dependence of the effective C,y, as it decreases exponentially below a certain tempera-
ture [26]. The dashed and the solid lines in figure 3.7b show the model for V;;, with and without including the
effective value of C,y. By including C,,, V;;, of the PMOS devices can be well-predicted [26]. However, it is
not yet understood why the effective C,, of PMOS suddenly drops below a critical temperature.

In addition to the temperature dependence of the threshold voltage itself, there are higher-order temperature-
dependent terms present in Vs and have an effect on V14, as indicated in equation 2.8. Such an error can be
compensated for by using curvature correction techniques. For example, an additional nonlinear term can
be generated with an opposite sign to compensate for the nonlinearity in Vg, [16]. Besides, since the bias-
ing current in the reference I, is not linear it will make V,,; slightly off from the desired value. However,
these higher-order errors are still negligible compared with the nonlinearity in V;j, at cryogenic temperatures.
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Figure 3.7: Measured threshold voltage in 40-nm and 28-nm CMOS technology.
3.3.3. Summary

For obtaining a reference voltage with low temperature drift, it is required that the PTAT- and CTAT voltage are
sufficiently linear. However, both in state-of-the-art cryogenic voltage references [6] and in the extended mea-
surement data, significant nonlinearities are present. The previous section presented the measured PTAT-
and CTAT voltage and investigated their nonlinearities. Some observations and guidelines are given below.

* PTAT voltage: In general, the PTAT voltage saturates below 50 K due to the saturation of subthreshold
swing. Furthermore, it exhibits a kink-like feature around 15K. The saturation of the subthreshold
swing is unavoidable, while the kink can be alleviated by using a shorter channel length of 0.4 pm in-
stead of 2 um.

* CTAT voltage: The temperature dependence of V;;,; is dominated by V;;. The CTAT voltage from the
NMOS-based references shows a different trend from DT/PMOS-based references. For the NMOS, the
CTAT voltage starts saturating below 50 K while PMOS and DTMOS show an increase in CTAT voltage
below 50 K.

* Due to physical limitations, it is not possible to generate a PTAT- and CTAT voltage that is sufficiently
linear for the temperature range from 4K to 300 K. However, if Vy;4; and V¢4 both saturate at cryo-
genic temperatures, the nonlinearity in the PTAT- and CTAT voltage can cancel out each other.

Based on the linearity of the PTAT- and CTAT voltage, NMOS transistors will be used as the core device in this
design. To further investigate whether the channel length is the cause of the kink in the PTAT voltage, two
versions of the reference generator will be implemented, one with W/L of 15pum/0.4um (v1) and the other
with W/L of 15 pm/2 pm (v2).



20 3. Intrinsic Accuracy of the Voltage Reference

3.4. Effects of Compensation Techniques on TC and Variation

Due to process variations, the measured reference voltage for each measured reference voltage has a statisti-
cal deviation from the nominal value. This can be seen from the discrepancies between samples in the refer-
ence voltage in figure 3.2. Some major error sources in the typical CMOS voltage references include threshold
voltage mismatch/spread, current source mismatch, and resistor mismatch/spread [16, 19, 23]. Fortunately,
there are several techniques, such as chopping, dynamic element matching (DEM), and trimming, that can
be used to alleviate the effects of process spread and mismatch.

Reducing the mismatch between samples does not only help to improve the accuracy but in some cases also
lowers the TC, since some of the error sources are temperature-dependent. To even further improve the
performance, curvature correction might be required to cancel the higher-order nonlinearity present in the
CTAT voltage [19]. However, applying such techniques often comes at the cost of increased power consump-
tion and circuit complexity. This section aims at gaining an understanding of how the error sources affect
the reference voltage, and up to what extent the compensation techniques improve performance. Firstly,
the dominant error sources are examined based on the measurement data and theory. Secondly, different
compensation techniques will be investigated, from which their effectiveness is assessed based on the im-
provement in terms of TC and variation.

3.4.1. Error sources

This sub-section introduces the main error sources for the architecture in figure 3.1, including current source
mismatch, core transistor mismatch, resistor mismatch, output transistor spread, and resistor spread. Al-
though these error sources exhibit different temperature dependencies, they can generally be categorized
into three types: PTAT errors, offset errors, and non-linear errors. The error sources are translated to V., f
through the sensitivity functions derived in appendix A.

Current source mismatch

Accurate generation of the reference voltage requires accurate current ratios for biasing and mirroring. Cur-
rent sources usually operate in strong inversion for better current matching [35, 36]. The drain current of the
MOS transistor when it is in strong inversion can be approximated as

I;= g(vgs — Vi) (1 +AVyy), (3.6)

where f is given as uC,xW/L and A is the channel-length modulation factor. Due to the threshold voltage
mismatch, f-mismatch, and finite output impedance of the current sources, the actual current ratio often
differs from the desired one. In the architecture proposed in [6], there are mainly two current ratios involved,
p and m, with respect to the unit-size current source. That is, p = Ij4/153 and m = I;5/143. If we define

p' = p+0dp, then AVgs becomes
) é
p(1+—p) ~ni— —p)], (3.7)
p q p

where 6 p is the error in the current ratio p. Compared with the ideal AV, when there is no mismatch in the
current sources, the error in AVg caused by § p can be derived as

kT

kT kT
AVés:n7ln(p+6p):n7ln In(p) +

, kT &
OAVgs = AVg—AVge=n—-—". (3.8)

This error will be translated to V;.f, causing an error 6 V;.r through the sensitivity function A.4,

kT 6 kT 6 1
5Vyop = ne—L x g res :n__”( + ) (3.9)
q p & q p In(p)
where 7y is the scaling factor
R
y = m. —out (3.10)

Rptar
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The current ratio m is mainly used to mirror the PTAT current to the output branch, where it is used as part
of the scaling factor (y). Consequently, an error in m causes an error in y. Assuming the error ratio in m can
be modeled as m’ = m + §m, the scaling factor becomes

R o R
y’:(m+5m)x°—”=m(1+—m)”—m. E.11)
ptat m ) Rptar
If the error in the scaling factor is modeled as 6y = yém/m, its effect on V;, ¢ can be derived as follows,
om v, om kT 1
6Vref=7’?)<sy fz}f?xn7 (ln(p)+7—/). (3.12)

Based on room temperature simulations, current source mismatch has the largest effect on V;. ¢ within a sin-
gle corner with respect to other error sources introduced in section 3.4.1. As mentioned in section 3.2, the
design presented in [6] features DEM on the current sources, which allows rearranging the order of the cur-
rent sources. With the current ratio in Ms:M,:Ms5 being 1:p:m=1:10:5, there are in total 16 current sources
in the architecture presented in figure 3.1. The V;. of different arrangements of the current sources at 4K
is shown in figure 3.8. The x-axis indicates different arrangements. For a given chopping phase, the voltage
difference between each phase represents the effect of the current source mismatch. More details regarding
the implementation of DEM and chopping will be introduced in section 3.4.2.
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Figure 3.8: Reference voltage for all measured DEM/chopping arrangements at 4 K.

Figure 3.9a shows the extracted variation associated with the current sources. It was derived from figure 3.8
by computing the standard deviation of the 16 arrangements. This procedure was repeated for 16 samples at
all the measured temperature points. The current source mismatch increases as the temperature goes down.
In the voltage reference architecture, the biasing current has a PTAT nature. For such a wide temperature
range, a 5x current reduction is observed in the measurements. Current sources are therefore expected to
enter weak inversion at cryogenic temperatures due to the reduced current. As a result, mismatch increase
significantly [27]. Although equation 3.9 and equation 3.12 seems to suggest a PTAT-error if 6p and 6 m are
constant, this is not the case due to the change in the operation region. Such an error therefore causes addi-
tional temperature driftin V;.r.

Threshold voltage mismatch/spread

Assuming there is no mismatch, the ideal PTAT voltage AVgs can be expressed as in equation 2.9. However,
since the bulk of M; and M; is grounded, but the potential at the source of M; is defined by AV, the body
effect will introduce a systematic threshold voltage mismatch between them. In addition, process variations
will also cause a random mismatch. The mismatch 6V;;, = Vi a1 — Vin,m2 in the PTAT voltage will be con-
verted into an error in bias current Iy;4;. Therefore, it not only causes the error in PTAT voltage but also
alters the biasing condition of the output transistor Mg, introducing a shift in CTAT voltage. This error will
be transferred to the output through the sensitivity function A.4, generating an error in V,..¢ which can be
approximated as
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Figure 3.9: Effective mismatch in core transistors and current sources.

Vi 1
6Vref:6AVg5><SAV;:6Vthx(y+m). (3.13)

Figure 3.9b shows the threshold voltage mismatch between the core devices versus the temperature, extracted
from the measurements. The data was extracted by taking the difference in V;,r from the two chopping
phases. Given that A Vg will be amplified by the scaling factor y, this extracted quantity is therefore not 6 V;y,
between M » but the scaled-up of § V. In the general trend, the threshold voltage mismatch increases as
the temperature decreases. Note that all the mismatch in the core transistors was combined into an equiva-
lent threshold voltage mismatch in this extraction approach. f-mismatch of the core transistors is thus also
included in it. Given the sizing that was used in [6], y=3.1 and p=10, § V;;, will be amplified approximately 3.5
times, thus degrading the TC on a significant scale.

Another non-negligible error source in the voltage reference is the threshold voltage spread of the output
transistor Mg. The reference voltage generated by MOS-based references is directly related to the threshold
voltage of the transistor. The process sensitivity of the output transistor is thus very important [21, 23]. The
threshold voltage spread in M), will not introduce errors as the spread in M; » will cancel out each other.
However, this is not the case for the output transistor. As derived in equation A.3, the spread in the output
transistor will be added to the reference voltage directly,

Vre
8Vref = 0Vipe x Svgf ~ 6 Ving. (3.14)

For a device size of W/L=120 pm/0.4 pm in TSMC 40-nm CMOS technology, the threshold voltage spread is
around 4 mV in a single corner. Nevertheless, the spread can easily be in the order of 35 mV across the cor-
ners. Figure 3.10 shows the reference, PTAT-, and CTAT voltage from two batches. The PTAT voltage remains
the same for two batches while the CTAT voltage has a 30 mV discrepancy. The observation is in agreement
with the expectation that the PTAT voltage is less pronounced to the process spread as mentioned above. The
final goal is to design a batch-independent voltage reference, hence the threshold voltage spread is a non-
negligible error source that has to be compensated for.

Resistor mismatch/spread

Resistor mismatch refers to the mismatch between Ry:4: and Ryy;. Since this ratio determines the scaling
factor, first-order temperature dependence in PTAT and CTAT voltage cannot be compensated for each other
if the resistor ratio is not accurate. Let & = Ryy;/Rp¢q; be the ratio between Ry and Ry, and Aa the error
caused by resistor mismatch. The scaling factor becomes y’ = m(a +da). It generates an error voltage in V. ¢
through sensitivity function A.5

A A kT 1
e T [ (R ;)) 3.15)
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Figure 3.10: Batch comparison of reference-, PTAT-, and CTAT voltage.

As the first order temperature dependence in the two resistors cancel out each other in the ratio, A« is up to
first order temperature independent. Mismatch in resistors will therefore translate to a PTAT error in V.
However, the change in the absolute value of R, will alter the biasing current of the output transistors Mg,
causing a shift in V. Fortunately, since the biasing current shows a PTAT behaviour, this error can be seen
as a PTAT error and can therefore be trimmed out.

3.4.2. DEM and chopping
This section covers two dynamic offset-cancellation techniques: chopping and DEM. The working principle
of them will be introduced first, followed by their effect on TC and variation.

Dynamic element matching (DEM)

DEM is a technique that dynamically interchanges identical circuit elements, which effectively up-converts
the mismatch error. By doing so, the mismatch errors can be averaged out over time which significantly re-
duces the error [16, 20]. To generate the accurate biasing current ratio, DEM can be applied to the current
sources Ms_js in figure 3.1. The current ratio for M3, My and Ms is 1:10:5. According to the Pelgrom law, the
unit size current source in the left-most branch is the main error contributor as it has the smallest absolute
size [36]. Therefore, the idea is to average the mismatch error by swapping the position of the current sources
in the circuit. Each current is then used as the unit-current source in the left-most branch once. By dynami-
cally arranging the elements, the mismatch is up-converted to the harmonics of the DEM frequency and can
be filtered out by using a low-pass filter.

Chopping

The principle of chopping is to use the modulation technique to separate the frequency of the signal and the
offset, and then use the filtering method to remove the offset while the signal is unaffected [16]. The prin-
ciple is illustrated in figure 3.11. The desired signal is up-modulated by the first chopper to the chopping
frequency before entering the amplifier. In this way, the desired signal and error signal (V,) will be in dif-
ferent frequency bands. After the amplifier, the second chopper de-modulates the input signal back to the
baseband and up-modulates the offset to the chopping frequency. Similar to DEM, the up-modulated offset
can be filtered out by the low pass filter after the second chopper.
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Figure 3.11: Typical implementation of chopping. (Image reproduced from [16].)

Chopping is usually applied to the input of the amplifier to reduce the offset and the low-frequency noise
from the input pair. This concept can be applied to the core device M, in figure 3.1 as well. The basic idea
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here is to dynamically interchange the core devices. By doing so, the mismatch between M; » (6 Vyy,) is up-
modulated to the chopping frequency. However, note that in this design, the desired signal is always at the
baseband and thus the second chopper is not required. Therefore, strictly speaking, the chopping used here
is essentially applying DEM on the core devices.

The effect of chopping can also be seen from another perspective. Using the same assumption above, if M;
has a 6 V;;, mismatch with respect to M», then during chopping phase 1, the PTAT voltage can be expressed as

kT
met,chopl =0V + ﬂ7ln(P), (3.16)

which can be seen as the ideal PTAT voltage with an additional offset term. At chopping phase 2, M; and M,
are interchanged, resulting in a PTAT voltage equal to

kT
met,chopz ==6Viy + ﬂ71n(p)- (3.17)

Mathematically speaking, by interchanging the core transistors, threshold voltage mismatch can be averaged
to zero after averaging the PTAT voltage in both phases.

TC and variation after DEM and chopping

As mentioned in section 3.2, DEM and chopping were applied to the voltage reference in figure 3.1, although
the switches are not shown in the figure. There are in total 16 samples of this architecture. The measurement
results are shown in figure 3.8. At one temperature point, 32 arrangements were measured, based on 16
DEM phases and 2 chopping phases. An ideal averaging was performed in Matlab afterward. Figure 3.12
shows the measured reference voltage in the case of no compensation and the averaged reference voltage
after performing chopping and DEM. Without compensation, mismatch at cryogenic temperatures is quite
pronounced. DEM and chopping help to reduce the mismatch effectively, in which the 30 reduces from
5.12% to 3.37 % and 3.96 %, respectively. By doing DEM and chopping at the same time, 30 of 1.65 % can be
achieved. Meanwhile, TC also shows a significant improvement, reducing from 248.8 ppm/K to 134.2 ppm/K.
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(a) Reference voltage without any compensation. (b) Reference voltage after applying DEM and chopping.

Figure 3.12: Effect of DEM and chopping on the reference voltage.

3.4.3. Trimming

Trimming involves measuring the output of the system, which contains the offset or gain errors, and then ad-
justing the value of certain components to bring the output back to the desired value [16]. Although trimming
is costly in terms of the measuring effort, it is of rather low complexity compared with the other offset can-
cellation techniques. Furthermore, some errors such as the threshold voltage spread of the output transistor
(M) can only be corrected for by trimming. Two types of trimming can be applied to this design to remove
the PTAT- and offset errors introduced in section 3.4.1.
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e PTAT trim: A PTAT trim aims to trim out the PTAT errors in the system. Since the first-order temperature
coefficients in the PTAT- and CTAT voltage are set by the scaling factor (y), it is possible to implement
the PTAT trim by making y (3.10) tunable.

¢ Scaling trim: A scaling trim can be used to scale up or scale down the reference voltage independent of
temperature. It can be seen as providing another degree of freedom to adjust the overall gain setting of
the system. By doing the scaling trim, the offset error in the reference can be removed.

Correlation between room temperature and cryogenic temperature

Trimming as mentioned above aims to correct the common static errors in the system. However, for a wide-
temperature range voltage reference, performing trimming at a single point can only be very effective if the
reference voltage at the edges of the temperature range has sufficient correlation. Figure 3.13a shows the
measured reference voltage (untrimmed) at both 4 K and 300K for each sample. The scattered points indi-
cate that there is no strong correlation between the reference voltage at 4K and 300K. Figure 3.13b shows
the correlation coefficient between the reference voltage at 4 K (and 300 K) and the reference voltage at other
temperatures, calculated by the least square method. The correlation coefficient between 4 K and 300K is
only 0.31 while, it is 0.97 between 233K and 300K (-40°C and 27°C). This points out that it is likely that
there is an effect appearing at cryogenic temperatures that reduces the correlation of the reference voltage
with respect to the reference voltage at room temperature. In addition, 70K is the temperature at which the
reference voltage has an equal correlation with respect to 4K and 300K. This crossing point indicates that
70K is the most effective temperature to apply a single-point trimming, in order to have maximum effect on
both edges of the temperature range. Since 70 K is close to the liquid nitrogen temperature (77 K), performing
trimming at this temperature is cheaper in terms of measuring cost.
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Figure 3.13: Correlation between different temperatures.

TC and variation after trimming

As mentioned in 3.4.1, for MOS-based voltage references, threshold voltage spread is the major error contrib-
utor and it presents itself as a (first-order) offset error on V., r-Asa result, in the analysis in this section, the
PTAT trim is used as a batch trim to correct the overall PTAT errors while the scaling trim is performed on each
sample to remove the offset errors (the comparison of the effectiveness of the PTAT trim and scaling trim is
shown in table 3.1 and appendix B). Since the architecture in figure 3.1 does not include additional elements
to allow doing the scaling trim, the ideal scaling trim was done in Matlab to examine its effectiveness. Figure
3.14 shows the results after performing a single-point scaling trim for one batch of the references at three
different temperatures. The most intuitive way for trimming is to perform it at the mid-temperature point,
which is 150K in this design (3.14b). Scaling trim effectively removed the offset errors, and therefore the TC
and inaccuracy (30) both show 1.3 times improvement. Trimming at room temperature gives enormous ben-
efits in terms of cost during measurements, while figure 3.13b suggests the optimal trimming point is at 70 K.
Trimming at 300 K yields a TC of 292.8 ppm/K and trimming at 70K a TC of 225 ppm/K, demonstrating that
trimming at 70 K is indeed the most beneficial.
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Figure 3.14: Reference voltage after performing an ideal single-point scaling trim at 70K, 150K, and 300 K in Matlab.

3.4.4. Curvature correction

Besides mismatch and spread, there will be higher-order errors present in both the PTAT- and CTAT voltage
as mentioned in section 3.3.3. To achieve a low temperature drift, curvature correction can be used to correct
these higher-order errors. However, implementing error compensation requires an accurate device model
valid over the full temperature range, which is currently not yet available. In order to determine the curvature
that should be compensated for and what improvement in terms of TC can be achieved, an ideal curvature
correction is performed in Matlab.

The approach for doing the ideal curvature correction is as follows: firstly, the average curvature is obtained
from the trimmed reference voltage in figure 3.14b. The average curvature is shown in figure 3.15a. This cur-
vature is then subtracted from all the reference curves. For this analysis, it is assumed that it is possible to
design the compensation circuit which provides the exact trend of the average curvature.
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Figure 3.15: Ideal curvature correction.

TC and variation after curvature compensation

The results after performing the curvature correction are shown in figure 3.15b. The TC before and after the
curvature correction are 257 ppm/K and 210 ppm/K, respectively, calculated by using the box method 2.11.
The main improvement comes from the fact that the kink at cryogenic temperatures is corrected now. How-
ever, the performance does not improve significantly by doing the curvature correction. TC=210 ppm/K is
still far from the target specification, which is 10 ppm/K. The remaining errors at 4K are 3.75 times larger
than the remaining errors at 300 K. The unbalanced curves in figure 3.15b indicate that the mismatch below
100K is limiting the performance.
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3.4.5. Summary

This section aims to assess the effects of process variations on the reference voltage and quantify the per-
formance improvement by using compensation techniques. The comparison table of the effects of different
compensation techniques on TC and inaccuracy (30) is given in table 3.1. The analysis above points out the
directions for designing a wide-temperature range voltage reference, which can be summarized as follows:

 There are two major obstacles when implementing high accuracy, and low TC voltage references, namely
mismatch, and nonlinearity. Assuming the large curvature at cryogenic temperature can be corrected
by using NMOS with a shorter channel length as core devices, the mismatch is the main bottleneck
when implementing a reference that can work down to cryogenic temperatures instead of higher-order
linearities.

* The effect of error sources on TC can be categorized into offset errors, PTAT errors, and nonlinear errors.
Offset- and PTAT errors can be seen as gain errors in the system, and can therefore be removed by using
either a PTAT- or scaling trimming.

* Neither a scaling trim nor a PTAT-trim can correct for random nonlinearities. To effectively remove the
(statistical) nonlinearity introduced by the current sources and core transistors, DEM and chopping can
be applied to the reference. Note that systematic nonlinearity can only be removed using a dedicated
curvature correction scheme.

Given the above guidelines, the proposed design will implement several compensation techniques. The er-
rors are expected to reduce to below 10 mV at 4 K after applying DEM, chopping, trimming, and assuming that
the nonlinearities in both the PTAT- and CTAT voltage can be minimized (section 3.3.3). Figure 3.16 shows
the remaining errors after performing the compensations techniques. As a result, a TC below 60 ppm/K can
be expected. Compared with the work presented in [37], which focused on characterizing the sources of the
error, and where the averaging was implemented in Matlab, the goal of this design is to have a full system
where the averaging is done on-chip.

Expected Errors
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Figure 3.16: Residual errors after applying DEM, chopping, scaling trim, and curvature correction.
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Table 3.1: Effects of different compensation techniques on TC and 30. Compensation techniques were applied to the NMOS-based
reference, with the architecture features DEM. Note that the TC and 30 are better than the results mentioned above. This is because
there are only 16 samples for the DEM architecture, which is less than the basic architecture presented above (basic architecture refers
to the architecture without switches for DEM. There are 36 samples for the basic architecture). Related figures can be found in appendix

B.
TC [ppm/K] | Inaccuracy (30) [%] | Figure

No compensation 254.7 5.12 B.1a
Single point scaling trim at 150K 217.46 4.02 B.2a
Single point PTAT trim at 150K 232.96 4.65 B.3a
DEM 196.89 3.37 B.1c
Chopping 216.9 3.96 B.1b
DEM + chopping 137.89 1.69 B.1d
DEM + chopping + scaling trim 110.89 1.19 B.2d
DEM + chopping + PTAT trim 123.36 1.39 B.3d
Curvature correction 214.47 5.12 B.4a
Curvature correction + scaling trim 156.58 4.02 B.4b
DEM + chopping + scaling trim + curvature correction 53.07 1.19 3.16




Circuit Design

This chapter presents the design of the proposed voltage reference at both the system level and the transistor
level. Firstly, the system overview will be presented. Secondly, each sub-block in the system will be intro-
duced, including the architecture choice, circuit implementation, and simulation results. Finally, the layout
of the full chip will be presented.

4.1. System Overview

From the analysis in chapter 3, it is clear that mismatch is the main bottleneck for designing high-accuracy
cryogenic voltage references. To achieve the target specifications, several offset-cancellation techniques,
such as dynamic element matching (DEM), chopping, and trimming are implemented in the design. How-
ever, this will introduce ripples in the reference voltage. In order to obtain a clean reference voltage, these
ripples must be removed.

The overall system is shown in figure 4.1, which consists of a reference generator, averaging circuit, and clock
generator. The reference generator first generates the temperature-independent voltage V;.¢. The variation
in V;.r is up-converted to higher frequencies by applying DEM and chopping. After this, a switched-capacitor
integrator will be used to remove these up-converted mismatch errors. In terms of functionality, the integra-
tor can be effectively seen as a low-pass filter. In principle, it samples each DEM phase, integrating them to
generate a constant output V,,;. Based on a single clock input, all the required dynamic control signals for
the system are generated on-chip by the clock generator. In addition, there is an auxiliary circuit block for
static configuration and multiplexing for characterization purposes.

config<>

CLK ’ Clock generator 4| Aux. circuit
reset —p

—»| Averaging circuit | —» Vout

Reference

generator

Figure 4.1: System overview.
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4.2, Reference Generator

This section presents the architecture of the reference generator, which contains the reference core and the
compensation circuit. The architecture is the same as presented in [6, 37] but with slightly different sizing.
As mentioned in chapter 3, in order to investigate whether channel length is indeed the cause of the kink in
PTAT voltage at cryogenic temperatures, two versions of reference generator with different core device sizing
are implemented. To make a fair comparison, only the sizing of the core devices has been changed. More
details of the error budgeting and the sizing considerations of the reference generator can be found in [37].
The following sub-section presents the architecture, implementation of compensation techniques, and sim-
ulation results.

4.2.1. Reference core

Architecture

The architecture of the reference generator is shown in figure 4.2. As introduced in section 3.2, by biasing M;
and M in weak inversion with different current densities, the difference in their gate-source voltage (AVgs)
shows a PTAT behaviour. This voltage is then converted into current by Ry¢4: and is mirrored to the output
branch by M3 and Ms. The PTAT voltage generated across R,,; can be expressed as

AV,
gs
that = R

MRoyt
)

K
-m-Royr = n7ln(p)- (4.1)

ptat Rptar

where m is the current ratio between Ms and M3, and p is the current ratio between M, and M3. Vg has a
CTAT behaviour as mentioned in the previous chapters. By choosing the proper scaling factor mRoy¢/Rptat,
a first-order temperature-independent reference voltage can be obtained. It can be expressed as

KT

Vier = n7ln(p) : + Vgss. 4.2)
The current ratios p and m depend on the current carried by the current sources M3_s5. Due to the finite
output impedance, the accuracy of p and m will be affected. To alleviate this error, a feedback loop formed
by M7 and Mg is added. Given that Vg=Vgs7, Ip2 is equal to Ip7. Consequently, since (W/L)pg=(W/L)pa,
Vgsa and Vg g are equal, resulting in Vz3=V54. With the drain voltage of M3 and M, being equal, the circuit is
more robust against supply changes, hence improving the line regulation and accuracy. Note that this feed-
back loop does not ensure the drain voltage of M5 is the same as M3 and M. Therefore, M; is the limiting
factor for the line regulation. Note that using cascodes to improve the supple rejection is non-trivial in this
design due to the increased Vi, at cryogenic temperatures and the large variation in the biasing current as
mentioned in section 2.4. The circuit is stable as the negative feedback loop is dominant. This can be seen
from follows: assuming there is an increased signal at the drain of M4, this increased signal will be translated
to a decreased signal at the gate of M8 due to the gate-drain inversion of M3. This signal will be inversed two
more through of M8 and M2. Ending up as a decreased signal at the drain of M4, which indicates that the
negative loop is presented.

Sizing considerations

As the biasing current in this architecture has a PTAT behaviour, the current reduces as the temperature
reduces. At cryogenic temperatures, the current sources might enter weak inversion due to the increased
threshold voltage and reduced current. The W/L ratio should be chosen to make sure the current sources
stay in deep strong inversion at room temperatures. Accordingly, Ms_5 have a W/L ratio of 1 um/7.5pum.
Drain current mismatch can be modeled as

2
2 =g m\" 2
UAID/I[)_UAﬁ/ﬁ+(ID) Oav,, (4.3)

where g av,, is the variability of threshold voltage = Ay,, /v W L and o g is the variability of the current factor
= Ag/VWL [27]. Thus, it is beneficial to use a large transistor with a small transconductance to reduce the

drain current mismatch. L=7.5 um is used for the current sources. Long transistors not only reduce mismatch
because of larger geometry but also provide a larger Vg to improve the drain current matching [35]. Further
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Figure 4.2: Architecture and sizing of the voltage generator.

increasing the width might not help, as a larger width increases the g, as well.

To generate the PTAT voltage, the core devices M) and M, must be in weak inversion. Working in weak inver-
sion usually required devices to have a low-current level. Since the biasing current has a PTAT behaviour, the
core devices have a high W/L ratio to ensure they operate in weak inversion at the highest operating temper-
ature. L=0.4 um is chosen for the experiment to investigate if kink depends on channel length as mentioned
in chapter 3.

The total current budget of the reference generator is decided to be 2 pA at 4K, so that more budget can be
left for other blocks. Since the bias current shows a PTAT behaviour and is expected to reduce 5x at 4K, the
total current budget at 300 K is 10 pA. For the current ratio in the current sources being Mg : M3 : My : M5=10:
1:10:5, the current level at the unit size transistor M3 can be calculated as

1 104 384nA (4.4)
= = nA. .
DM = 10+1+10+5
The required Rpq; can be obtained based on Ohm’s law,
AVygs
Rpm, = =169.2kQ, (4.5)
Ip 3

where AVgs =65 mV based on the simulation. The actual value of the R ;4,=165.4kQ is decided together with
the layout considerations. Ry;,;=127.2kQ is chosen such that the first order temperature dependence in V.. ¢
(equation 4.2) can be cancelled.

4.2.2, Offset cancellation techniques

The offset cancellation techniques implemented in this design include dynamic element matching, chop-
ping, and trimming. The compensated architecture is shown in figure 4.3. This is the extended architecture
of figure 4.2.

Dynamic element matching (DEM)

The basic idea of DEM is to swap the position of identical elements in a circuit. By swapping the instances
at a given frequency, the mismatch error is up-converted to the higher frequencies and can be filtered out by
averaging. As the PTAT current in the output branch can be approximated by m - nKT/qln(p), errors in ratio
p and m will therefore be directly translated into an error in the reference voltage. As a result, DEM is applied
to the current sources M3_s in this design. With the ratio of M3 : My : M5 =1:10:5, there are in total 16 unit
current sources. Ideally, random sampling from all the possible arrangements for the current sources gives
the best result in terms of mismatch reduction. However, this increases the complexity of implementing the
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Figure 4.3: Reference generator with the switches for offset compensation.

digital control logic. Since the unit current source (in the branch of M3) is the main error contributor, 3¢ inac-
curacy on V;, ¢ can already be reduced by six times by letting all of the 16 current sources be in this position at
least once based on the simulation (table 5.1). For the implementation, the current sources are shifted by one
position every phase. By using 16 different arrangements, the errors caused by the current ratio mismatch
will be alleviated. Note that the idea of DEM is to average the errors instead of fully canceling them, implying
that there will still be some higher order errors present [16].

The switches that are used to implement the DEM (M;;_g3) are implemented with PMOS devices. Due to
subthreshold leakage current, both the PTAT- and CTAT voltage at room temperatures are slightly lower in
this architecture (figure 4.3) compared with the basic architecture (figure 4.2). The ideal current ratio p is 10,
which means p = I;;gn;/ Ijer = 10. However, the actual current ratio is approximated as

r_ Iright * Olteakage (4.6)
Iieft + 15]1eakage ’

where Ijeqkage T€presents the leakage current for the switches that are opened but still connect to the branch.
Since the subthreshold leakage is expected to be less pronounced at lower temperatures, no further leakage-
reduce technique is adopted in this design.

Chopping

Compared with DEM, chopping first up-modulates the input signal and then de-modulates it back to DC.
While the desired signal is de-modulated, the offset is up-modulated to the chopping frequency (fcnop) [16].
Chopping is applied to the core transistors M; and M, in this design. It is fundamentally the same as doing
DEM on core devices M; and M, as only the mismatch is up-converted but not the signal. By doing so, the
threshold voltage- and beta mismatch between the two core devices can be averaged out.

Transistors M.)_.4 are used to interchange the position of M; and M. Between the two chopping phases, the
current ratio needs to be interchanged to maintain stability. Switches that are used to interchange the current
ratio are implemented with passgates. The on-resistance of the passgates strongly depends on the threshold
voltage of the devices. Having a closer look at the gate of Mg shows that the node voltage can be approxi-
mated by Vpp — Vs, which is expected to vary between 500 mV to 410 mV based on available measurement
data. Further reducing the on-resistance of the passgates would require to use a larger width. However, this
introduces a gate leakage current flowing to the left branch (/;.¢,) at the same time, thereby reducing the
accuracy. Consequently, the on-resistance of these switches at 4K is one of the limiting factors that prevent
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using higher chopping frequencies. The chopping frequency that will be used in this design is in the range of
300Hz to 2.4kHz

16 arrangements of the current sources are implemented during one chopping phase. Given the 2 possible
chopping states, 32 possible arrangements of the core transistors and current sources can be used.

Trimming

This design uses trimming to correct the static error. As mentioned in section 3.4.1, certain errors show a
PTAT behaviour, which allows to remove them by using a PTAT trim. The scaling ratio mRyy¢/Rptar controls
the slope of the PTAT voltage. R, is made tuneable to allow such a PTAT trim. Since trimming is expensive
in terms of time and cost during measurements, it will only be used as batch trim in this design. That is, all
the references from the same batch will have the same configuration for the PTAT trim.

The resolution of the trimming network is decided to be 1 mV. The fine resolution allows for minimizing the
PTAT errors further. However, the linearity in the PTAT voltage is limited by the kink as presented in figure 3.3.
Other nonlinearities are negligible compared with the kink, therefore the trimming network does not need to
have a fine resolution. The expected PTAT error based on the measurement data is 23 mV, for the resolution
of 1 mV, 5-bit is required. In order to also cover unexpected changes at cryogenic temperatures, the range of
the actual trimming network has been extended. The implementation of the trimming network is shown in
the right-most part of figure 4.3. The resistors used in this trimming network R;_7 are binary weighted while
Rg is the static resistor. With R, in figure 4.2 equals 127.2 kQ and PTAT voltage equals 250.8 mV at 27 °C, the
R;sp (Rp) can be calculated as follows,

Viss

Risp = =507.23Q. 4.7)

Vprar % Rour
The switches used in the trimming network is implemented with NMOS devices as they only need to switch
low voltage (<V;.r). Sizing considerations of the switches have been made such that the error introduced by
on-resistance and finite-off resistance of the switches is negligible [37].

4.2.3. Start-up transistor

This architecture requires a start-up circuit to push the circuit out of the zero-current state. At room tem-
perature, starting up the circuit can be done even without a startup circuit due to the subthreshold leakage
currents. However, when the temperature decreases, the subthreshold leakage also decreases, making it less
straightforward to start up the circuit. Therefore, a startup transistor is required to let the current flow. In the
design presented in [6] the startup circuit consists of a comparator, which determines whether the circuit is
in the on- or off-state, and generates a start-up pulse to trigger the start-up transistor if needed. However,
due to the architecture and operation of the averaging circuit (which will be covered in the following section),
the output of the reference generator will change from 0 to around 500 mV from phase to phase. Therefore,
this approach is not suitable for this design.

The start-up transistor is shown in figure 4.4, marked in grey. This start-up transistor is controlled by the reset
pulse for the clock generator. When the system is powered on, a pulse (1.1 V) will be applied to the gate of this
start-up transistor. Consequently, the gate of the Mg will be pulled down to the ground, the drain of M7,8 and
the gate of M, » will be pulled up due to the gate-drain inversion of Mg. Current is therefore allowed to flow
through all the branches. After the circuit starts up and reaches its desired state, the start-up transistor will
be connected to a logic 0, hence being invisible to the rest of the circuit.

4.2.4. Simulation results

This section presents the simulation results of the reference generator. The results presented here are based
on the architecture shown in figure 4.3. Figure 4.5 shows the reference voltage (V;.r) and PTAT voltage
(Vptar) from —40°C to 27°C from both schematic and parasitic extracted (PEX) simulations. With a nomi-
nal V=486 mV, the temperature coefficient in the schematic level is 23 ppm/K. After parasitic extraction,
a voltage shift of 5mV is observed in V;..f, while Vj;4; is almost unchanged. Since the error in V4, after
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Figure 4.4: Architecture of the reference generator with start-up transistor. The start-up transistor is marked in grey.

parasitic extraction is below 200 uV, the change in V;..r is mainly from the CTAT voltage as can be seen from
equation 4.2. This threshold shift can be attributed to the second-order effect caused by layout. Figure 4.6
shows the range and resolution of the PTAT trimming network. The blue line in the figure 4.6 is the simulation
result with the mid-code setting while the other lines represent various codes.
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(a) Reference voltage vs. temperature. (b) PTAT voltage vs. temperature.

Figure 4.5: Reference and PTAT voltage vs. temperature.

Figure 4.7 shows the effects of process spread and mismatch on the reference voltage. Figure 4.7a shows the
results of 200 runs of a Monte Carlo simulation at the nominal corner (TT). The temperature coefficient and
the accuracy are 916.3 ppm/K and 2.96 %, respectively, without performing trimming. Based on the simula-
tions, the threshold voltage spread within a corner at room temperature is expected to be smaller than 3 mV.
The main source of variation in V;, is caused by the current source mismatch. Figure 4.7b shows the ref-
erence voltage at different corners. Since MOS-based references are fundamentally extracting the threshold
voltage of the transistor (Mg in this design), the simulation results are consistent with the expectation that
Vrer is lower when NMOS is in the fast corner (FS/FF) and higher when NMOS is in the slow corner (SF/SS).
The threshold voltage spread is around 50 mV across corners, which is the main limiting factor for imple-
menting batch-independent voltage references by using MOS transistors.

Figure 4.8 shows the reference voltage in time domain at 27 °C. The simulation result is obtained by running
a Monte Carlo simulation for 1 sample, with the DEM frequency set at 1 kHz. The moments when swapping
the devices are indicated by arrows in the figure. Different arrangements of the current sources produce dif-
ferent output voltages, which explains why the square-wave-like ripples are observed. Each little square wave
represents a different current source mismatch. The threshold voltage mismatch between M; and M, can be
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Figure 4.7: Reference voltage versus temperature.

observed from the overall voltage shift between the two chopping phases. It is added on top of the current
source mismatch. The ripple is approximately 16 mV, which is significantly limiting the accuracy and should
therefore be removed.

The simulation results of line regulation and noise simulation at 27 °C are shown in figure 4.9. The achieved
line regulation is 15 mV/V with a nominal supply of 1.1 V. The integrated noise from 1 Hz to 10 Hzis 45uV ..
The majority of the noise is from the flicker noise of the unit size current source M3, which contributes 88.3 %
of the total noise. Since the reference generator is biased with a PTAT current, the power consumption is
expected to reduce at cryogenic temperatures. The current consumption reduced from 9.58 pA at 27°C to
7.59 pA at —40°C.

4.3. Offset-Compensated SC-Integrator

One of the drawbacks of DEM and chopping is that it generates ripples, as mismatch is up-modulated to the
harmonics of f,,,. This ripple is expected to be 18 mV at 4 K based on the measurement data, which is larger
than what can be tolerated based on the specifications. Therefore, a circuit that performs the averaging is
required. This section presents the system-level design of the averaging circuit, including the motivation, ar-
chitecture choice, transistor-level implementation, and simulation results.
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Figure 4.9: Line regulation and noise simulations at 27 °C.

4.3.1. Motivation for using SC-Integrator to do the averaging

The most intuitive way to suppress the ripple is to add a low-pass filter (LPF) at the output of the system to
filter out all the high-frequency noise caused by DEM and chopping [38]. However, the reference generator
proposed by [37] is designed for characterization purposes rather than for implementing dynamic offset can-
cellation techniques. In order to investigate if the kink is related to the channel length of the core devices,
most of the sizing in the reference generator remains unchanged with respect to the design presented in [37].
Large transistors and low current levels of the reference generator limit the operation speed. Low chopping
frequencies make using an RC-LPF impractical as it requires a large silicon area. Although a switch-capacitor
filter (SC-filter) can be used to replace the bulky resistor, it usually requires a buffer at the output to generate
a buffered reference voltage. This is not desired as the accuracy of the voltage reference will then depend on
the performance of the buffer. More compensation techniques have to be applied to alleviate the errors in-
troduced by the buffer, which further increase the complexity. Many start-of-the-art implementing SC-notch
filter for ripple reduction [19]. Through this approach, mismatch will first be integrated into triangular-like
ripples, and then be sampled at the zero crossing point. However, due to the architecture of the reference
core itself, this is not feasible in the design.

Switched-capacitor circuits are another possibility for implementing the averaging. As introduced in chap-
ter 2, some of the SC-based voltage references store the PTAT- and CTAT voltage on a capacitor during the
sampling phase, and then sums them together during the holding phase [39-41]. However, accurate coeffi-
cients for summing operations are not easily implemented by using passive SC networks, especially if there
are many DEM phases. The same idea can be extended to use a SC-integrator for performing the summing
operation. In this approach, each DEM phase will be sampled and then integrated. The active integration
provides a possibility to simplify the SC network as only one summing coefficient is required.
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Among these options, the SC-integrator is chosen in this design for performing the averaging. Compared to
a buffer, offset and gain compensation are easier to implement in the integrator. Furthermore, the capacitors
that are used in the integrator feedback network can be used as another degree of freedom for trimming. It
provides a possibility to trim out the offset between samples caused by the threshold voltage spread.

4.3.2. Working principle

As mentioned in the introduction above, the integrator is chosen to do the averaging. A correlated double-
sampling (CDS) integrator has been chosen for performing the offset and gain compensation. The architec-
ture is shown in figure 4.10 [42]. As illustrated in figure 4.10a, during the sampling phase, the sampling ca-
pacitor (Cy) samples the input voltage V;.r and at the same time, Cj, samples the offset voltage of the opamp.
Assuming the opamp has infinite DC gain, the voltage on these two capacitors can be expressed as

Ves= Vref —Vem, (4.8)
Ven =V =Vem = Vem + Vos — Vem = Vos, (4.9)

where V,, is the input common-mode voltage of the opamp and Vj; is the offset voltage of the opamp.

During the integration phase (figure 4.10b), S;, S3, S5 are opened and S5, S, are closed. C; will be discharged
to

Ves=0—Vem. (4.10)
The charge sampled on the C, has therefore been transferred to the integration capacitor (C;,;), causing a
voltage change AV,;,; that can be described as

AQ=AV x Cs = [Vyef = Ve — (0= Vern)] X Cs = Vyep x Cs, 4.11)

AQ Cs

AVeint = Cint = Vier % Cint’

Without the presence of Cy,, the left plate of C;,; is approximate V,; during the integration phase, resulting
in incomplete integration. Through the help of Cj, the offset voltage can be subtracted. Since the integrator
cannot distinguish the difference between offset and low-frequency noise below the sampling frequency, the

CDS technique also helps to reduce 1/f noise.
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Figure 4.10: Architecture of the CDS integrator.

The final output voltage after the whole integration period can be approximated as

Cs

Vour = Vem + 1 x AVeint = Vem + Vies % C

(4.13)

int

where 7 is the number of DEM and chopping phases (integration cycles). The output voltage depends on
Vem and the ratio between Cs and C;,;, and it is an increasing ramp during the integration. This comes with
two advantages: firstly, it provides a non-inverting output. Secondly, the output voltage does not change
dramatically from phase to phase, which makes the settling requirements of the opamp more relaxed. Note
that the equations above neglect the finite gain error introduced by the opamp. In reality, the finite gain of
the opamp degrades the integration accuracy. Extended derivations regarding finite gain can be found in [43].
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4.3.3. Modified architecture

During the integrated period, the output is an increasing ramp and it is not ready for being used as a reference
voltage. In order to make the output voltage continuously available, two channels are connected together to
work in a ping-pong mode. This operation is illustrated in figure 4.11b. The first integrator starts integrating
from phase 1 to phase 32. After full integration, it enters the hold mode, after which it is connected to the
output node (at time T7). At the same time, the other integrator is integrating. The continuous output voltage
is obtained by interchanging these two integrators.
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(a) Modified architecture. (b) Output waveform.

Figure 4.11: Modified architecture and time domain waveform illustration.

Having one integrator in the hold mode implies that there is always one integrator that does not require to
perform sampling and integrating actions. As a result, two integrators can share the same sampling capacitor
(Cs) as shown in figure 4.11a. Sharing the same C; not only saves the area but also improves the matching be-
tween two channels at the same time. S;.;4nne1 and Sy are clocked with anti-phase. They are used to select
which integrator is connected to the output (hold mode) and which integrator is connected to the sampling
capacitor (integration mode). One of the drawbacks of two-channel operation comes from the switching
spikes when switching between the output of the two integrators. To reduce this error, a capacitor is added at
the output to filter out these spikes.

Note that V;,y is generated by the reference generator, and it is expected to be around 470 mV to 520 mV de-
pending on the threshold voltage. For the switch S; in figure 4.10, that means the Vg of this switch might
be as low as 0.5V if using a 1.1 V supply. Figure 4.12 shows the measured on-resistance of the minimum size
NMOS and PMOS device at 4K. The data is characterized under V;; =10mV, by applying a fixed voltage
(1.1V) at the gate and sweeping the common-mode voltage (V,,,) for the switches. When the input voltage
is at mid-rail (=0.55V), R,,, might be so large that it affects the settling. Note that figure 4.12 only shows the
measurement result of one sample. Due to threshold voltage spread and mismatch, the actual on-resistance
may vary significantly over samples, implying that this is not a robust solution for cryogenic temperatures. It
is reported that the threshold voltage of the minimum size NMOS device might be larger than 0.6 Vat 4K in
this technology [24], which could potentially cause settling issues if used for this purpose.

Using a larger device helps to reduce the on-resistance of the switch. However, it comes at the cost of leakage
and charges injection which is not desired. To avoid this issue, it is possible to remove S; by adjusting the
timing. The modified architecture is shown in figure 4.11a, where M3 is the cascode switch that is used for
DEM as shown in figure 4.3. The timing diagram is shown in figure 4.13. During the sampling phase, S3 and S5
are closed. Current flows through the output branch of the reference generator and charges Cs with respect to
Vem- After this period, there is a short non-overlapping time to ensure S, and Ss will not be closed at the same
time, avoiding losing the charge stored on C;. As for the integration phase, S, is grounded, and S; is closed,
causing a voltage change on C;,;. Meanwhile, M3 is opened to cut off the current at the output branch of the
reference generator. Otherwise, the non-zero on-resistance of S, will cause a voltage drop, which is lifting the
ground of the left plate of C; when there is too much current flowing through.
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Figure 4.12: Measured on-resistance of the minimum size (W/L=120 nm/40 nm) NMOS/PMOS devices at 4 K.

In the conventional SC-integrator operation, there is also a non-overlapping time after the sampling phase to
avoid that Sy and Sy in figure 4.11a are closed at the same time to let V,.¢ charge Cjj,,. This should be taken
care of in this design as well. However, in the modified architecture, where S; is removed, having this non-
overlapping time might potentially cause another problem. At the moment when S, and S, are opened, the
left plate of C; observes a voltage jump from 0V to around 500 mV. Assuming that all the switches are open
(in the conventional non-overlapping operation), this sudden jump might affect the output voltage through
the input of the opamp. To avoid this, the timing for the SC-integrator is modified from the dashed line in
grey to the black solid line in figure 4.13. After the charge is transferred to C;,;, S3 closes first before S, opens
to avoid the output being affected by this sudden jump. Since the integrator is working at a low frequency in
the range of 40 kHz to 80 kHz, a slight reduction in the sampling time will not introduce any significant errors.
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Figure 4.13: Timing for the operation of the SC-integrator. Phasel is the sampling phase and phase2 is the integration phase.

4.3.4. Non-idealities in the SC-integrator
This section introduces the nonidealities in the SC-integrator, which is used as input for the real circuit im-
plementation.

Charge injection and clock feedthrough

When switches turn off, the charge in the channel will be injected to the surrounding circuits through the
source and drain terminals. The amount of this charge can be approximated as Q¢ = WLCox(Vgs — Vip).
This charge might result in an error if it deposits on the capacitor. Charge injection is proportional to the
device size, Vg, and V;y,. Since most of the switches in the design have an almost constant input and fixed
gate voltage, the charge injection error would result in an offset error. However, there will be some residual
higher-order errors present. The effect of charge injection is expected to be worse at room temperatures as
the threshold voltage is lower when the temperature is higher.

Besides charge injection, the switching transitions in the clock might also introduce errors via the coupling
from the gate-source or gate-drain capacitance, this is usually referred to as clock feedthrough. The errors
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caused by the clock feedthrough can be approximated as AV = Verxk W Copertap! (W Coperiap + Ch), where
Coverlap is the overlap capacitance per unit width and Cy is the hold capacitance [34].

Offset and mismatch

Since the integration step depends on the ratio of Cs and C;,; as pointed out in equation 4.12, the mismatch in
these two capacitors will affect the final output voltage directly in the form of a gain error. Besides capacitance
mismatch, the mismatch between the input pair of the opamp will introduce offset and it will be integrated
into the output voltage if there is no offset compensation being performed.

Leakage

There are several effects that cause leakage currents, such as subthreshold leakage, substrate leakage, and
gate leakage. Although they are from different effects, the influence that they cause on this design can be
summarized in the following two ways,

* Reduced accuracy: If the charge is leaking away from the capacitor during each sampling phase, then
the final output voltage will be slightly different from the ideal value. Since subthreshold leakage is
more problematic at high temperatures and is expected to disappear at cryogenic temperatures, such
a temperature-dependent error will translate to curvature in the output voltage.

* Degraded noise: During the hold mode, if the charge keeps leaking away, then a voltage drop will be
observed. This voltage drop over time will translate to ripples present in the output voltage, degrading
the noise. Due to the long holding time, this might be problematic when the integrator is in hold mode.
Aslong as the voltage drop caused by gate leakage is below the noise level, it will not be a concern.

The errors caused by leakage are proportional to the hold time and inversely proportional to the hold capac-
itor size. Since this design will be working at a low frequency, extra care should therefore be taken to avoid
leakage problems.

4.3.5. Switches

The implementation of switches is shown in figure 4.14. All the switches in the SC-integrator, S,_5, are im-
plemented with NMOS devices, as they only need to switch low voltage V., (this will be covered in section
4.3.7). As mentioned in section 4.3.4, there will be nonidealities introduced by the switches, such as charge
injection and clock feed-through. Pass-gates are often used to alleviate the effect of the charge injection [34].
However, they come at the cost of slightly increased complexity. Given that the pass voltage of the switch is far
away from the mid- Vpp, the additional complexity does not outweigh the lower resistance. Dummy switches
can also help to reduce the charge injection and clock feed-through [34]. Nevertheless, adding more devices
might potentially cause more gate leakage currents. It is therefore decided to use only a single NMOS device.

Since the chopping frequency that will be used is in the range of 312.5 Hz to 2.5kHz, C;,; has to hold the
output for a long time. To reduce gate leakage, S, is driven by a lower gate voltage of 0.9 Vinstead of 1.1 V. To
provide more freedom at the measurement phase, this is controlled by a tuneable supply. Consequently, Sy
is implemented as a low threshold voltage (LVT) transistor. S35 are implemented with standard threshold
voltage (SVT) transistors to reduce the subthreshold leakage.

As mentioned in section 4.3.3, Sge70c¢ and Sy, are added for two-channel operation. Since the switching tran-
sients in the integrating channel might couple to the holding channel, these two switches are implemented as
a T-switch with its middle node of the switch connected to ground [9]. Two switches in series are clocked with
the same phase while the third switch is clocked in the anti-phase. However, there is still a residual error from
the parasitic capacitance of the T-switch. To reduce this residual error, Sgejecr and Sy, ¢ are all minimum-size
devices. The reset switch is also implemented as a T-switch, to avoid subthreshold leakage adding nonlinear
errors to the output voltage. The third switch connects the middle node of the series switches to V;,,. Since
the left plate of C;,,; is approximate V., the off-resistance of the switches can be increased in this way by
making the potential of drain and source equal [41].
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Figure 4.14: Switches implementation.

4.3.6. CDAC

The ratio between Cs and C;,; determines the integration step as shown in equation 4.12. For the target out-
put voltage of 900 mV, the input voltage given by the reference generator =~ 486 mV. With a total of 32 phases,
the capacitance ratio is decided to be 0.054 with C,=1.08 pF and C;,;=19.8 pF. The actual sizing of the ca-
pacitance is usually determined by the noise specification. However, in this design, the value is determined
by the allowable leakage, as leakage is the dominant source of error rather than noise. By using such a large
capacitor, the noise and charge injection can also be suppressed.

Due to process variations, the output voltage of the two integrators will be slightly different from each other.
This difference will translate to the final output voltage as low-frequency noise (at the frequency when switch-
ing between two channels). Therefore, C;,; is implemented as a tunable capacitor as shown in figure 4.15,
so that the mismatch between the two channels can be trimmed out. The other functionality of C;,; is to
provide an additional degree of freedom required for the scaling trim. As mentioned in chapter 2, threshold
voltage spread is the main bottleneck for a CMOS-based reference to achieve performance comparable to a
BJT-based reference. Whereas the reference generator does not easily allow for a scaling trim, the integrators
in the averaging circuits can be conveniently implemented with a tunable gain by making the integration ca-
pacitor tunable. Tuning this gain can therefore serve as the required scaling trim.

Since there are two types of reference generators on-chip (which will be covered later), the trimming range
is designed to cover 150 mV, which is larger than required for the reference generator introduced in section
4.2.1. The CDAC is designed to be able to trim out all the threshold voltage spread for both versions of the
reference generator. The resolution is determined by the target accuracy, which is 0.5 mV. In order to cope
with the uncertainty in the output range of the opamp at cryogenic temperatures (as it will be explained in
section 4.4.3), C9=2.9 pF in figure 4.15 has been added to allow the reference to be shifted down by an addi-
tional 100mV. Having this option ensures that the opamp can have sufficient gain, even when the output
range at cryogenic temperatures is lower than expected.

Cinr consists of two parts, a static capacitor (Cy) and the CDAC. The capacitors in the CDAC are binary
weighted with Crsp=10fF. They are implemented using unit-size capacitors to optimize matching. The
switches used in the CDAC are thick-oxide NMOS devices. In case of thin-oxide switches, gate leakage from
the nine switches introduces a significant error. Based on simulations, the threshold voltage of the thick-oxide
devices at room temperature is comparable to the threshold voltage of the thin-oxide standard-Vth devices
at room temperature. However, it is not clear if the threshold voltage of the thick-oxide devices increases in a
similar way as thin-oxide devices. To avoid the on-resistance being too large at 4 K, the gate of these switches
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is driven by a level shifter, providing a possibility to increase the gate voltage in case the 1.1V supply is not
sufficient. In addition, the middle node of these switches is connected to the same source of V., to alleviate
the subthreshold leakage [41].
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Figure 4.15: CDAC and switches implementation.

4.3.7. Input common-mode voltage of the opamp

Due to the single-ended structure of the integrator, the output voltage depends on V., as pointed out in equa-
tion 4.13. Ideally, using V,,=0 can address this issue. However, designing an opamp that can handle the exact
rail-to-rail output voltage from 0V to 1.1 V while maintaining sufficient DC gain is non-trivial. V;,,, =250mV
is therefore chosen for ease of integration based on the output range that opamp can support. To get rid of
the dependence of V,;;, V¢, will be changed from 250 mV to ground during the half of the integration period.
The time domain waveform illustration is shown in figure 4.16. By doing so, the output voltage does not de-
pend on the quality of V., anymore.
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Figure 4.16: Illustration of changing V.

4.3.8. Simulation results

Figure 4.17 shows the simulation results of the averaging circuit. Figure 4.17a shows the output waveform
of the two integrators. The jump after half of the integration period is due to the change V. Having two
integrators working in a ping-pong mode, the continuous output can be obtained. The voltage droop (47 uV)
observed in Vj,; is caused by the gate leakage of the switches. The extracted simulation result is shown in
the dashed line in 4.17b. Due to the parasitic capacitance, the actual C;,; is larger than in the schematic. The
error caused by the parasitic capacitance can be seen as a constant gain error and can be trimmed out by
applying a scaling trim.

Figure 4.18 shows the trimming range and the trimming resolution of the CDAC. The blue line in the figure is
the simulation result with the mid-code setting. Note that there is a slight increase in voltage from 27 °C down
to —40°C. The difference is due to the subthreshold leakage at high temperatures, coming from S, and Ss.
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Figure 4.17: Output waveform of the integrators and the averaging circuit at —40°C.
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Figure 4.18: Trimming range and resolution of the CDAC.
4.4. OpAmp

The opamp is the core building block for the integrator. This section first covers the specifications of the
opamp, and then presents the architecture, sizing considerations and simulation results.

4.4.1. Specifications

Nonidealities from the opamp, such as finite gain, bandwidth, offset and noise affect the integrator and hence
degrade the overall performance of the voltage reference. For implementing an accurate voltage reference,
there are mainly two concerns.

* Performance should be stable over temperature: Achieving performance that is stable over temper-
ature is taken as the first priority. Otherwise, the temperature-dependent errors introduced by the
opamp will degrade the TC of the reference voltage.

* Accurate summing procedure: the main task for the integrator is to sample all DEM phases and then
sum them up together. Since the integration is an increasing ramp from 250 mV to 900 mV, DC gain
of the opamp should be as constant as possible for the whole output range to allow for an accurate
summing procedure. The output swing is therefore considered to be a highly important specification.

These bring the requirements of the opamp, listed in table 4.1. To satisfy the above-mentioned requirements,
the opamp must have sufficient DC gain over the full output range from 250 mV to 900 mV. These two spec-
ifications are therefore considered the first priority. Noise degrades the resolution of the voltage reference,
however, the drift over time is expected to be limited by the gate leakage of switches as mentioned in section
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4.3.5 and the mismatch between two channels. As a result, no hard requirement on the noise is listed.
Since the residual errors (mismatch and temperature drift) from the reference generator are expected to cause

60 ppm/K temperature drift as shown in figure 3.16, the error allowed for the opamp is decided to be 2 ppm/K
(0.5mV).

Table 4.1: Opapm specifications.

Spec Value

DC gain 49.5dB

BW 1.8 MHz (for f; =80kHz)
Input common-mode | 0 and 250 mV

Output range 250 mV-900 mV

4.4.2. Architecture
Gain-enhanced current mirror OTA
A current mirror OTA is chosen for the opamp architecture, as it can provide a large output swing while also
being power efficient. The architecture is shown in figure 4.19a, which consists of a differential pair and three
current mirrors. Assuming Mg and M, have a W/L ratio of B, then the current generated by the input pair is
mirrored to the output branch by a factor of B. As a result, the DC gain of this architecture can be calculated
as

A= gm1 % BxTrge. (4.14)

Assuming the transistors are in strong inversion, the transconductance of M; (g,,1) and the outputimpedance
of Mg (ry6) can be expressed as [44]

21pias
1= 5 (4.15)
&m Vgsl - Vim
and )
- , 4.16
06 ABlbias ( )

where Ij;4; is the bias current and A is the channel-length modulation factor. Therefore, the initial gain A that
the simple current mirror OTA can provide can be approximated as

2

= 4.17
(Vgsl = Vin)A ( )

In advanced technologies, a single transistor usually cannot provide sufficient DC gain. Note that increasing
B does not help to increase the DC gain (as shown in equation 4.17) because it reduces the output impedance
by the same factor. Some topologies that have been commonly used for gain boosting are cascode- and multi-
stage amplifiers. However, this comes at the cost of reduced output swing and higher power consumption and
is therefore not desired. Another way to increase the DC gain is to use the gain enhancement technique as
proposed in [45, 46]. This is done by placing an additional two current sources beside M3 and M, as shown
in figure 4.19b. These two current sources are intended to draw some current away from M3 and My, making
less current being mirrored to the output branch. Effectively, it can be seen as putting more current to the
input pair to increase g,;; while maintaining the same output impedance. Assuming that these two current
sources can draw k times the bias current (kIj;,s) away, then the current flowing through the output branch
becomes

IDGZ(Ibias_kaias)XB:(l_k)xBlbias- (4.18)
Consequently, the DC gain of the amplifier can now be expressed as
21pias 1 1 2

x B x = , (4.19)
Ves1 = Vim A= k) x Blpias 1—k (Vgs1 = Vin)A

which has now been increased by a factor of 1/1 — k. k can be well defined at the design stage by biasing
the current sources properly. Note that increasing k comes at the cost of decreased bandwidth, therefore a
trade-off has to be made here [45].
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(a) Conventional current mirror OTA. (b) Gain-enhanced current mirror OTA.

Figure 4.19: Architecture of the conventional and gain-enhanced current mirror OTA.

Allow using V;,,=0

As mentioned in section 4.3.7, the output voltage of the integrator is approximated as V¢, + V. To make
the output voltage independent of V., V., has to be zero. However, V., has to be large enough to keep
the input pair of the opamp in saturation. Given the condition for maintaining the transistor in saturation:
Vas = Vgs — Vi, this requires Vi, >Vp1-Vyy,, where Vp; is the drain voltage of M;. To achieve this, either Vyj,
has to be higher or Vp; has to be lower. Using higher V;;, is not desired, as there might not be sufficient head-
room at 4K due to the low supply voltage (1.1V) and increased threshold voltage. Therefore, the preferred
way would be to lower Vp;, such that 0 can be used as the input common-mode voltage even for small Vy,.

In order to allow for this, the architecture is modified from figure 4.19b to figure 4.20. The main difference is
that the current mirrors have been changed into active current mirrors. By using the active current mirror,
the drain voltage of M; and M can be shifted down to the designed value [47]. The value of Vp; 2 (Vs in the
figure) is determined to be 250 mV. As 250 mV is large enough to keep Mj3_4,10-1; in saturation and also low
enough to keep the input pair in saturation. The auxiliary amplifiers are implemented with a simple 50TA.
The DC gain of the auxiliary amplifiers is not so critical as V;; does not need to be very accurate. Vj; is gener-
ated on-chip by the resistive divider. Looking into this auxiliary amplifier and My, it is essentially a two-stage
amplifier connected in a unity-gain buffer configuration. Compensation is therefore required to make this
loop stable. In addition, an output capacitor (Cy,.4) is added to make the overall opamp stable.
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Figure 4.20: Opamp architecture and sizing.
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4.4.3. Sizing considerations

The sizing of the devices is labeled in figure 4.20, unless otherwise mentioned, the unit is given in pm. Sizing
is only labeled for half of the circuit as the designed opamp is symmetric. The reasoning for the sizing will be
given in this section.

To handle the low input voltage, PMOS devices are used for the input pair. In addition, they are implemented
with thick-oxide devices to reduce gate leakage. Input pair M is biased in weak inversion with a PTAT
current. The Ip-Vg; relation when the device is in weak inversion can be approximated as equation 2.6.
Therefore, the transconductance can be derived as

alp Ip

=9b _ , 4.20
§m = 5Vys  nkTlq (4.20)

By biasing with a PTAT current, which is proportional to nkT/q, the temperature dependence in g,, can be
canceled. As a result, bandwidth can remain the same for the entire operating temperature range. To avoid
the threshold voltage of the input pair increasing too much at 4 K, which would limit the available headroom
for the current source My, the bulk terminals of the input pair are connected to the source terminal to lower
the threshold voltage.

Given that V4, of Mg is around 100 mV at —40 °C and V,,, is 250 mV for the first half of the integration period,
the available V, for My is limited by the threshold voltage of the input pair. When going to cryogenic temper-
atures, this threshold voltage will increase, and hence reduce the available headroom for My. Due to the lack
of cryogenic device models (especially for thick-oxide devices), there is a potential risk of Mg being pushed
into the linear region when the threshold voltage increases more than expected. The opamp was designed to
handle an expected threshold voltage increase of 250 mV. However, to eliminate the uncertainty in the esti-
mation, Mg has a supply different from the other parts of the opamp. In case the threshold voltage increase is
larger than expected, it remains possible to tune the supply such that Mg can be brought back into saturation.

Transistors that formed the current mirrors have a long length and are biased with a small current to increase
the output impedance. Usually, current sources are sized to have large Vg, for better current matching and
low-noise performance. However, this reduces the output swing at the same time, which is not desired in this
design. Therefore, current sources are not in deep strong inversion.

The gain-bandwidth product of the opamp (figure 4.19a) can be approximated as

8mi1

GBW =B x ,
27TCL

(4.21)

where Cy, is the load capacitance. Using larger B gives better speed, but since the error introduced by the in-
complete settling is to first order temperature-independent (as bandwidth is fixed), it can be seen as an offset
error. Consequently, bandwidth is not a major concern in this design. Having a larger B not only consumes
more power but also introduces larger parasitic capacitance, reducing the phase margin. In this design, B=1
is chosen. The current sources that are used for gain enhancement are formed by M;o and M;;. They are
biased in strong inversion and have the same unit-size W/L with current sources M3_g. The ratio between
M, and My is 3:10. In principle, the sizing of M9 and M;; does not need to be the same as the other current
sources. The same unit-size transistor is used for simplicity and to avoid higher-order errors.

As for the auxiliary amplifier, the bias current is kept small to make the difference of the g,, of the first and
the second stage amplifier (auxiliary amplifier and M,) larger, so that the stability of this loop can be com-
pensated more easily. An additional compensation capacitor C,=829 fF is added to make sure the loop has
sufficient phase margin. However, this compensation capacitor together with the large M;o, M;; adding sig-
nificant parasitic at the gate of M, and Mg. Hence introduce the non-dominate pole. A large C;=5.8 pF is
therefore needed to maintain the overall stability.

4.4.4. Biasing network
The required biasing current for the opamp is generated on-chip by the PTAT generator as shown in figure
4.21. The PTAT current is generated in the same way as illustrated in section 4.2.1. This current is mirrored
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out to the opamp core through Mj3 and My;, where My;3 is used to bias the gain-enhanced current sources
Mip,11 and My; is used to bias the current sources for the main opamp and auxiliary opamp. Since the opamp
is biased with PTAT current, the power consumption is expected to reduce five times at cryogenic tempera-
ture.

To avoid the coupling between the two integrator channels, two biasing networks are used. In order to pro-
vide more freedom in the measurement phase, the biasing network is adapted to allow for external biasing
as well. These modifications are drawn in grey in figure 4.21. The switches for enabling the external biasing
have the size of 1 um/ 0.4 um to reduce the on-resistance and have the same multiplier factor as the current
source (Mp4-g) to make the layout easier. Vj,y; is connected to the bondpad directly.

Similar to the reference generator, this biasing circuit also requires a start-up network. The startup transistor
is implemented with an NMOS device, with its drain terminal connected to the gate of My,. The start-up
pulse that triggered this start-up transistor is the same as for the reference generator.
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Figure 4.21: Biasing network.

4.4.5. Simulation results
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Figure 4.22: DC gain vs. output voltage

Figure 4.22 shows the DC gain versus output voltage at both 27°C and —40°C. The output swing is larger
at —40 °C because the opamp is biased with the PTAT current. Given that the drain can be approximated as
Ip = B12(Vgs — Vin)?, to first order, a reduction in current reduces the required headroom of the transistors.
The output voltage of the integrator is low at the first few integration steps, in case the opamp cannot provide
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sufficient output swing, V,,, is generated by 3-bit RDAC to give more freedom during measurement.

Figure 4.23 shows the opamp performance across different corners. The opamp is simulated in a closed-loop
configuration with the output voltage of approximately 250 mV, which is the worst-case scenario in terms of
DC gain. The discrepancies between corners are mainly due to the resistance spread in the biasing network.
At the FF corner, the resistor has the smallest value, which results in a larger biasing current. Consequently, in
the FF corner, the bandwidth is larger due to the increased g;, and the DC gain is lower due to the decreased
output impedance. In the SS corner, this will be the exact opposite case.
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Figure 4.23: Opamp performance across corners.

Figure 4.24 presents the AC response of the opamp in both schematic level- and extracted simulations. Al-
though bandwidth and phase margin degrade slightly due to parasitic capacitance, a phase margin above 60
degrees can still be achieved with sufficient speed.
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Figure 4.24: AC response of the opamp.

To make sure the opamp is robust to process variation and mismatch, 200 runs of Monte Carlo simulation
are done. Although the performance differs slightly, it does not affect the overall accuracy of the voltage
reference as these nonidealities have already been taken into account during the error budgeting. The total
current consumption of the opamp is 17.6 pA at 27°C. The main opamp consumes 12.2 yA, the auxiliary
opamp consumes 1.5 A and the biasing network consumes 4 pA.
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4.5. Clock Generator

The integrator requires a non-overlapping clock to ensure the charge stored on the capacitor will not leak
away. The non-overlapping clock generator in this design is formed by NOR gates and inverters, as shown
in figure 4.25. Compared with the conventional non-overlapping clock generator, additional logic gates are
embedded in the circuit to allow two-channel operation. For example, when the integrator is in hold mode,
S, is always closed and S3 is always open (figure 4.26) such that the voltage stored at C;,; can be held. The
lower gate voltage is applied to S, to reduce the gate leakage. To allow more freedom to tune down this value,
inverters (invl-inv4) are implemented with low-threshold voltage devices. C; and C, are added to ensure
there is sufficient non-overlapping time. With the capacitance value of 600 fF, 12 ns of nonoverlapping time
is achieved.

$4_high_INT1

Figure 4.25: Non-overapping clock generator.

$5_low_INTL
54_high_INT1
S5_low_INT2

S4_high_INT2

Figure 4.26: Timing for two-channel operation. INT  refers to channel; .

All dynamic control signals for DEM, chopping, and averaging are generated on-chip. The generation of
these signals is based on ring-counters. Figure 4.27 illustrates the generation of the chopping signal. Before
the voltage reference starts working, the flip-flops will be reset to logic 0. On every rising edge of the clock
signal, the logic 0 will be shifted to the next flip-flop. Consequently, the bitpattern will circulate through the
ring. For each chopping phase, there are 16 settings for DEM. Therefore, there are in total 16 flip-flops. A
negative-edge-triggered flip-flop is added at the end of the chain as a dummy. By doing so, race conditions
can be prevented. The control signals for the two-channel operation, changing V;,;, and reset are also gener-
ated in the same way. Note that this is essentially a shift register connected in a ring-structure. The clock will
stop when the integrator is in the reset period.

Similar to the generation of the control signals for the chopping, the control signals for DEM are also gen-
erated by a ring counter. Two different types of flip-flops are used for this purpose as shown in figure 4.28.



50 4. Circuit Design

:‘
\Y

|-
v

—|
V

CLK

CHOP1 e
CHOP2

Figure 4.27: Clock generation for chopping signals.

In this figure, DEM] ) g refers to the control signals for the M;;_3 switches in figure 4.3, respectively and S2
refers to the control signal for switch S, in figure 4.11a. Before starting the DEM procedure, fixed patterns will
be hard-coded to the ring counter by setting some flip-flops to 1 and some to 0. During the DEM procedure,
this bitpattern is circulated through the ring. Between two chopping phases, the current ratio between I,
and I;gp; (figure 4.3) has to be interchanged. Therefore, multiplexers are used to interchange the DEM sig-
nals generated by the ring counter. During the integrating phase of the SC-integrator, M3 is opened to cut
off the current at the output branch. This is implemented by an OR gate together with the signal S2.
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Figure 4.28: Clock generation for DEM signals.

4.6. Full Chip Overview

4.6.1. Layout

This design is implemented in a 40-nm LP bulk CMOS technology. The full chip dimensions are 1.085x1.085
mm? and the layout is shown in figure 4.29. The designed voltage reference is shown in the same figure. The
total layout area is 167x562 um?, including two versions of the reference generator (as explained below), the
averaging circuit, the clock generator, and auxiliary circuits. Each reference generator can be enabled and be
selected to the averaging circuit separately.

Several considerations have been taken into account when designing the layout. In general, mismatch is im-
portant for almost all analog blocks, as mismatch degrades the accuracy of the reference voltage. Accordingly,
the matching-sensitive transistors are implemented based on unit transistors with a fixed width and length,
such that scaling factors can be generated based on a ratio in the number of unit elements. Furthermore,
matching-sensitive transistors all have the same orientation and have dummy transistors on the two sides of
the arrays. Since offset cancellation techniques are only applied to the reference generator, the input pair and
current sources of the opamp are laid out in a common-centroid way to minimize mismatch caused by gra-
dients over the chip. Moreover, it ensures that the environment seen by all transistors is as equal as possible.

To avoid coupling between two channels causing hold-mode feedthrough, the routing inside the averaging
circuit is aimed to have a low coupling capacitance between each other. The width of the routing is kept close



4.6. Full Chip Overview 51

to the minimum value to minimize parasitic capacitance. Furthermore, the critical nodes are shielded.

Next to the reference generator presented in section 4.2.1, another reference generator is implemented on-
chip. This additional reference generator is exactly the same as the one presented in [6] in terms of architec-
ture and sizing. Adding this additional reference generator allows for investigating whether the kink observed
in the PTAT voltage (3.3) is depending on the channel length of the core devices. To ensure a sufficient amount
of samples for the statistical measurements, three samples are placed on the chip. The output of each refer-
ence can be multiplexed to a common output that can be measured. The switches used for measurement
purposes are implemented with 2.5V thick-oxide devices to ensure sufficiently low on-resistance and to re-
duce gate leakage. The remaining area on the chip is filled with de-coupling capacitors to minimize supply
noise.

Digital configuration

channell
Clock generator

channel2

opamp

Figure 4.29: Full-chip layout image.






Performance of the Voltage Reference

This chapter presents the simulation results of the full system as shown in figure 4.1. The main objective of
this chapter is to quantify the performance of the designed voltage reference in terms of temperature coef-
ficient and inaccuracy (30). Furthermore, the simulation results regarding line regulation, noise, and power
consumption will be presented. Afterwards, a comparison with the target specifications and a comparison
with state-of-the-art is presented. In this chapter, the output of the reference generator will be referred to as
Vrer and the final output of the designed voltage reference will be referred to as Voy;.

5.1. Typical V,,;

This section presents the typical output voltage V,,; of the final design for both schematic- and parasitic
extracted (PEX) simulations. The results are obtained by simulating the full system including all the analog-,
digital- and auxiliary blocks. The netlist used for simulation is extracted under with the C+CC setting. Figure
5.1a shows V,,; at —40°C in the time domain while the nominal V,,; at different temperatures is shown in
figure 5.1b. V,,,; is larger after parasitic extraction, which can be attributed to the layout-induced threshold
voltage shift in V;, ¢ as mentioned in section 4.2.4.
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(a) Vour vs. time at —40°C. (b) Vour vs temperature.

Figure 5.1: Vyy; from both schematic and parasitic extracted (PEX) simulations.

5.2. TC and inaccuracy (30)

Chapter 3 pointed out that mismatch is a bottleneck in achieving a high-accuracy voltage reference. Based
on the measurement data, when applying DEM, chopping, and a scaling trim, it is possible to reach a 30 of
1.2 %, compared to 5.1 % in the case of no compensation. The simulation results presented in this section
are at the schematic level and with the nominal settings for the trimming networks, i.e., the PTAT- and scaling
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54 5. Performance of the Voltage Reference

trimming code are both set to the mid-code. The results are obtained from 32 runs of Monte Carlo simulations
at TT corner. Due to the significant amount of simulation time, simulations were performed only at three
temperature points (—40°C, 0°C, and 27 °C).
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Figure 5.2: V;, ¢ with and without applying compensation techniques.

Figure 5.2 shows the simulated V. with and without applying DEM and chopping. The blue lines show the
average V;.r while the red lines represent the +30. Figure 5.2a represents the same simulation as figure 4.7a,
but with 32 samples for a fair comparison in 3¢ with 5.2b. To give a clear idea of how offset compensation
can improve performance, averaging was done in Matlab to avoid the nonidealities in the averaging circuit
degrading the improvement. The simulation results were first obtained from the transient simulation, after
that, each DEM and chopping phase was sampled manually in Matlab and the average V;..r was computed
based on all the phases. The TC that the reference generator can achieve over the range of —40°C to 27°C is
554 ppm/K before and 106 ppm/K after compensation, respectively. The 30 reduces from 3% to 0.5 %. The
remaining errors are mainly from the threshold voltage spread of the output transistor (Mg in figure 4.2) and
resistor mismatch and spread.

Figure 5.3 shows the transient response of the full system at —40 °C. Different curves represent different sam-
ples. Square-wave-like ripples in V,,; are caused by the mismatch between the 2 channels (figure 4.11a). By
using different trimming codes for two channels when performing the scaling trim, the ripples can be min-
imized. However, since transient simulations with fine accuracy settings take significant amounts of time, a
scaling trim has not been extensively simulated.
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Figure 5.3: Vpy; vs. time at —40°C.

Figure 5.4a shows V,,; of the designed voltage reference over temperature. Without performing trimming,
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a TC of 109 ppm/K and 30 of 0.56 % can be achieved. However, compared with the ideal averaging, the ac-
tual performance that this design achieves shows a slight degradation of 3 ppm/K. This is attributed to the
non-idealities in the averaging circuit, such as leakage current, capacitor mismatch, and nonidealities from
the opamp. Figure 5.4b shows the result after performing a single-point scaling trim in Matlab at —40°C.
Although performing trimming at 0 °C results in better performance at room temperature simulation, per-
forming trimming at —40°C is closer to the actual measurement. Compared with the result shown in figure
5.4a, it is clear that the offset errors, such as threshold voltage spread, can be effectively removed by perform-
ing the scaling trim. A TC 0f 40.9 ppm/K and 30 of 0.15 % are achieved. Note that the actual CDAC is designed
to have a resolution of 0.5 mV. The actual scaling trim that will be performed in the measurements cannot
trim out the offset error as effectively as in Matlab. Since 0.5 mV only translates to 2 ppm/K in TC, the resolu-
tion of the scaling trim will not limit the overall performance.
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Figure 5.4: V¢ before and after trimming.
Table 5.1 summarizes the TC and 30 before and after applying the offset cancellation techniques. Based on

room temperature simulations, a 20 times improvement in 3¢ and a 13.5 times improvement in TC have been
reached after performing a single-point scaling trim at —40°C.

Table 5.1: Achieved accuracy with and without applying offset cancellation techniques.

TC [ppm/K] | 30 [%] | figure

Intrinsic accuracy
(without compensation)
Ideal averaging 105.8 0.49 5.2b
Achieved accuracy
(without trimming)
Achieved accuracy
(after performing ideal scaling trim)

553.7 3 5.2a

109 0.56 5.4a

40.9 0.15 5.4b

5.3. Line Regulation

Figure 5.5a shows the line regulation simulation for the design. All the power supplies, including analog-,
digital- and auxiliary- blocks were swept at the same time from 0.7V to 1.3V. For a 0.5 % error in Vy,;, the
minimum required supply is 0.96 V, given that the nominal supply voltage of 1.1V and the nominal V,,; of
0.9V. The simulated line regulation is 15.65mV/V. The degradation when supply drops can be attributed
to the following reasons. Firstly, when the supply goes down, the reference generator cannot generate the
desired V. due to the limited output impedance of the output branch. Secondly, lower supply reduced the
output swing of the opamp. Integration cannot reach the desired accuracy if the DC gain of the opamp is
insufficient, therefore introducing errors.
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Line Regulation
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Figure 5.5: Noise and line regulation simulations.
°
5.4. Noise

This section illustrates how the noise, mismatch, and leakage limit the noise performance of the design. Fig-
ure 5.5b shows the results of a transient simulation with noise at —40 °C for one holding period (figure 4.16).
The result is obtained by simulating the reference generator and one-channel only, with all the clocking sig-
nals being ideal. The blue curve shows the noise integrated from 1 Hz to 1 GHz while the orange curve only
considers the low-frequency noise from 1Hz to 10Hz. The peak-to-peak value of the noise in the 1 Hz to
1 GHz bandwidth is approximately 373 uV. Thanks to the temperature dependence of the thermal noise, the
high-frequency noise is expected to reduce 10x at 4 K compared with room temperature [48]. On the other
hand, the voltage drop on V,,,; caused by gate leakage presented itself as low-frequency noise and it is ap-
proximately 47 uV (orange curve in the figure). Gate leakage can be assumed to be temperature-independent,
and it is therefore not expected to significantly change at 4 K. Although it cannot be seen from figure 5.5b, the
mismatch between the two channels is the main limiting factor that degrades the noise performance as illus-
trated in figure 5.3. Since two channels are interchanged at a low frequency (in the range of 300 Hz to 2.4 kHz)
the ripple caused by this switching effect is harder to be filtered out compared with high-frequency noise.

5.5. Power Consumption

Table 5.2 shows the power breakdown for the main blocks at both 27 °C (simulated) and 4K (expected). At
27°C, the opamp consumes the largest amount of power, followed by the reference generator. The overall
power consumption is 57 pW, including one type of reference generator (v1), two opamps, a clock generator,
and the auxiliary circuits. Due to the PTAT biasing in the reference generator and opamp, the power con-
sumption of these blocks is expected to reduce roughly five times at 4K based on the measurement data.
Therefore, the power consumption is expected to be 17.7 yW at 4K. The power consumption of the design
at 4K is limited by the resistive dividers (for the generation of V;,, and V;; as mentioned in section 4.3.7 and
section 4.4.2) in the auxiliary block, which consume 43 % of the total power. This can be reduced further in
the future design by making a trade-off with the area.

Table 5.2: Power breakdown of the main blocks at 27 °C (simulated) and 4 K (expected).

Power consumption [W]

27°C (simulation) | 4K (expected)
Reference generator (v1) 10.5u 2.1u
Reference generator (v2) 11.9u 2.38u
Opamp 19.36u 3.87u
Clock generator 231n 231n
Auxiliary circuit 7.6u 7.6u
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5.6. Comparison with the State-of-the-Art

Table 5.3 summarizes the primary achieved/expected performance and gives a comparison with the target
specifications and the state-of-the-art performance. Achieved performance is the result based on room tem-
perature simulation while the expected performance is derived based on the measurement data (figure 3.16).
Extended work of [6] has been presented in chapter 3. The expected performance of the proposed design
outperforms other cryogenic voltage references in terms of TC and inaccuracy (30). However, it still does
not reach the target TC. The TC obtained from room temperature simulation is mainly limited by the higher-
order errors present in the CTAT voltage as mentioned in section 3.3.2. Since the higher-order nonlinearities
in CTAT voltage are not the bottleneck for designing a cryogenic voltage reference, no further technique has
been applied to compensate for this. The expected TC over the full temperature range from 4K to 300K is
mainly limited by:

* Output transistor spread: The spread in the output transistor (Mg in figure 4.2) will translate to mis-
match with respect to other samples. Although the effect of the threshold voltage spread can be effec-

tively minimized by performing a scaling trim, the threshold voltage mismatch also contains a temperature-

dependent part as discussed in section 3.4.1. The temperature-dependent part of the threshold voltage
mismatch cannot be removed by the scaling trim. Consequently, this is a bottleneck for further improv-
ing the TC and 30.

* Second-order effect: The idea of DEM is to average the mismatch errors instead of fully canceling them
[16]. As aresult, there will be systematic nonlinearities left. Besides, there will be residual errors caused
by the second-order effect in the DEM procedure.

* Resistor mismatch: Since the scaling trim is more effective than the PTAT trim (table 3.1), the PTAT
trim will only be used as a bath-trim in this design to correct the systematic PTAT error. However, not
all the samples have exactly the same PTAT errors, which limits the effect of the PTAT trim. It is pos-
sible to further remove these errors by performing PTAT trim on each sample. However, it will require
performing a 2-point trimming, which is expensive in terms of time and cost.

Future recommendations to allow further improving the performance will be given in section 6.2.

Table 5.3: Comparison table with target specifications and the state-of-the-art.

Achieved | Expected | Target | ESSCIRC 2019 [6] . .
(RT sim) (fﬂll—T) spegcs. (extended work) SSCL 2020 [31] | JSSC 2021 [20]
Technology 40-nm COMS 40-nm CMOS 28-nm FDSOI | 0.18-um CMOS
Supply [V] 1.1 1.1 1.2 1.8
Temp. range [K] 233 to 300 4 to 300 4 to 300 4 to 300 233 t0 398
Vref [V] 0.899 0.9 0.9 0.5 0.66 1.14
TC [ppm/K] 40.9 60 10 257.2 1214 5.5
Trimming points 1 1 - 1
Inaccuracy (30) [%] 0.15 1 1 3.8 NA 0.14







Conclusion

6.1. Main conclusions

This thesis presents a voltage reference that can work over a wide temperature range from 4 K to 300 K. The
proposed design aims to achieve comparable performance with the state-of-the-art voltage references work-
ing at room temperature in terms of TC and inaccuracy (30). To overcome the challenge of the lack of reliable
device models, this thesis first provides an understanding of the temperature dependence of the PTAT- and
CTAT voltage at cryogenic temperature. Furthermore, the effects of process variations on the performance
of voltage references are investigated. Based on the analysis, the voltage reference presented in this thesis is
designed according to the devices’ cryogenic behaviour to minimize the nonlinearities present in the PTAT-
and CTAT voltage. Several compensation techniques, such as dynamic element matching, chopping, and
trimming are implemented to reduce the effects of process variations.

This design uses a switched-capacitor circuit to effectively remove the ripples introduced by DEM and chop-
ping. Two SC-integrators are working in a ping-pong mode to obtain a continuous output. To cope with the
uncertainties at cryogenic temperatures, the input sampling switch used in conventional CDS-integrator ar-
chitectures has been removed, and the conventional non-overlapping timing has been adjusted to allow for
this modification. The opamp used in the integrator is a gain-enhanced active-current mirror OTA. It features
a large output swing and is power efficient. Besides, it is able to handle the low common-mode input voltage
thanks to the active current mirrors.

The design has been simulated from —40 °C to 27 °C, where it achieves a TC 0of 40.9 ppm/K and inaccuracy (30)
of 0.15 % after performing a single-point scaling trimming. Compared to the case where no compensation is
applied, 30 shows a promising improvement of almost 20 times from the simulating range. With the nominal
output voltage of 0.9V, the minimum required supply voltage can be as low 0.96 V while the error in V,,; is
still less than 0.5%. The power consumption is 57 uW at 27 °C and it is expected to reduce 5x at cryogenic
temperatures. The design has been taped out in a 40-nm bulk CMOS process. To evaluate the performance
from 300 K down to 4 K, measurements will be performed after receiving the chips.

6.2. Future work

This section aims to provide recommendations for future work based on the simulation results presented in
chapter 4 and chapter 5. These recommendations can be summarized as follows:

* The design has been tape-out in August. In order to verify the functionality and performance of the
chip, the measurements will be done afterwards. The designed voltage reference will be measured
from room temperature down to 4 K. Besides measuring the overall performance, two versions of the
reference generator and the integrator (figure 4.29) will be characterized.

* Chapter 3 investigated the temperature dependence of the PTAT- and CTAT voltage over a wide tem-
perature range. However, some of the physical effects behind this temperature dependence are still
ongoing research. Further study regarding device physics can be done to gain more insights into the
temperature dependence of the devices.
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6. Conclusion

It is expected that the large curvature observed in the reference voltage (figure 3.2) at cryogenic tem-
perature can be fixed once there is more understanding regarding the temperature dependence of the
device. After correcting this limiting error,a curvature correction technique can be applied to reduce
the higher-order nonlinearities in both the PTAT- and CTAT voltage.

Due to the low chopping frequency, the capacitors that are used in this design are comparatively large
to minimize the effect of leakage. Large capacitance is costly in terms of area. The chopping frequency
is currently limited by the reference generator due to the large transistors. The reference generator can
be resized to allow for using a higher chopping frequency.

Two-channel operation comes with some inherent drawbacks. For example, higher power consump-
tion, larger area, mismatch between two channels, spikes introduced by the switching, etc. Another
averaging approach can be used in the future. Moreover, if the voltage reference can be integrated with
the following circuit blocks, it is possible to perform the averaging in those blocks.

The resolution of the designed voltage reference is currently limited by the mismatch between the two
integrator channels. To minimize the effect of mismatch, the resolution of the scaling trim network
(CDAC) can be increased. In addition, the error budgeting for the averaging circuit in this project is
decided based on the targeted 3o instead of the resolution. The resolution degradation caused by mis-
match can be alleviated by taking the noise performance into account when doing the error budgeting.

The designed voltage reference aims to generate a buffered output. However, due to the low current
level, the output impedance of this design is not sufficiently low to drive low-impedance nodes. Con-
sequently, the driving strength of the voltage reference can be improved in the future.

The critical nodes in the design have been shielded to avoid capacitive coupling. However, there might
still be coupling from the top or bottom plate of the integration capacitor. To minimize the coupling,
the integration capacitor can be fully shielded.

The analysis in chapter 3.4.5 indicates that there will still be remaining errors even after performing the
offset compensation techniques, and assuming that it is possible to design a perfect curvature correc-
tion circuit. The remaining mismatch is a bottleneck for achieving a low TC at cryogenic temperatures.
It is mainly caused by second-order effects, such as resistor mismatch, and the mismatch in the output
transistor with respect to other samples. Resistor mismatch can be minimized by making a trade-off
with the current level while the second-order effects can be alleviated by careful layout.

Finally, once the high-accuracy, low TC, voltage reference is available, it would be good to integrate the
design with other electronic blocks.



Error Sources Transfer Function

The architecture used for deriving the error sources transfer is shown in figure 3.1. With M;, M, being the
core transistors, Mg being the output transistor, M3_5 being current sources, having the ratio of 1:p:m, and
Ry, R, are PTAT resistor (Rp;q;) and output resistor (Ry,) separately.

Vrer can be expressed as follows,

Viep = Vgs + YA Vgs, (A1)
where v is the scaling factor
Rout
Y=mx ——— (A.2)
Rptar

The effect of error sources on V;..r is obtained by multiplying the error of a specific instance with respective
sensitivities. The sensitivity functions with respect to each major error source: PTAT voltage, CTAT voltage,
and scaling factor, are summarized in equations A.3 to A.5. Derivations are given in the following subsections.

SV,ef _ aVref

~1 A.3
Vgs 6Vgs ( )
v, avref 1
S = Y+ A4
AVes A Vgs Y In(p) a4
av, kT 1
syl = =L == (ln(p) - —) (A.5)
oy q Y

A.1. PTAT Voltage (AVy,)

Same as AVg, the error in AV is scaled by the scaling factor y and then added to the reference voltage.
In addition, a change in PTAT current affects the bias current of the output transistor Mg. Therefore, the
sensitivity function A.4 consists of two terms:

¢ v (Errorin AVgy)
Directly differentiate equation A.1 gives the following sensitivity function

Vief _ aVref
AVgslcore — 6Avg5

=Y (A.6)

which indicates that the error in AV has an effect on V;..r depending on the scaling factor.

* 1/In(p) (Error in Ip)
Error in AVgs (6A V) appears in the PTAT current, and consequently, the biasing current of the output
transistor Mg also contains this error. With the ideal current at the output branch, Iy and this error term
61y, the output current I; can be expressed as

Ig=1y+61. (A7)
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62 A. Error Sources Transfer Function

This error term 6 Iy is then converted into the error in V;. ¢ by the output resistor Rz,
OVrer =010 x Rour =y x 6AVgs, (A.8)

where 6V, is the error on V;.r and 6 Iy cab be approximated as

61y = x m. (A.9)

Given that Mg is in weak inversion, I; is given by

AVys +0AV, nVrln w Ves =V,
I = gs gs . Vr (p)mz—,unCoxexp(gs—th) (A.10)
Rptar Rptar L nVr
Vgs6 can be obtained by re-arranging equation A.10,
Vgse = nVrin(ly) — nVrIn(C) + Vyy,. (A.11)

From the above equations, it is obvious that any change in I; will cause a change in Vg,. The sensitivity
can be derived as follows,

oV, 1% 1% R
gs _ nvr _ nvr _ ptat (A.12)
0l I nVrln(p)m mln(p)
Rpmt
Therefore, the change in Vg with respect to the change in I; can be calculated as
oV, R 6AV, 6AV,
OVgs = == x 5lg= —Lt 8y &Y (A.13)
o0l, mlin(p) Rptar In(p)
oV, 1
£ - (A.14)

8AVgs  In(p)’

A.2. Scaling Factor y

AVgs will translate to PTAT voltage after scaling by y. Besides, due to a change in the biasing current of Ms,
Vgs will also change. The sensitivity function A.5 consists of the following two terms:

e nVrln(p) (Error in AVgy)
Ideal reference voltage V;.r is given in equation A.1. Therefore, to the first order, any change in the
scaling factor y causes an error in the reference voltage through the sensitivity given below,

Ve f
ay

kT
:AVg5=n7ln(p). (A.15)

e Vr/ly (Errorin Ipzp)
Since a change in the scaling factor alters the current at the output branch, Vg, is affected.

AV, AV,
Ii=mx—5 =y & (A.16)
Rptat Rout
The output current I, consists of the error term 6 I; can be expressed as A.7, where
AVgs
0Iy =0y x . (A.17)
Rout

Through the sensitivity function derived in equation A.12, the effect of §1; on 6 Vg due to the error in
scaling factor can be expressed as

oV, R AV,
8Vgs = == x 8l = —_ x (5 x gs). (A.18)
0l mlin(p) Rout
Re-arranging the above equation yields
oV, kT 1
85 _ . (A.19)

oy qy



Effect of Compensation Techniques on TC

and 3o

This appendix presents the effect of compensation techniques on TC and 30. The measurements shown in
this appendix are from 16 samples of the NMOS-base reference with switches that allow for DEM on both the
current sources and core transistors. Different combinations of the compensation technique as introduced in
section 3.4 are applied. The PTAT- and scaling trim are performed in Matlab based on the interpolation data
from the measurements. The TC and 3o labeled on the figures have the unit of ppm/K and %, respectively.
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Figure B.1: Reference voltage with and without applying DEM and chopping (untrimmed).
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Figure B.2: Reference voltage with and without applying DEM and chopping. With a single-point scaling trim at 150 K.
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Figure B.3: Reference voltage with and without applying DEM and chopping. With a single-point PTAT trim at 150 K.
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Figure B.4: Remaining errors after applying curvature correction.
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