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Abstract

Voltage references are fundamental to mixed signal converters which are widely used in elec-

tronics. Hence there are significant advantages in having the voltage reference operate with

less power while minimizing area consumption and maintaining performance. Past designs have

suffered from issues related to process variations which adversely affect the temperature coeffi-

cient of the circuit output. To compensate for these process variations, a means to modify the

temperature coefficient are proposed and experimentally verified with two circuit architectures.

Five test chip samples implement these architectures in a 0.35 µm CMOS process. Design

methodologies for both architectures are presented. Design techniques include the use of a

high-swing cascode to improve Line Sensitivity while minimizing additional power consumption,

accounting for a well-matched layout, and the effect of leakage currents on the performance of

the circuit.

Layout schematics, performance figures, test methodologies and results are presented. Each

circuit dissipates less than 4 nW and operates down to 0.9 V or better with Line Sensitivity and

Power Supply Rejection Ratio of less than 0.15 %/V and -58 dB respectively, while consuming

an area of 0.053 mm2 or less. The experimental average and median temperature coefficient was

less than 26 ppm/◦C and 22 ppm/◦C respectively in the −20 ◦C to 80 ◦C range, with the best

performance being less than 8.1 ppm/◦C. Areas of improvement and potential areas of future

research are then identified to facilitate advancement of this work.
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Chapter 1

Introduction

1.1 Chapter Overview

This chapter begins with addressing why this work is undertaken before defining what a voltage reference

is and what it is used for. Historical details then follow, so that the reader is aware of the origins of the

voltage reference and the subsequent developments that followed. The objectives and thesis overview

are then stated to provide a rationale behind how the content is presented in this work.

11



CHAPTER 1. INTRODUCTION 1.2. MOTIVATION

1.2 Motivation

There is an on-going demand for electronic devices to be smaller, use less energy, and still work reli-

ably. Devices such as A/D and D/A converters, medical implantable devices, sensors interfaces and

instrumentation circuits rely on a fundamental building block called a voltage reference to achieve these

qualities [1].

Figure 1.1: Qualities of an ideal voltage reference

1.3 Defining a Voltage Reference

Shown in Fig. 1.1, a voltage reference is a device which produces a constant output voltage. Once a

certain minimum voltage is supplied to the device, the output ideally does not change even if there are

voltage ripples in the power supply or if the power supply itself has increased in voltage. In addition,

the voltage reference output ideally remains constant even with changes in temperature.

1.4 Applications of Voltage References

In A/D conversion, the quantization step is defined as a fraction of the output of a voltage reference as

shown in Fig. 1.2.

Figure 1.2: Analog to digital conversion using a voltage reference

This is also the basis of digital temperature sensors if the input voltage has a known PTAT (propor-

tional to absolute temperature) dependence [2]. Since the voltage reference is only meant to generate a
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certain voltage without consideration for the current, they are generally unsuitable to be used directly

as a voltage regulator. However, voltage references are still used in voltage regulators as the basis of

the of regulated voltage [1] as depicted in Fig. 1.3.

Figure 1.3: Use of the voltage reference output in a voltage regulator

1.5 Historical Background

1.5.1 Origins and Bandgap IC (1971)

Prior to 1971, Zener diodes were commonly used as voltage references [3]. Zener diodes had a relatively

high breakdown voltage of 6.2V and exhibited a high level of noise. For those reasons, Zener diodes

became unsuitable as technology advances demanded more reliable and power-efficient components. The

solution to the problem with Zener diodes was the development of a bandgap IC as shown in Fig. 1.4 [3].

Figure 1.4: The first bandgap IC

13
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The principle behind this circuit was that two components of the circuit with opposite temperature

coefficients can be made to cancel out, resulting in an output that does not change with temperature.

The two components are the base-emitter voltage, VBE , and the difference between two base-emiiter

voltages, ∆VBE . VBE is approximated by [4]

VBE ∼= EG,0K

(
1− T

TR

)
+ VBE,R

(
T

TR

)
, (1.1)

where EG,0K is the energy band gap of the semiconductor extrapolated to zero Kelvin, TR and VBE,R

are the values of the temperature and base-emitter voltages respectively, at a reference point (usually

300 K). ∆VBE is worked out by rearranging the equation for the collector current, IC ,

IC = IS exp

(
VBE
UT

)
, (1.2)

where IS is the saturation current and UT = kT/q is the thermal voltage, where k is Boltzmann’s

constant, q is the electron charge and T is the absolute temperature. Solving for VBE , then subtracting

VBE,Q2 from VBE,Q1, and assuming IS is identical in both transistors results in

∆VBE = UT ln

(
IC1

IC2

)
. (1.3)

Assuming IE,Q2
∼= IC,Q2, the output voltage can be expressd as a sum of two different voltages from

Eq. (1.1) and Eq. (1.3),

VREF ∼= [VBE,Q3] +

[
∆VBE
R3

]
R2 . (1.4)

Taking the derivative of Eq. (1.4) with respect to temperature and equating it to zero results in,

dVREF
dT

=

[
EG,0K

(
− 1

TR

)
+ VBE,R,Q3

(
1

TR

)]
+

[
k

q
ln

(
IC1

IC2

)](
R2

R3

)
, (1.5)

EG,0K = VBE,R,Q3 +

[
UT,R ln

(
IC1

IC2

)](
R2

R3

)
, (1.6)

As terms in Eq. (1.6) are identical to those of Eq. (1.4) except at a reference temperature, the voltage

reference output should not change with temperature if it is equivalent to EG,0K . Assuming silicon

is used, then the voltage reference output of this circuit is 1.17 V (the bandgap voltage of silicon

extrapolated to zero Kelvin) [5].

1.5.2 Initial Drawbacks and Solutions

The bandgap IC had limitations for low power operation. A major limitation was primarily from the

basis of the output on the band gap voltage of silicon, which placed a restriction on the minimum
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voltage/current at which the circuit can operate. As well, to generate a lower biasing current, a circuit

that generated a constant voltage drop over a large resistance was initially used [6], as depicted in

Fig. 1.5.

Figure 1.5: Using a resistor to generate a current

In addition, the design of typical bandgap voltage references [7,8] depended on the values of resistors.

This reliance on resistors proved problematic however, as IC resistors may vary in value by ±20% or

more due to random process variations, and take up a very large chip area [9].

Moreover, with the growing popularity of CMOS circuits due to simpler fabrication, lower costs,

and lower power usage [10], more research had focused on low power MOSFET operation than on low

power BJT operation. As a result, BJT models are not characterized as well as MOSFET models when

the current is lowered to the order of nano-amperes or less. Thus, several MOSFET-based references

have been proposed [11–15] . Also, several designs replaced large IC resistors with transistors biased to

work at a fixed drain voltage in triode operation [13,16–18]. as shown in Fig. 1.6.

Figure 1.6: Using a triode MOSFET to generate a current
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These transistors resulted in the decrease of both area consumption and susceptibility to ran-

dom process variations (due to transistor matching techniques). To overcome the fundamental silicon

bandgap voltage limitation, subsequent designs were based instead on different physical constants with

a lower voltage, such as the threshold voltage at a given temperature [12,13,15].

1.6 Thesis Objectives and Overview

In this work, the objectives are to design, fabricate, and experimentally verify a voltage reference

integrated circuit which meets the following criteria:

• low power

• changes minimally with temperature or supply voltage fluctuations

• small footprint

To realize these objectives, background information is presented first to provide a fundamental basis

of microelectronics design using MOSFET transistors. This fundamental basis allows other recent

publications to be understood and evaluated upon, which in turn helps identify the problems yet to be

solved.

The engineering design work addresses these problems and begins with a planning phase, detailing

the steps required to go from theoretical knowledge to physical microchips. The experimental results

then demonstrate how well the microchips have performed under certain tests. An analysis of these

results follow, proceeded by a summary of achievements. Finally, potential areas of future work are

detailed, allowing for the advancement of this research.
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Chapter 2

Background

2.1 Chapter Overview

This chapter covers all the fundamental knowledge required to understand and design MOSFET-based

circuits. Standard models used in most works are reviewed with their deficiencies identified. To address

these deficiencies, an alternative model, the ACM model, is detailed. The similarities between the ACM

and standard models are then identified.

Current mirrors are fundamental to many voltage reference designs and cascoding helps improve

circuit performance, and hence they are also explained as part of the prerequisite background knowledge.

The general premise of voltage reference and ways of evaluating its performance are then detailed,

putting into context the basis of the circuit and establishing a standard of good performance. Lastly,

as many design decisions are based on the transistor layout design, these concepts are also covered.
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2.2 MOSFET Transistors Standard Model

2.2.1 Inversion Levels

The terminals of the NMOS and PMOS transistors are represented in Fig. 2.1.

Figure 2.1: NMOS and PMOS, symbolic and physical diagrams

The inversion level of a MOSFET transistor depends on how well formed a channel of either electrons

(for NMOS) or holes (for PMOS) are formed under its dielectric gate. These inversion levels are depicted

in Fig. 2.2 and Fig. 2.3.

Figure 2.2: NMOS inversion levels

Figure 2.3: PMOS inversion levels

For an NMOS transistor in weak inversion, a given positive drain-source voltage attracts electrons

to the drain at a lower rate than under strong inversion. Therefore the current is significantly lower
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in weak inversion. Similarly, for a PMOS transistor in weak inversion, a negative drain-source voltage

attracts holes to the drain at a lower rate than under strong inversion.

The inversion levels can be defined by the standard models as follows [9]:

• Weak: VGS − VT < 0

• Moderate: VGS − VT ∈ [0 , 2nVT ]

• Strong: VGS − VT > 2nVT

where VGS is the gate-source voltage, VT is the threshold voltage, and n is the sub-threshold slope

factor. 1

2.2.2 Saturation and Triode

When the drain-source voltage (VDS) is high enough, the drain current increases very little with further

increases in VDS , as shown in Fig. 2.4.

Figure 2.4: Transistor in saturation

At this level of VDS , the MOS transistor is said to be operating in the saturation region. Depending

on the transistor inversion level, the saturated currents are characterized as follows [21]:

ID,WEAK =

[
S
[
µ COX (n− 1) UT

2
]

exp

(
VGS − VT
n UT

) ] (
1− exp

(
−VDS
UT

))
, (2.1)

ID,STRONG = S

[
1

2
µ COX

]
(VGS − VT )2 (1 + λVDS) , (2.2)

where S is the width/length ratio, µ is the carrier mobility, COX is the gate oxide capacitance, VDS is

the drain-source voltage, and λ is the channel length modulation coefficient. If slight increases in the

current due to increased VDS are neglected, then the expressions become:

ID,WEAK = S
[
µ COX (n− 1) UT

2
]

exp

(
VGS − VT
n UT

)
, (2.3)

1Detailed in App. B.
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ID,STRONG = S

[
1

2
µ COX

]
(VGS − VT )2 . (2.4)

Prior to the saturation of the transistor, triode operation is considered a point in which the drain-

source voltage is low enough so that an increase of this voltage difference leads to a significant increase

in current, operating in a similar manner to a resistor. In weak inversion, the current in triode operation

is characterized by Eq. (2.1), where VDS is approximately less than 4 UT [22], while the strong inversion

triode operation is characterized by

ID,STRONG,TRIODE = S

[
1

2
µ COX

]
[2 (VGS − VT )− VDS ] VDS . (2.5)

2.2.3 Motivation to use a different model

In the standard model, moderate inversion is not characterized, which leads to inherent inaccuracies as

the gate voltage approaches the threshold voltage of the transistor. Simulators use empirical data to

approximate moderate inversion and therefore may be subject to inaccuracies if conditions differ from

the conditions that were present under the empirical testing. Hence, an alternative physics-based model

that can characterize moderate inversion operation is pursued in the circuit design of this work. This

alternative model is detailed in the next section.

2.3 ACM Model

This section follows [18, 23] in describing the Advanced Compact MOSFET (ACM) model [24, 25]

which is a continuously differentiable model that is consistent through all operating regions of the MOS

transistor. The drain current through a MOS transistor is characterized by the difference of forward

and reverse currents as shown in Fig. 2.5.

Figure 2.5: Forward and reverse currents as characterized by the ACM model
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This drain current is quantified as follows:

ID = S ISQ (iF − iR) , (2.6)

where iF is the forward inversion coefficient, and iR is the reverse inversion coefficient. ISQ is the

technology-dependent sheet normalization current defined as

ISQ =
1

2
nµCox UT

2 . (2.7)

ISQ is not usually provided by technology data, and must be extracted using methods described

in App. A. It is generally an accurate assumption for n to be 1.3 [25], but n can be calculated based

on technology parameters as per App. B. The inversion coefficients are related to transistor terminal

voltages by the following approximate equation:

F(iF (R)) ∼=
1

UT

∣∣∣∣VG − VTn
− VS(D)

∣∣∣∣ , (2.8)

where VG , VS and VD are respectively the gate, source, and drain voltages referred to bulk and

F(iF (R)) =
√

1 + iF (R) − 2 + ln
(√

1 + iF (R) − 1
)
, (2.9)

If iF is much larger than iR , the transistor is considered to be operating in saturation and iR can

be neglected, resulting in

ID ∼= S ISQ iF . (2.10)

In saturation, iF determines the inversion level of the transistor. In this work, the inversion levels

are defined as follows:

• Weak: iF ∈ (0,1)

• Moderate: iF ∈ [1,100)

• Strong: iF ≥ 100

The minimum drain-to-source voltage drop required for the saturated transistor to conduct its current

is approximated by [24]:

|VDS,SAT | ∼= UT

(
3 +

√
1 + iF

)
(2.11)

21



CHAPTER 2. BACKGROUND 2.4. SIMILARITIES BETWEEN ACM AND STANDARD MODEL EQUATIONS

2.4 Similarities between ACM and Standard Model Equations

Since the ACM model is presently not widely used in MOSFET designs, proving that the ACM model

can be used to derive equations similar to that of the standard models serve to justify the validity of

the ACM model.

2.4.1 Weak Inversion

Approximating the ACM model for weak inversion requires assuming iF to approach zero. Using Taylor

approximations, and neglecting body effect ( by assuming VS = 0 ) results in the following expression,

1

UT

∣∣∣∣VG − VTn

∣∣∣∣ ∼= F(iF → 0) ∼= −1 + ln

(
iF
2

)
. (2.12)

Rearranging Eq. (2.12) in terms of iF and substituting into Eq. (2.10) yields

ID,WEAK,ACM
∼= S

[
µ COX n UT

2
]

exp(1) exp

(
VG − VT
n UT

)
. (2.13)

The ACM model equation varies slightly from that of the standard model, as per Eq. (2.3),

ID,WEAK,STANDARD = S
[
µ COX (n− 1) UT

2
]

exp

(
VGS − VT
n UT

)
,

though it maintains the exponential increase in current with an increase in the gate voltage. A possible

explanation for this difference may be a difference in how the threshold voltage was determined. Current

flow exists at any gate voltage level and different models may arbitrarily define the threshold voltage

depending on the current that flows for a particular gate voltage. To determine the difference in

threshold voltage between the ACM and standard models, Eq. (2.13) is equated to Eq. (2.3), resulting

in

n UT

[
ln

(
n

n− 1

)
+ 1

]
= VT,ACM − VT,STANDARD . (2.14)

Another notable difference is that the threshold voltage as defined by the standard model is affected

by the body effect, since a change in the source terminal affects its threshold voltage [9]. In comparison,

the effect of the change in the source terminal is included in the ACM model threshold voltage [30].

2.4.2 Strong Inversion

Approximating the ACM model for strong inversion requires assuming iF to approach infinity. Assuming

VS = 0 results in the following expression

1

UT

∣∣∣∣VG − VTn

∣∣∣∣ ∼= F(iF →∞) ∼=
√
iF . (2.15)
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Substituting this approximation into Eq. (2.10) yields

ID,STRONG,ACM ∼= S

[
1

2
µ COX n

] [
VG − VT

n

]2
. (2.16)

Approximating n as one 2 results in

ID,STRONG,ACM ∼= S

[
1

2
µ COX

]
(VG − VT )2 , (2.17)

which is nearly identical to the standard model equation from Eq. (2.4) (barring differences in threshold

voltage as per Eq. (2.14)),

ID,STRONG,STANDARD = S

[
1

2
µ COX

]
(VGS − VT )2 .

2.5 Current Mirrors

Current mirrors, used in most voltage reference designs, are a topology in which transistors can duplicate

the current going through a diode-connected transistor (where the drain and gate share the same

connection) 3 as shown in Fig. 2.6.

(a) NMOS current mirror (b) PMOS current mirror

Figure 2.6: NMOS and PMOS current mirrors

In a diode-connected transistor, the drain voltage is fed back to the gate. This allows the transistor

to conduct any imposed external current in the same way as a forward-biased diode. Current flow

in the diode-connected transistor creates a voltage potential at the drain and therefore to its gate

as well. This voltage in turn can be connected to other transistor gates. The current produced is a

multiple of the width/length ratio of the transistor with respect to the width/length ratio of the original

diode-connected transistor, as depicted in Fig. 2.7.

2As strong inversion is by definition when VG >> VT , this assumption is valid as per Eq. (B.1) and Eq. (B.2) of App. B.
3This terminology is a relic from when BJT transistors were predominantly used; the collector of a transistor sharing

a connection with its base resembles a diode.
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(a) NMOS current mirror, 4x

gain

(b) PMOS current mirror, 4x

gain

Figure 2.7: NMOS and PMOS current mirrors, 4x gain

The gate and source voltages are identical, hence, iF is identical amongst the current mirror tran-

sistors as per Eq. (2.8). Therefore, changing the width/length ratio, S, results in a different saturated

current, as per Eq. (2.10).

2.6 Cascoding

Due to channel length modulation, the current flow through saturated transistors increase slightly as its

|VDS | increases. This operation is undesirable since an ideal transistor has no increase in current once

it is saturated, as ideal transistors have infinite output resistance. The output resistance of non-ideal

transistors can be increased by using very long transistors [26], but this increases the required chip

area. A solution to this problem is the use of cascoding, defined as a cascade of common-source and

common-gate stages [26], as shown in Fig. 2.8.

(a) NMOS current mirror, cascoded (b) PMOS current mirror, cascoded

Figure 2.8: NMOS and PMOS current mirrors, cascoded

The output resistance in a cascoded circuit can be designed to be orders of magnitude higher than
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the output resistance of a non-cascoded one. 4

2.7 CMOS Voltage References Introduction

2.7.1 Fundamental Premise

Common to many MOSFET-based voltage references is a current source being generated into a diode-

connected NMOS transistor as shown in Fig. 2.9.

Figure 2.9: MOSFET-based voltage reference circuit common to all designs

Fulfilling the condition of dVREF
dT = 0 (to remain constant with changes in temperature) requires

either the current or transistor size ratio to be a certain magnitude.

2.7.2 Figures of Merit

The ideal performance of a voltage reference is shown in Fig. 2.10.

Figure 2.10: Ideal performance of a voltage reference

Actual performance differs however, as the voltage output tends to increase with the supply voltage

and does not maintain the same voltage over the temperature range. These non-idealities are depicted

in Fig. 2.11.

4Proven in App. C.
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(a) Line sensitivity or PSRR evaluation (b) Temperature coefficient evaluation

Figure 2.11: Methods to evaluate voltage reference performance

Thus the performance of a voltage reference device must be evaluated by certain figures of merit.

Common to most published works are the following [1]: 5

• Line sensitivity (LS)

• Power supply rejection ratio (PSRR)

• Temperature Coefficient (TC)

2.7.3 Line Sensitivity

A low LS ensures that the output does not vary greatly with increases/decreases in the power supply.

This low variation is important if the power supply may vary. Referencing Fig. 2.11a , LS is defined

by 6

LS =

(
VREF,MAX−VREF,MIN

VDD,MAX−VDD,MIN

)
VREF,MIN

× 100% , (2.18)

and is expressed in %/V .

2.7.4 Power Supply Rejection Ratio

DC power supplies derived from AC sources may have ripples in their supply voltages. The PSRR

is the ability of the output to be unaffected by these higher-frequency ripples. The magnitude of the

PSRR is by definition highest when there are no frequency components (at 0 Hz) and gradually drops

with increases in frequency as shown in Fig. 2.12 [1].

5The figures of merit amongst recently-published works are later compared in Table 5.5 of Page 93.
6Based on a combination of definitions from [1] and [27].
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Figure 2.12: PSRR of a typical voltage reference circuit

From Fig. 2.11a, the maximum PSRR can be calculated by

PSRR = 20 log

 VREF,MAX−VREF,MIN

VREF,MIN

VDD,MAX−VDD,MIN

VDD,MIN

 , (2.19)

and is expressed in Decibels (dB). If ripples exist, then the PSRR of a particular frequency can be

calculated by substituting Eq. 2.19 with the minimum and maximum values of the ripples that exist in

the input and output.

2.7.5 Temperature Coefficient

The TC evaluates the variation in the output as temperature changes and is calculated based on

Fig. 2.11b as follows:

TC =
1

VREF,NOM

[
VREF,MAX − VREF,MIN

TMAX − TMIN

]
, (2.20)

where VREF,NOM is defined as

VREF,NOM =
1

2
(VREF,MAX + VREF,MIN ) . (2.21)

The TC is expressed in parts-per-million-per-degree-of-temperature, ppm/K or ppm/◦C.
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2.8 Layout

Figure 2.13: Schematic to layout

The layout is a way to represent the schematic design in a way which allows the circuit to be

fabricated. During fabrication, random process variations occur which adversely affect the circuit per-

formance. To counter these variations, the following factors [26] are considered:

• Diffusion

• Temperature gradients

• Ion implantation angle

These factors affect design decisions, and hence must be detailed prior to the start of the design.

2.8.1 Accounting for Diffusion

Due to the high temperatures involved in semiconductor fabrication (over 1000◦C [9]), the N+/P+

impurities diffuse into the substrate, resulting in reduced transistor lengths as shown in Fig. 2.14.

(a) S,

Unit transistor

(b) 1
2
S,

No use of unit

transitor

(c) 1
2
S,

Unit transistors

used

Figure 2.14: Use of unit transistors to counter the effect of diffusion
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This diffusion reduces the effective transistor channel length, thereby reducing the effective threshold

voltage since less energy would be required to form a channel. As the amount of diffusion is identical

for all transistors, the effect of diffusion would account for a greater percentage of the total transistor

length in a smaller transistor than a larger one. This difference in percentage would result in a mismatch

of threshold voltage amongst two transistors of different lengths.

To avoid this mismatch, unit transistors are used, where all transistor dimensions are a multiple

of a fundamental transistor width/length ratio. For instance, Fig. 2.14b and Fig. 2.14c have identical

nominal transistor lengths, but the effective threshold voltage of Fig. 2.14c matches better in a circuit

using the unit transistor of Fig. 2.14a.

2.8.2 Accounting for Temperature Gradients

During fabrication, there are sections of the die which increase in temperature faster than others. These

gradients affect the diffusion of the impurities into the substrate and cause transistor mismatch as shown

in Fig. 2.15a.

(a) Temperature gradients unac-

counted for

(b) Temperature gradients ac-

counted for

Figure 2.15: Effect of temperature gradients during fabrication

To counter the effect of temperature gradients, unit transistors from Sub-Sec. 2.8.1 can be placed

for horizontal and vertical symmetry, as depicted in Fig. 2.15b. This symmetry ensures parts of the

transistor resides in hot regions as well as the cold regions which balances the effects of temperature

gradients.
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2.8.3 Accounting for Ion Implantation Angle

Consider two dummy transistors and two design transistors as shown in Fig. 2.16 .

Figure 2.16: Dummy transistors to ensure uniform ion implantation, fabrication

The oxide has been exaggerated for clarity. The ion implantation during fabrication alternates

at differing angles to ensure that both the drain and source are created. The dummy transistors are

implanted excessively and thus have a larger drain or source terminal. However, the oxides of the

dummy transistors prevent the same excess from occuring in the design transistors ensuring that their

threshold voltages match. As this implantion can occur in all directions, the environments adjacent to

the design transistors must be identical. This identical environment can be achieved by having dummy

transistors surrounding the design transistors in all directions, as depicted in Fig. 2.17.
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Figure 2.17: Dummy transistors to ensure uniform ion implantation, implementation

In addition, the current flowing through the transistors must always be in a single direction with

metal traces routing the current to the opposite direction if required (i.e.: the source of M1 connecting

to the drain of M2). To ensure no floating voltages exist, all the terminals of the dummy transistors

are connected to the bulk.
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Chapter 3

Literature Review

3.1 Chapter Overview

This chapter reviews recent work that have the best overall performance. Once this recent work is

reviewed, current issues pertaining to this literature are identified and solutions are proposed.
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3.2 De Vita et al. (2007)

Figure 3.1: Voltage Reference circuit of de Vita et al. [12]

In the circuit of Fig. 3.1 [12], the active load transistor is operated by the current generated from

a current source. The current source uses two sets of interdependent current mirrors. The branches of

the current source circuit alternates with weak inversion currents (ID,W ) and strong inversion currents

(ID,S). This is accomplished by M1 and M3 having a thicker oxide, resulting in a higher threshold voltage

which ensures sub-threshold operation. As per Eq. (2.1) and Eq. (2.2) these currents are defined as

ID,S = S
1

2
µ COX (VGS − VT )2 (1 + λVDS) , (3.1)

ID,W =

[
S I0 exp

(
VGS − VT
n UT

) ] (
1− exp

(
−VDS
UT

))
, (3.2)

where

I0 = µ COX (n− 1) UT
2 . (3.3)

The justification for the alternating Weak and Strong inversion currents are so certain terms can cancel

out, leading to an expression for the strong inversion current that flows through the load transistor

M10. This expression is developed as follows.

Ignoring effects of channel length modulation (λ) and assuming VDS > 4 UT , the gate-source

voltages of a transistor is rearranged from Eq. (3.1) and Eq. (3.2) as

VGS,STRONG = VT +

√
ID,S

S 1
2 µ COX

, (3.4)

VGS,WEAK = VT + n UT ln

(
ID,W
S I0

)
. (3.5)
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From Fig. 3.1, the gate voltages of M1/M2 and M3/M4 are equivalent, resulting in

VTH,M1 + n UT ln

[
ID,M1

SM1 I0

]
= VT,M2 +

√
ID,M2

SM2
1
2 µ COX

, (3.6)

VTH,M3 + n UT ln

[
ID,M3

SM3 I0

]
= VT,M4 +

√
ID,M4

SM4
1
2 µ COX

, (3.7)

where VTH is the threshold voltage of a thick-oxide transistor. Subtracting Eq. (3.6) from Eq. (3.7) and

assuming that the weak inversion currents/threshold voltages (through M1 and M3) are equal and the

strong inversion currents/threshold voltages (through M2 and M4) are also equal, the design equation

for the strong-inversion current generated into the active load is as follows:

ID,ACTIV E =
1

2
µ COX

(
SM2 SM4

SM4 − 2
√
SM4

√
SM2 + SM2

)[
n UT ln

(
SM3

SM1

)]2
. (3.8)

The voltage output is found by substituting Eq. (3.8) into Eq. (3.4) resulting in

VREF = VT,M10 +
1√
SM10

√
SM2 SM4

SM4 − 2
√
SM4

√
SM2 + SM2

[
n UT ln

(
SM3

SM1

)]
. (3.9)

Evaluating the temperature dependence of Eq. (3.9) requires defining the threshold voltage in terms of

temperature,

VT = VTNOM
−
∣∣∣∣dVTdT

∣∣∣∣ (T − TNOM ) , (3.10)

where TNOM is a reference temperature in which a threshold voltage is known (usually 300 K). Substi-

tuting Eq. (3.10) into Eq. (3.9) and taking its derivative with respect to temperature results in

dVREF
dT

= −
∣∣∣∣dVT,M10

dT

∣∣∣∣+
1√
SM10

√
SM2 SM4

SM4 − 2
√
SM4

√
SM2 + SM2

[
n
k

q
ln

(
SM3

SM1

)]
. (3.11)

Equating Eq. (3.11) to zero and rearranging obtains the Width/Length ratio of M10 neccessary for zero

temperature coefficient,

SM10 =

(
1

|dVT,M10/dT |

)2 SM2 SM4

SM4 − 2
√
SM4

√
SM2 + SM2

[
n
k

q
ln

(
SM3

SM1

)]2
. (3.12)
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Advantages and Drawbacks

The advantages of the voltage reference of De Vita et al. is its low power consumption (minimum 36

nW) while exhibiting a best-case temperature coefficient of 10 ppm/K comparable to or exceeding that

of the best circuits at the time.

A drawback is that only strong and weak inversion operations have been accounted for. It had

previously been shown that operating in Moderate and Weak inversion resulted in significantly less

power while having a comparable die area [17]. As well, the zero temperature coefficient condition of

Eq. (3.12) involves a change in threshold voltage with respect to temperature. This change is dependent

on process variations and had not been accounted for in the design. As a consequence of a lack of

cascoding in its topology, the line sensitivity is also poor at 0.27 %/V . Another disadvantage is that

this design requires thin and thick oxide NMOS transistors, resulting in extra fabrication steps and

hence is more time-consuming and costly to produce.
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3.3 Ueno et al. (2009)

Figure 3.2: Voltage Reference circuit of Ueno et al. [13]

The voltage reference of Ueno et al. [13] is based on the principle of having the voltage output being

equivalent to the threshold voltage extrapolated to zero Kelvin. With this equivalence, the temperature-

dependent terms cancel out. Referencing Fig. 3.2, a summary of the design is as follows.

At the current source, the current being generated to the rest of the circuit depends on the strong-

inversion triode-region MR1 transistor. The current is found by dividing the drain-source voltage of

MR1, VDS,MR1 by its equivalent resistance RMR1,

ID =
VDS,MR1

RMR1
. (3.13)

To find the VDS,MR1, the weak-inversion, saturated, M1 and M2 transistors first must be related by

VGS,M1 = VGS,M2 + VDS,MR1 . (3.14)

To find VGS , the equation describing current flow through the transistors must be rearranged. The

current of the M1 and M2 transistors is as per the well-known equation for weak inversion, Eq. (3.5).

Assuming the VDS is larger than 4 UT , then the exponent term is considered negligible, 1 resulting in

ID ∼= S I0 exp

(
VGS − VT
n UT

)
. (3.15)

1This is verifiable from Eq. (2.1). Assuming VDS ≥ 4 UT , then the exponent term amounts to 0.0185 or less.
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Rearranging Eq. (3.15) for VGS yields

VGS = n UT ln

[
ID
S I0

]
+ VT . (3.16)

substituting Eq. (3.16) into Eq. (3.14),

VDS,R1 = n UT ln

[
SM2

SM1

]
. (3.17)

To characterize the current from Eq. (3.13), the equivalent resistance of MR1 must then be found as

follows:

RR1 =
VDS,R1

IR1
, (3.18)

where IR1 is the strong-inversion triode-region current characterized by

IR1 =
1

2
SMR1 µ COX [2 (VGS,MR1 − VT )− VDS,R1] VDS,R1 . (3.19)

Assuming that the transistor is in the deep triode region, with (VGS,R1 − VT ) >> VDS,R1, the substitu-

tion of Eq. (3.19) into Eq. (3.18) yields

RR1
∼=

1

(VGS,MR1 − VT ) SMR1 µ COX
. (3.20)

With the gate of MR1 connected to VREF , as per Fig. 3.2, substituting Eq. (3.17) and Eq. (3.20) into

Eq. (3.13) allows the current to be defined with respect to all the transistors in the current source,

ID =

(
n UT ln

[
SM2

SM1

])
(VREF − VT ) SMR1 µ COX . (3.21)

At the bias voltage generator, M3 to M7 are operating in weak inversion. These transistors are

source-coupled translinear cells [28].

The analysis begins at the output, where

VREF = VGS,M7 − VGS,M5 + VGS,M6 − VGS,M3 + VGS,M4 . (3.22)

As per Eq. (3.16) , Eq. (3.21) and defining the threshold voltage with respect to temperature as follows

VT = VT0 −
∣∣∣∣dVTdT

∣∣∣∣ T , (3.23)

where VT0 is the threshold voltage at zero Kelvin, Eq. (3.22) then becomes

VREF = n UT ln

[
SM5 SM3 SMR1

SM7 SM6 SM4

6

UT

(
n

n− 1

) (
VREF −

[
VT0 −

∣∣∣∣dVTdT
∣∣∣∣T]) ln

(
SM2

SM1

)]
+VT0−

∣∣∣∣dVTdT
∣∣∣∣T .

(3.24)
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Provided that VREF = VT0, and that the second-order derivative of dVT /dT is close to zero, then taking

the derivative of Eq. (3.25) with respect to temperature leads to the following approximation,

dVREF
dT

∼= n
k

q
ln

[
SM5 SM3 SMR1

SM7 SM6 SM4

6

k/q

(
n

n− 1

) ∣∣∣∣dVTdT
∣∣∣∣ ln

(
SM2

SM1

)]
−
∣∣∣∣dVTdT

∣∣∣∣ . (3.25)

In equating Eq. (3.25) to zero, and sizing the transistors accordingly, an output that has minimal change

in temperature should result.

Advantages and Drawbacks

This design had been experimentally shown to have a very low change in the output with changes in

the voltage supply or in other words, good line sensitivity. Accomplishing this line sensitivity involved

an OP-AMP that maintained the drain voltages of the NMOS mirror which resulted in a higher power

consumption at 1.4 V / 214 nA. The temperature coefficient was also very low, but process variations

caused the performance to be inconsistent amongst every chip with a temperature coefficient averaging

at 15 ppm/K.

As with the design by De Vita et al. [12], this design strictly used the Strong and Weak inversion

levels, and did not account for the change in threshold voltage with respect to temperature due to

process variations.
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3.4 Seok et al. (2012)

Figure 3.3: Voltage Reference circuit of Seok et al. [15]

The principle behind the circuit of Fig. 3.3 is that transistors are sized precisely to result in a

condition that has minimal change with temperature. It requires two transistors in which the threshold

voltages are very different from one another. This work uses a standard diode-connected NMOS tran-

sistor with current fed from a near-zero-threshold native transistor. The weak-inversion current flowing

through the two transistors are as follows

ID = SM1 µM1 COX,M1 (nM1 − 1) UT
2 exp

(
[0− VREF ]− VT,M1

nM1 UT

)
, (3.26)

ID = SM2 µM2 COX,M2 (nM2 − 1) UT
2 exp

(
[VREF ]− VT,M2

nM2 UT

)
. (3.27)

Relating Eq. (3.26) and Eq. (3.27) and isolating the VREF term results in

VREF =

(
nM2 nM1

nM1 + nM2

) (
UT ln

[
SM1 [µM1 COX,M1 (nM1 − 1)]

SM2 [µM2 COX,M2 (nM2 − 1)]

]
+
VT,M2

nM2

−
VT,M1

nM1

)
. (3.28)

The conditions for minimal TC exists when dVREF /dT = 0. Applying this condition to Eq. (3.29) and

expressing in terms of the transistor size ratio yields

SM1

SM2
=
µM2 COX,M2 (nM2 − 1)

µM1 COX,M1 (nM1 − 1)
exp

[
q

k

(
|dVT,M2/dT |

nM2

−
|dVT,M1/dT |

nM1

)]
. (3.29)

The work found the optimal size ratios of Eq. (3.29) based on simulation results.

To account for random process variations, trimming was used, which allowed for the width/length

ratio of M1 and M2 to be varied via digital signals that turn trimming transistors on or off. This is

depicted in Fig. 3.4
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Figure 3.4: Digitally Trimmable Voltage Reference circuit of [15]

Advantages and Drawbacks

Since the design only requires two transistors, it uses two orders of magnitude less power (as low as

2.2 pW for the non-trimmable architecture and 10.85 pW for the trimmable one) than any other voltage

reference circuit. In addition, the circuit requires much less die area, even when including the trimming

transistors. However, in terms of its temperature coefficient, there is a big variation in performance

even after the trimming was applied (5.3 ppm/K to 47.4 ppm/K). As well, its use of native transistors

may not available in some CMOS processes.
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3.5 Current Issues

Despite the developments described in previous work, there are still unresolved issues related to the

standard transistor models and process variations.

3.5.1 Inaccurate Standard Equations

As detailed in Ch. 2, very weak inversion and very strong inversion are accurately characterized with

standard equations. However, the means of predicting what happens in moderate inversion cannot be

done with these equations [9]. For this reason, most designs that consider multiple inversion levels [12,13]

ignore the moderate inversion operation. It was found that a combination of Weak and Moderate

inversion levels resulted in the optimal power and chip usage [17]. Therefore there is a significant

disadvantage to ignoring the moderate inversion operation.

3.5.2 Adverse Effects of Process Variation

Another issue with current designs is that they are still subject to random process variations. The range

of performance that could be yielded in one production run of [13] is shown in Fig. 3.5.

Figure 3.5: Range of circuit performance compared to the ideal case for [13]

Even though Seok et al. [15] attempted to account for these variations by implementing a means

to digitally trim the transistor sizes, there was no published design consideration behind the trimming

transistors on how it may affect the performance of the voltage reference.

Additionally foundries typically provide one value for the change in threshold voltage with respect

to temperature and hence all designs to date assumed that this parameter was the same amongst all

transistors. However, process variations are suspected to affect this dVT /dT parameter which may

explain the variation in the experimental results of other designs.
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3.6 Solving Current Issues

To address the inability of standard equations to account for the moderate inversion level, an alter-

native MOSFET model (introduced in Sec. 2.3), the ACM model, is used. This model can accurately

characterize all levels of inversion [24].

To address the effect of process variations, the voltage reference designed in this work includes the

digital trimming of the circuit as proposed in [18], where it was experimentally verified that the trim-

ming of transistor currents can result in an output voltage that changed minimally with temperature.

The trimming transistors will be specifically designed with respect to its effect on the temperature per-

formance of the voltage reference as well as accounting for possible variations in dVT /dT . The design

considerations involved in the trimming transistors will theoretically allow the circuit to work as well

as it is designed for regardless of random process variations.
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Chapter 4

Circuit Design

4.1 Chapter Overview

The chapter begins by detailing out the step-by-step tasks required to go from theory to the fabrication of

the voltage reference microchip. The fundamental topology is then described. Based on the fundamental

topology, the circuit design is then detailed one block at a time. The details include design concepts

for the current source and the voltage reference itself. The layout design is then discussed. Lastly, the

final design is detailed in the form of a parameter summary, schematics, layout and micrograph.
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4.2 Engineering Work Flow

Prior to any work of engineering, it is useful to maintain overarching objectives as depicted in the work

flow diagram of Fig. 4.1.

Figure 4.1: Engineering work flow diagram

Following these overarching objectives maintain the organization required to go from theoretical

knowledge to a physical microchip. The steps are detailed as follows:

• Fundamental theories and parameter extraction (App. A) are investigated.

• The design involves using fundamental theories and parameters to size transistors.

• Simulations are then done to ensure that the circuit works prior to the start of the layout design.

• The layout is done in accordance to principles that ensure transistor threshold voltages match.

During this process, the DRC, or Design Rule Checks, must be passed to ensure no unintended

operation such as transistor latch-up [30] .

• The LVS, or Layout versus Schematic check, must also be passed to ensure that the layout and

circuit schematics are identical.

• An equivalent circuit that includes parasitic components (capacitances, diodes, etc) is then ex-

tracted from the layout.

• Simulations are performed once once again with this extracted circuit.
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• If the simulation of the extracted circuit differs significantly from the original simulations, then a

redesign of the circuit is required, otherwise the layout can then be sent to an external organization

for fabrication.

• Upon completion of fabrication, the microchips are experimentally verified and results are com-

pared with the original simulations as well as other work.

This work involves all aspects of the work flow depicted in Fig. 4.1, except for the microchip

fabrication itself.

4.3 Fundamental Topology for Achieving a Constant Voltage

The fundamental topology for the voltage reference circuit [18] is described in this section. It follows

the same premise as all the other recent voltage reference designs (as per the literature review) in that

a diode-connected transistor is evaluated for a condition that produces zero temperature coefficient. A

constant inversion level (iF is constant) current that biases a transistor, M1, is shown in Fig. 4.2.

Figure 4.2: Basic voltage reference circuit

Being diode-connected, M1 operates in saturation and Eq. (2.6) can be approximated as:

ID,M1 = SM1 ISQ iF . (4.1)

As VG = VREF and VS = 0, from Eq. (2.8),

F(iF ) =
VREF − VT

n UT
. (4.2)

To relate Eq. (4.2) to temperature, the thermal voltage (UT ) and threshold voltage (VT ) needs to be

re-defined. UT can be written as

UT = UTR
T

TR
, (4.3)
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where UTR is the thermal voltage at an arbitrary reference temperature, TR (usually 300 K). The

threshold voltage dependence with temperature is well approximated in [31] as

VT = VT0 −KV T
T

TR
, (4.4)

where VT0 is the extrapolation of the threshold voltage at 0 K. KV T is the expected drop in threshold

voltage at a reference temperature and is defined as

KV T = TR

∣∣∣∣∂VT∂T
∣∣∣∣ . (4.5)

By substituting Eq. (4.3) and Eq. (4.4) into Eq. (4.2), the expression becomes:

VREF = [F(iF ) n UTR −KV T ]
T

TR
+ VT0 . (4.6)

The condition for a temperature-independent VREF is obtained when dVREF /dT is set to zero or equiv-

alently, when VREF is equated to VT0. Thus,

F(iF ) =
KV T

n UTR
. (4.7)

4.4 Current Source Design

As the voltage reference circuit of Fig. 4.2 requires a constant inversion current source to function, its

design will be detailed first. Consider the current source of Fig. 4.3.

Figure 4.3: Current Source

A PMOS current mirror feeds current into an NMOS pair (N1 and N2) [26]. This creates a PTAT

voltage potential at the source of N2. The PTAT potential is placed into the drain of the N4 transistor
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in the SCM load.1 This potential keeps N4 in the triode region of operation. The net result is a constant

inversion level current generated in all branches of the current source. For a stable output current, it

is essential that all NMOS transistors are well matched and the inversion levels in each branch are far

apart [16].

4.4.1 Design Equations and Layout Considerations

As per [18,19], it can be shown that the circuit in Fig. 4.3 must satisfy the following,

ID,N1 = ID,N2 = ID,N3 =
1

2
ID,N4 . (4.8)

Assuming ISQ of every transistor is equivalent,2 then the following approximations can be made.

SN1 iF,N1
∼= SN2 iF,N2

∼= SN3 iF,N3
∼=

1

2
SN4 (iF,N4 − iR,N4) . (4.9)

Due to the source of N2 being shared amongst the NMOS pair and SCM load, the following expressions

apply

F(iF,N2) = F(iF,N1)−
VS,N2

UT
, (4.10)

F(iF,N3) = F(iF,N4)−
VS,N2

UT
. (4.11)

From Eq. (4.10) and Eq. (4.11), the following is inferred,

F(iF,N1)−F(iF,N2) = F(iF,N4)−F(iF,N3) , (4.12)

where

iF,N3 = iR,N4 . (4.13)

Eq. (4.9) and Eq. (4.12) completely determine the inversion levels of all NMOS transistors as a function

of transistor width/length ratios. Thus the circuit produces a current that has a constant inversion

level, independent of technology parameters, voltage supply, and temperature [18,19].

1N3 and N4 are connected in a Self-Cascode-MOSFET (SCM) configuration that results in area savings [17].
2From Eq. (2.7), ISQ depends on n, which, from Eq. (B.1) and Eq. (B.2) of App. B , is in turn dependent on the gate

voltage. ISQ also depends on µ, which has dependence on the gate voltage as well [32]. The N1/N2 gate voltages are not

equal to N3/N4, but the resulting ISQ is considered to be similar enough due to the other terms (except n and µ) being

equivalent. Hence the assumption in which all ISQ’s are approximately equal can be made.
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Sizing N1 and N2

The design steps begin with setting a target ID. With this ID, iF,N1 and iF,N2 are set to weak inversion

for a stable output [16]. For low sensitivity to process variations, iF,N1 and iF,N2 must be differentiated

by a large margin.3 One possibility is for iF,N1 to be ten times larger than iF,N2. SN1 and SN2 can

then be determined from Eq. (4.9).

Sizing N3 and N4

Again, for low sensitivity to process variations, iF,N4 must also be as different as possible from both

iF,N1 and iF,N2. A possibility is to have N4 operate in moderate/strong inversion, with iF,N4 being

around a hundred times larger than iF,N1. Once iF,N4 has been decided upon, iR,N4 can be found using

Eq. (4.9). Finally, SN3 and SN4 can be determined from Eq. (4.9) and Eq. (4.13).

Layout Considerations

As N1 and N2 operate in weak inversion, they require a much higher width/length ratio than N3 and

N4, assuming they operate in moderate/strong inversion (Eq. (4.9)). For that reason N1 and N2 are

usually implemented using parallel connections of a unit transistor, N3 and N4 are implemented with

series connections of the same unit transistor, while a series/parallel combination allows for fractional

equivalents, as depicted in Fig. 4.4.

Figure 4.4: Transistor sizes using unit transistors

For a well-matching layout design (Sec. 2.8), an SN2 : SN1 ratio that allows for a common-centroid

layout is considered. For instance an 8:1 ratio allows for transistors to be laid out in a 3x3 manner,

3Assuming the process variations to be the change in the width/length ratio which affects the inversion coefficients as

per Eq. (2.6), having a larger difference between iF,N1/iF,N2 as well as iF,N3/iF,N4 allows Eq. (4.12) to be approximately

true.
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where the N1 transistor can be in the center while the N2 transistors surround it in all directions, as

shown in Fig. 4.5.

Figure 4.5: Common centroid configuration

Usage

The resulting output bias current is [18]:

IBIAS = G (SN2 ISQ iFN2
) , (4.14)

where G is the gain of the output branch of the PMOS current mirror. This gain is achieved with

the appropriate multiple in either the PMOS or NMOS transistor width/length ratio. The output bias

current is as shown in Fig. 4.6.

Figure 4.6: Output bias current

A PMOS transistor provides the bias current, IBIAS for an NMOS circuit, while an NMOS transistor

provides IBIAS for a PMOS circuit. Transistor ratios along with the gain determine the inversion level

(iF ) produced by this current source.
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4.5 Cascode Design

Figure 4.7: Output bias current with cascodes

Fig. 4.7 is the same as Fig. 4.6 except that a cascode configuration is used. Both the PMOS mirror

and NMOS pair are cascoded for improved LS and PSRR. The PMOS cascode relies on a biasing

circuit [33] that fixes its gate-to-bulk voltage, while the NMOS cascode has a fixed gate-to-bulk voltage

available from the N3/N4 branch.4 The cascode transistors are sized to operate in weak inversion, which

minimizes the required |VDS | to operate in saturation as per Eq. (2.11).

4Note that the PMOS bulk (usually VDD) is not the same as the NMOS bulk (usually Ground).
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4.5.1 NMOS Cascode

The NMOS cascode portion of the current source is depicted in Fig. 4.8.

Figure 4.8: NMOS cascode

The design consideration of this portion follows the following expression,

VG,N1 ≥ VDS,SAT,NC + VDS,SAT,N1 , (4.15)

where VDS,SAT is the minimum saturation voltage as defined by Eq. (2.11). Hence the sizing of the

NMOS pair and cascodes should be for weak inversion where the iF is close to zero. Satisfying Eq. (4.15)

allows for cascoding without requiring any additional voltage to operate.

4.5.2 PMOS Cascode

The PMOS cascode portion of the current source is depicted in Fig. 4.9.

Figure 4.9: PMOS cascode

The design of the PMOS cascode circuit follows the method proposed in [33]. Like its NMOS

counterpart, the PMOS cascode is also restricted to the following,

|VG,P | ≥ |VDS,SAT,P |+ |VDS,SAT,PC2| . (4.16)
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Since the gate voltages of PC1 and PC2 are the same, then as per Eq. (2.8),

F(iF,PC2) = F(iF,PC1)−
|VS,PC2|
UT

. (4.17)

The source voltage of PC2 is the drain-source voltage of P with an added safety margin voltage,

VMARGIN (accounting for process variations),

|VS,PC2|
UT

=
|VDS,SAT,P |+ VMARGIN

UT
. (4.18)

Defining |VDS,SAT | requires first defining |VDS | as follows,

|VDS,P |
UT

= F(iF,P )−F(iR,P ) =
−|VS,P |+ |VD,P |

UT
, 5 (4.19)

|VDS,P |
UT

=
√

1 + iF,P −
√

1 + iR,P + ln

[√
1 + iF,P − 1√
1 + iR,P − 1

]
. (4.20)

For a saturated transistor, a good approximation [33] of the term within the natural logarithm in

Eq. (4.20) is [√
1 + iF,P − 1√
1 + iR,P − 1

]
∼= 100 . (4.21)

Eq. (4.21) implies that iF >> iR which is the expected case for a transistor in saturation, hence

Eq. (4.20) can be further simplified as

|VDS,SAT,P |
UT

∼=
√

1 + iF,P − 1 + ln [100] . (4.22)

Substituting Eq. (4.22) back into the original expression of Eq. (4.17) leads to

F(iF,PC2) ∼= F(iF,PC1)−
[(√

1 + iF,P − 1 + ln [100]
)

+
VMARGIN

UT

]
. (4.23)

Defining Eq. (4.23) in terms of the definition of the inversion coefficient function (Eq. (2.9)) and rear-

ranging results in

√
1 + iF,PC1 −

√
1 + iF,PC2 + ln

[√
1 + iF,PC1 − 1√
1 + iF,PC2 − 1

]
∼=
[(√

1 + iF,P − 1 + ln [100]
)

+
VMARGIN

UT

]
.

(4.24)

Using Eq. (4.24) helps determine the inversion coeffient, iF . By deciding on the current through

each branch, the width/length ratio of transistors P, PC1, and PC2 can also be determined.

5The bulk of a PMOS is usually the highest potential in a circuit (i.e.: VDD). This means the voltage potential of a

PMOS terminal with respect to the bulk is a negative value. As only the voltage difference between the terminal and the

bulk is of significance, absolute values are used.
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A design tradeoff is that weak inversion P and PC2 results in a strong inversion PC1. It is desirable

for P and PC2 to be in weak inversion since it results in a lower voltage requirement as per Eq. (4.16). A

strong inversion PC1 (larger iF,PC1) however, means a lower width/length ratio resulting in an increased

transistor length. This increased length requires more die area and hence, the inversion level of PC1 is

limited to the available chip space.

Another consideration is the current flowing through the biasing circuit. The gain of IBIAS from

Fig. 4.7 can be adjusted. The area consumption can be reduced at a cost of increased current and

vice-versa.
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4.6 Voltage Reference Design

As per Eq. (4.7),

F(iF ) =
KV T

n UTR
,

to account for the possible change in KV T due to process variations, iF can be made to be trimmable.

With reference to Fig. 4.2, this trim is accomplished from Eq. (4.1),

ID,M1 = SM1 ISQ iF ,

using two possible means: (i) adjust ID,M1 or (ii) adjust SM1, either of which allows for a desirable TC

to be obtained. The trimming architectures are illustrated in Fig. 4.10.

(a) Constant load (b) Variable load

Figure 4.10: Proposed voltage reference architectures

Both of these architectures are explored in this work.
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4.6.1 Range of iF

The TC (temperature coefficient) of the voltage reference is re-defined as follows:

TC =
∂VREF
∂T

1

VREF
= αT

1

VREF
, (4.25)

where VREF is the average output voltage throughout its temperature range. From Eq. (4.6),

αT =
∂VREF
∂T

= ([F(iF )] n UTR −KV T )
1

TR
. (4.26)

Neglecting the temperature dependence of n, the required range of iF is determined by the dispersion

of KV T due to process variations. Since data on the dispersion of KV T was not available among the

technology parameters, information based on measurements from an existing device fabricated with the

same technology with an additional safety margin was used to determine iF,MIN and iF,MAX .

The effect of the variation of KV T on Eq. (4.26) is illustrated by Fig. 4.11,

Figure 4.11: αT , or dVREF
dT , with respect to iF

where F(iF ) is calculated as per Eq. (2.9) with iF ∈ [1, 100], n = 1.3, UTR = 25.4 mV, and TR

= 300 K. Setting αT to zero in Eq. (4.26) corresponds to the ideal TC of 0 ppm/◦C, resulting in an

identical expression to Eq. (4.7),

F(iF ) =
KV T

n UTR
,

from which iF can be determined with each extreme of the KV T range.
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4.6.2 Resolution of iF

Determining the appropriate resolution of iF requires working out the ∆iF which maintains the αT

corresponding to the desired TC, as per Eq. (4.25). Insight on how this can be accomplished can be

found in Fig. 4.11.

Too large of a ∆iF could cause an overshoot of the desired value of αT , resulting in worse perfor-

mance. To prevent this overshoot, the slope of αT with respect to iF is to be determined. With this

slope, and the known upper and lower bounds of αT (based on a chosen TC), an acceptable ∆iF can

then be found. This premise is illustrated in Fig. 4.12. 6

Figure 4.12: αT , or dVREF
dT , with respect to iF , close up

To account for worst case, the maximum slope is calculated based on Eq. (4.26) as follows

dαT
diF

∣∣∣∣
MAX

=

([
dF(iF )

diF

∣∣∣∣
MAX

]
n UTR

)
1

TR
, (4.27)

where
dF(iF )

diF
=

dF(iF )

d
√

1 + iF

d
√

1 + iF
diF

=
1

2

1√
1 + iF − 1

, (4.28)

∴
dF(iF )

diF

∣∣∣∣
MAX

=
1

2

1√
1 + iF,MIN − 1

. (4.29)

6This figure uses the following example values: (1) VREF = 700 mV, (2) TC = 5 ppm/◦C. Using Eq. (2.20), the

corresponding αT (from Eq. (4.25)) = 0.0035 mV/◦C.
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From Fig. 4.12, it is shown that ∆iF must be bound by the following to ensure the desired perfor-

mance:

∆iF ≤
2 αT,MAX

dαT
diF

∣∣∣
MAX

=
4 αT,MAX (

√
1 + iF,MIN − 1) TR

n UTR
. (4.30)

Hence, a single LSB of change in either of the voltage reference architectures should only change

∆iF as expressed in Eq. (4.30).

4.6.3 Number of Bits

The switches depicted in Fig. 4.10 are implemented with transistors. These trimming transistors are

arranged in a bit-wise manner, with the least-significant-bit (LSB) producing the smallest change of iF

(∆iF ) and each successive bit increasing the change by powers of two. 7 This is shown in Fig. 4.13.

(a) Constant load (b) Variable load

Figure 4.13: Trimming transistors

With the range and resolution of iF established, the number of bits required can now be determined

as follows:

iFMAX
− iFMIN

∆iF
≤ 2N − 1 , (4.31)

where N is the number of bits as well as the number of trimming transistors required.

7The trimming transistors do not produce the change in iF but the LSB to MSB transistors themselves. Hence, the

trimming transistors can be powered by either VDD or ground.
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4.6.4 Use of Unit Transistors

For better matching in the fabrication layout, the same NMOS and PMOS unit transistor (as detailed

in Sub-Sec. 2.8.1) is used throughout the loads of Fig. 4.13, as was done with the current source (Sub-

Sec. 4.4.1). Exceptions to the use of unit transistors include parts of the design where process variations

in dimensions and threshold voltages are non-critical, such as the NMOS trimming transistors and

NMOS cascode.

4.6.5 Biasing Strategy

Minimum current consumption is limited by the errors introduced by leakage currents (ILEAK) and

off-state currents (IOFF ). ILEAK occurs when the source or drain junctions have a non-zero voltage

(with respect to the bulk), resulting in reverse-biased junctions that leaks some current away from

the transistor. IOFF occurs when the potential at the gate is the same as the bulk, resulting in a

weak-inversion current as per Eq. (2.8) and Eq. (2.10). IOFF must be accounted for in the trimming

transistors since it means additional current flows when the transistors are ”off”. These off-state and

leakage currents are illustrated in Fig. 4.14.

Figure 4.14: ILEAK compared with IOFF

To maintain the desired TC, the sum of the off-state and leakage must account for up to the

minimum change of inversion level. To do so, the following condition must be fulfilled,∑
ILEAK +

∑
IOFF

IMIN
≤ ∆iF
iFMIN

. (4.32)

As unit transistors are used (Sub-Sec. 4.6.4),
∑
ILEAK , in turn, depends on NT , the number of

unit transistors in MV along with the all the LSB and MSB transistors of Fig. 4.13b,

NT =
iFMAX

∆iF
. (4.33)
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In this work, the constant load was designed to operate at currents close to that of the variable load.

Hence, the number of unit transistors that MC consists of (from Fig. 4.13a) correlates closely to the

IMIN (for Fig. 4.13b) as determined from Eq. (4.32).

4.6.6 Trimming Transistor Design

The design of the trimming transistors account for the off-current when the transistor has been turned

off and drain-source voltage drop 8 when the transistor has been turned on. Possible paths in which

the current can travel are as depicted in Fig. 4.15 .

(a) Constant load (b) Variable load

Figure 4.15: Current path as a result of trimming transistors

8Note this drain-source voltage drop is far more significant in the variable load architecture of Fig. 4.15b than the

constant load architecture of Fig. 4.15a.
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Trimming transistor off

The off-current is as per the following,

IOFF = STRIM ISQ (iF − iR)|VG=VBULK
. (4.34)

IOFF is variable and depends on STRIM , the width/length ratio of the trimming transistor. As the

majority of the current would be flowing in the load transistors when the trimming transistor is off,

the drain-source voltage drop of the trimming transistors is assumed to be the same as that of the load

transistors. Assuming a condition with zero TC, all the drain-source voltages of the load transistors do

not change and hence (iF − iR) of the trimming transistor remains constant.

Trimming transistor on

The current that flows when the transistors are on is the same current that is provided by the current

source and hence assumed to be constant,

ION = IBIAS = STRIM ISQ (iF − iR)|VG=ON . (4.35)

With a constant current, changes in STRIM would directly affect the value of (iF − iR), which affects

the VDS drop since

(F(iF )−F(iR)) ∝ VDS . (4.36)

The worst-case drop in drain-source voltage is when all the trimming transistors are on. Hence the

design consideration is that total drain-source voltage drop must account for less than the minimum

acceptable change of the forward inversion coefficient (as per Sub-Sec. 4.6.2), characterized by∑
VDS

VREF,NOM
≤ ∆iF
iF,NOM

, (4.37)

where VREF,NOM and iF,NOM is the nominal output and forward inversion coefficient, respectively,

which assumes no dispersion in KV T (Sub-Sec. 4.6.1).

Trimming transistor design tradeoff

The requirements in Eq. (4.34) and Eq. (4.35) conflict with each other. IOFF is variable, and is

minimized by reducing STRIM . The VDS drop in this state of operation is identical to that across the

load transistors. Conversely, ION is fixed, and VDS is minimized by increasing STRIM . Hence STRIM

must be sized as such that both the resulting IOFF and VDS drops account for less than an acceptable

value of ∆iF .
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4.7 Design Summary and Circuit Schematics

Table 4.1: Design values and choices

iF Range 37–59

TC = αT /VREF 5 ppm/◦C

N 6 bits

ID (Fig. 4.3) 0.6 nA

ID,MC (Fig. 4.10a) 1–1.6 nA

ID,MV (Fig. 4.10b) 1.2 nA

SU,NMOS 1 µm / 24.9 µm

SU,PMOS 2 µm / 1 µm

Table 4.1 outlines the design values and choices made for this work. SU is the width/length ratio

of the unit transistor. A top-level diagram of the circuit is shown in Fig. 4.16.

Figure 4.16: General diagram

The current is copied from the current source to the variable and constant load architectures.
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4.7.1 Current Source Schematic

The complete current source is shown in Fig. 4.17. A starter circuit (see App. E) is included to ensure

that a current path exists as VDD ramps up from 0 V. This path ensures that the PMOS mirror as well

as the PMOS cascode conducts enough current to be operational.

Figure 4.17: Current source schematic

Table 4.2: Transistor width/length ratios of Fig. 4.17

P1, P2, P3 4(P) - each

PC1, PC2, PC3, PC0 6(P), 6(P), 6(P), 60(S),

NC1, NC2 2 µm/2 µm - each

NC5 2 µm/2 µm - 2(S)

N1, N2, N3, N4, N5 2(P), 16(P), 20(S), 22(S), 1

NS 1

Table 4.2 shows the transistor width/length ratios for the current source. All values indicate a

multiple of the PMOS or NMOS unit transistor, unless otherwise stated. (S) and (P) indicate that the

unit transistors are connected in series or parallel, respectively.
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4.7.2 Variable Load Schematic

Figure 4.18: Variable load schematic

Table 4.3: Transistor width/length ratios of Fig. 4.18

PV, PCV 8(P), 12(P)

MV,6 to MV,1, MV 32(S), 16(S), 8(S), 4(S), 2(S), 1, 106(S)

MV,T6 to MC,T1 1 µm/0.45 µm - each
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4.7.3 Constant Load Schematic

Figure 4.19: Constant load schematic

Table 4.4: Transistor width/length ratios of Fig. 4.19

P4, P5, P6 6(P), 2(S), 6(S)

PC4, PC5, PC6 9(P), 1, 1

P7, P8, P9, P10, P11, P12 2(P), 1, 2(S), 4(S), 8(S), 16(S)

PC7, PC8, PC9, PC10, PC11, PC12 3(P), 2(P), 1, 1, 1, 1

MC,T6 to MC,T1 1 - each

MC 130(S)
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4.7.4 Current Output Schematic

The schematic of Fig. 4.20 allows a multiple of the current to be outputed either by sourcing (IOUT,PLAIN )

or sinking (IOUT,BUFFERED). Their only purpose is for experimental verification.

Figure 4.20: Current output schematic

Table 4.5: Transistor width/length ratios of Fig. 4.20

P13, P14 16(P), 8(P)

PC13, PC14 24(P), 12(P)

NB1, NB2 1, 214(P)
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4.8 Layout Details

4.8.1 General Layout

The general layout is shown in Fig. 4.21.

Figure 4.21: Overview of layout

The NMOS, PMOS and shift register sections are required for the circuit to function. The shift

register allows the trimming transistors to be set from a single, clocked input and was a pre-made design

provided by the foundry. 9 The pads serve as an interface to the pins of the chip and the Poly/Metal fill

fulfills the DRC (design rule check) that requires the die to have certain percentages of poly and metal.

The buffered output is used to aid the testing of the chip by multiplying the current several hundred

times via an NMOS mirror.

9One aspect of using this pre-made shift register was that connecting the VDD and GND terminals resulted in a failure

of the LVS (Layout vs. Schematic) check. Hence, these connections were among the last to be made, after the LVS check

had passed for all other parts of the circuit.
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4.8.2 Unit Transistors

Fig. 4.22 and 4.23 show the unit transistors used throughout most of the circuit.

Figure 4.22: Unit Transistor, W=1 µm, L=24.9 µm, NMOS

Figure 4.23: Unit Transistor, W=2 µm, L=1 µm, PMOS

To ensure identical environments, the transistors were designed to be symmetrical in both the x

and y directions.

67



CHAPTER 4. CIRCUIT DESIGN 4.8. LAYOUT DETAILS

4.8.3 NMOS Section

The NMOS portion of the layout is depicted in Fig. 4.24.

Figure 4.24: Layout: NMOS Overview

Both architectures as well as the current source are incorporated and are surrounded by dummy

transistors to ensure uniform doping (Sub-Sec. 2.8.3). The dummy transistors to the far left and far

right of the variable load transistors had been shortened to a length of 5 µm (compared to 24.9 µm in

the unit transistor) due to concerns related to space constraints in the available die area. Guard rings

surround all the transistors to prevent latch-up.
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4.8.4 PMOS Section

The PMOS portion of the layout is depicted in Fig. 4.25.

Figure 4.25: Layout: PMOS Overview

Due to space-related concerns, dummy transistors did not surround the left portion of the circuit.

This portion is dominated by cascode transistors, of which precise matching is assumed to be less

critical.
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4.8.5 Current Source transistors in layout

The current source is fundamental to the operation of both of the voltage reference architectures, and

hence, transistor matching in this circuit is more critical. The emphasis on matching is shown in

Fig. 4.26 and Fig. 4.27.

Figure 4.26: Layout: Current Source, NMOS Section

Figure 4.27: Layout: Current Source, PMOS Section

The transistors are based on the current source schematic from Fig. 4.17. Requirements regarding

unit transistors, symmetry and identical environments have all been met. (Sec. 2.8).
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4.9 Micrographs and dimensions

A micrograph of the die including the I/O pads is shown in Fig. 4.28 and is compared with the layout

created by software shown in Fig. 4.29. Five chips were fabricated, with an area usage (excluding I/O

pads) of approximately 0.048 mm2 for the constant load architecture (Fig. 4.19) and 0.053 mm2 for the

variable load architecture (Fig. 4.18).

The dimensions of the parts are as follows:

• PMOS: 74.55 um x 184.30 um ∼= 0.014 mm2

• NMOS: 433.00 um x 226.45 um ∼= 0.098 mm2

• Shift Registers: 126.45 um x 15.20 um ∼= 0.0019 mm2

Additionally the area consumption of the I/O pads are 1470.30 um x 200.00 um ∼= 0.29 mm2.

Figure 4.28: Micrograph of fabricated chip, entire die

Figure 4.29: Layout of die, pre-fabrication
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Chapter 5

Results and Analysis

5.1 Chapter Overview

In this chapter the experimental methodology is presented first to aid in the reproduction of the results

of this work. Also presented are issues encountered during the experiments, which identifies limitations

and areas of potential improvements.

The simulations and experimental results pertaining to current output, changes in supply voltage

and changes in temperature are then detailed, followed by statistical analysis of all results. The results

are analyzed qualitatively, with explanations for any anomaly that had occurred along with any new

information that can be inferred from the results.

Finally, the results are compared with other recent publications to put into proper context of

whether or not the circuit had performed well.
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5.2 Experimental Verification Methodology

This section details the methods used to experimentally verify the operation of the voltage reference

microchip.

5.2.1 Scope of testing

Both 6-bit architectures were tested to confirm operation. The trimming transistor bits were activated

via an on-chip shift register, as shown in Fig. 5.1.

Figure 5.1: Shift register connections

It was expected that all bits being turned on would result in an increasing-with-temperature out-

put, while all bits being turned off will result in a decreasing-with-temperature one. Therefore at an

intermediate point, there exists a combination of bits that results in the minimum TC.
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5.2.2 Electrostatic Discharge Protection

The primary consideration prior to any experimental verification is ESD protection since exposed pins

may be subjected to 3 kV as per the Human Body Model [34]. Proper grounding of specialized mats

and wrist straps that dissipate any build-up of charges as well as the avoidance of working on carpeted

areas help reduce the risk of ESD.

5.2.3 Voltage Output Measurement

The current through the voltage reference is in the order of nA’s, hence, conventional measuring devices

cannot directly measure the output. The issue with low currents can be resolved with the use of a

CMOS-based operational amplifier (OP-AMP) connected as a voltage follower as shown in Fig. 5.2.

Figure 5.2: Op-amp buffer

The output remains steady if both terminals are approximately the same. In this work, the OP-

AMP used was an ALD1722. This particular OP-AMP has an input bias current of 0.01 pA and a

nominal voltage offset of 25 µV with a drift of 4 µV/◦C. However, the test conditions differed from

those in the OP-AMP datasheet, and hence, the voltage offset between the positive terminal and output

was determined at all measured temperatures prior to measurement of the voltage reference.
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5.2.4 Current Output Measurement

The same OP-AMP buffers from Sub-Sec. 5.2.3 can be used to measure the current of the voltage

reference chip. As the current could not be measured directly with conventional equipment, the voltage

drop over a large resistance was output to the OP-AMP buffer and then measured. The voltage and

resistance was then be used to work out the current. Two approaches can be taken to achieve this

voltage drop and are shown in Fig. 5.3 and Fig. 5.4.

Figure 5.3: Current measurement, sourcing

Figure 5.4: Current measurement, sinking
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5.2.5 Bit Setting

The clock signal was set manually by connecting to the supply voltage and then to ground to dissipate

excess charge. A Schmidt trigger was used to ensure no signals turn on and off momentarily (i.e.: the

mechanical bounce of a contact between two metal connections) upon being set, as shown in Fig. 5.5.

Figure 5.5: Schmidt trigger

To verify that the bits had been set correctly, a single bit was transferred through the shift register

of every chip. Doing so confirmed the bit operation as each activated bit resulted in an increased output

that corresponded to its bit value as depicted in Table 5.1.

Table 5.1: Effect of activating one bit at a time

Bit Active NONE LSB LSB+1 LSB+2 ... MSB

Output VMIN VMIN + 1 mV VMIN + 2 mV VMIN + 4 mV ... VMIN + x mV

5.2.6 Temperature Change

The total temperature range tested was −20 ◦C to 80 ◦C. Due to limitations in available equipment,

only the following ranges were measured:

• −20 ◦C

• 10 ◦C to 20 ◦C

• 30 ◦C to 80 ◦C
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The lower ranges from −20 ◦C to 20 ◦C were measured using temperature-controlled laboratory refrig-

erators, while the higher ranges from 30 ◦C to 80 ◦C were accomplished with an incubator oven.

5.2.7 Issues Encountered, Noise

It was observed that the voltage reference output signal may continuously vary by up to +/- 0.2 mV.

Factors that contribute to this variation may be noise due a combination of the following:

• Wire length

• Consistency of temperature

The wires that connect to the voltage reference microchip were affected by electromagnetic inter-

ference. An excess of physical vibrations also caused interference to be induced. Minimizing wire length

or movement (ideally a PCB board) reduces this interference.

It was also observed that the consistency of temperature affected the output. For instance if there

is a great distance between the heating/cooling elements and the microchip, the output will fluctuate

by a large margin. Hence, for testing purposes, the voltage reference chip should be in an enclosed

environment and close to the heating/cooling elements.

5.2.8 Issues Encountered, Unintended Bit Shifts

Another issue that was frequently observed was that the bit settings changed upon a sudden large

change in temperature. This occurence was likely due to how the shift register maintained the voltage1

to the trimming transistor gates and can be an avenue of future research.

10 V (logic low) or VDD (logic high).
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5.3 Simulations, Experimental Results, and Analysis

In this section, the general order of presentation is as follows: (i) simulations, (ii) experimental results,

(iii) analysis. A summary of the experimental results can be found in Sub-Sect. 5.3.6 followed by a

statistical analysis presented in Sub-Sect. 5.3.7.

5.3.1 Current Output

Shown in Fig. 5.6 are the simulated and measured current outputs.

Figure 5.6: IOUT simulated and measured

All simulations are evaluated under the process corners, Worst Power (WP) and Worst Speed (WS)

to determine the maximum expected dispersion in the output. The unexpected result of three of the

chips (Chip #2, 3 and 4) outputing less than that of the simulated current is investigated further in

the proceeding paragraphs.

From simulations, the current flow for the extreme corners corresponded to IBIAS ε (475 pA , 705 pA)
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with a typical (most statistically likely) value of 584 pA. However, some of the measured values fell be-

low the lowest extreme range, measuring from 334 pA to 450 pA. The result of less current results in a

lower inversion level coefficient, iF , as per Eq. (2.10),

ID = S ISQ iF ,

assuming ISQ is the typical value.

A possible explanation behind the low output current may lie in the experimental setup, since

there may have been losses from the resistor being used in the measurement (Sub-Sec. 5.2.4). However,

a specialized meter capable of measuring the current directly was subsequently used and identical

anomalous results were obtained.

Alternatively, the low current may have been caused by transistor mismatch in the PMOS section

since dummy transistors did not surround the side dominated by cascode transistors, in which matching

was thought to not have been critical (Sub-Sec. 4.8.4).

Regardless of the reason behind the low current output, it is worth noting that the voltage outputs

(Fig. 5.7 to 5.11) fell well within the extremes. These voltage outputs resembled the output of a circuit

running at currents close to the typical value.

5.3.2 Evaluation of LS and PSRR

Fig. 5.7 to 5.11 show the output of the voltage reference as the supply voltage is varied up to 3 V.

Turning all the bits off or on resulted in the minimum or maximum outputs, all of which were well

within the worst-corner limits established by simulation. The average LS and PSRR (at 0 Hz) were

0.14 %/V and -57.76 dB respectively for the variable load architecture, and 0.13 %/V and -58.44 dB

respectively for the constant load architecture. These figures of merit were calculated from Eq. (2.18)

and (2.19) with VDD ranging from 0.9 V to 3.0 V.
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Figure 5.7: VREF output vs supply voltage, Chip #1

Figure 5.8: VREF output vs supply voltage, Chip #2

Figure 5.9: VREF output vs supply voltage, Chip #3
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Figure 5.10: VREF output vs supply voltage, Chip #4

Figure 5.11: VREF output vs supply voltage, Chip #5
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The low level of change in the output with respect to changes in the supply voltage (Fig. 5.7 to 5.11)

was the result of the cascode circuits used. Since the cascode design required little to no additional

voltage (Sec. 4.5), sub-1 V operation was achieved on all the samples.

5.3.3 Evaluation of TC

The TC was evaluated from −20 ◦C to 80 ◦C as per Eq. (2.20). The supply voltage was kept fixed at

1.5 V, well within the minimum and maximum operational range of the circuit. The output voltage as

a consequence of all the bits being activated had an average positive slope with respect to temperature,

while all the bits being de-activated resulted in an average negative slope. Based on where these slopes

intersected, the bit combination required for a minimum TC was determined. Simulations resulted in

a TC of less than 18 ppm/◦C as shown in Fig. 5.12.

Figure 5.12: VREF measured as temperature is increased, Simulations
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5.3.4 Evaluation of TC: Testing of individual bits

To ensure that the bits of the experimental chips can be set to a desired voltage, a single value was

cycled through every bit with its output measured at room temperature, as shown in Table 5.2, where

∆ represents the difference in voltage compared to when no bits were set.

Table 5.2: Effect of activating one bit at a time, T=22◦C

Chip Architecture Bit Active NONE 1 2 3 4 5 6

1 Variable Output (mV) 698.10 699.24 700.50 702.61 707.03 715.62 731.00

Load ∆ (mV) 1.14 2.40 4.51 8.93 17.52 32.90

1 Constant Output (mV) 711.34 712.33 713.10 714.91 727.76 727.82 744.46

Load ∆ (mV) 0.99 1.76 3.57 16.42 16.48 33.12

2 Variable Output (mV) 663.63 664.36 665.49 667.43 671.42 679.02 693.76

Load ∆ (mV) 0.73 1.86 3.80 7.79 15.39 30.13

2 Constant Output (mV) 672.93 673.67 674.59 676.40 679.19 687.77 700.57

Load ∆ (mV) 0.74 1.66 3.47 6.26 14.84 27.64

3 Variable Output (mV) 681.06 682.26 683.31 685.32 689.48 697.69 713.26

Load ∆ (mV) 1.2 2.25 4.26 8.42 16.63 32.2

3 Constant Output (mV) 680.16 681.05 682.27 684.92 691.63 696.22 711.78

Load ∆ (mV) 0.89 2.11 4.76 11.47 16.06 31.62

4 Variable Output (mV) 660.54 661.75 662.73 664.63 668.58 676.43 691.12

Load ∆ (mV) 1.21 2.19 4.09 8.04 15.89 30.58

4 Constant Output (mV) 689.23 690.19 691.22 692.41 696.82 710.97 713.2

Load ∆ (mV) 0.96 1.99 3.18 7.59 21.74 23.97

5 Variable Output (mV) 691.84 693.05 694.23 696.56 701.13 709.97 726.66

Load ∆ (mV) 1.21 2.39 4.72 9.29 18.13 34.82

5 Constant Output (mV) 700.22 701.59 702.46 704.84 705.23 722.39 725.49

Load ∆ (mV) 1.37 2.24 4.62 5.01 22.17 25.27

The general trends show that the active bits increase the output by an amount proportionate to

the weight of the bit. Exceptions are bolded and will be investigated in the proceeding paragraphs.
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All the bits being de-activated resulted in the lowest output voltage, while all the bits being activated

resulted in the highest. This was the expected result since the activation of bits represented a higher

iF , which according to Eq. (2.8), increased the output gate voltage.

It was expected that the increase of the voltage would correspond directly with the weight of the

bits. As per Table 5.2, this expectation had been consistently met with the variable load architecture.

However, with the constant load architecture, there were several instances in which the bit activation

did not lead to the expected increase in voltage. This result may have compromised the resolution of

iF , undermining the ability of the constant load to switch to the correct voltage for minimum TC. Due

to this problem, the constant load architecture had a higher measured average TC (as per Table 5.4).

A probable cause of this result may be due to an incorrect current being switched into the load.

Since one side of the PMOS structure had no dummy transistors (Fig. 4.25), a possible culprit for this

problem may be due to transistor mismatch in the PMOS cascode.
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5.3.5 Evaluation of TC: Experimental Results

Measurements of the TC are depicted from Fig. 5.13 to 5.17. The lowest TC obtained was 8.05 ppm/◦C

(Fig. 5.16).

Figure 5.13: VREF measured as temperature is increased, Measurements, Chip #1
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Figure 5.14: VREF measured as temperature is increased, Measurements, Chip #2
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Figure 5.15: VREF measured as temperature is increased, Measurements, Chip #3
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Figure 5.16: VREF measured as temperature is increased, Measurements, Chip #4
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61

Figure 5.17: VREF measured as temperature is increased, Measurements, Chip #5
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Analysis: Evaluation of TC

As per Table 4.1, the circuit was designed for a TC of 5 ppm/◦C. However, the measured and simulated

performance was beyond the designed value and varied by a large margin as depicted in Table 5.4. A

possible explanation for this discrepancy are second order effects. These effects include the variation

n (slope factor) with temperature, the approximation of Eq. (2.8), and the variation of the threshold

voltage with respect to temperature not being entirely linear as assumed in Eq. (4.4). Second order

effects are not accounted for in the simplified ACM model 2 used for the design and to account for them

would go beyond the scope of this work.

Another possible explanation are the limitations in the experimental setup. As detailed in Sub-

Sec. 5.2.7, observed noise associated with the measurement technique may have introduced errors to

the recorded results. The design objective of 5 ppm/◦C implied approximately 0.35 mV of difference

between -20◦C to 80◦C. 3 However, noise sources may affect the readings by up to ±0.2 mV, representing

a large fraction of the precision required to determine the TC. There may also be noise intrinsic to the

chip, which may be an area of further research.

Analysis: Average VREF

It was expected that the average VREF within a single chip would be identical amongst both archi-

tectures. The VREF is ideally equivalent to the threshold voltage extrapolated to zero Kelvin. With

sufficient matching in the layout, the transistors should have identical threshold voltages. However,

amongst three of the chips, as depicted from Fig. 5.14 to Fig. 5.16, the average voltage values differed

by approximately 10 mV, implying a difference in threshold voltage amongst the architectures. The out-

put voltage depended largely on the NMOS transistors, and the NMOS layout was done in accordance to

known measures to prevent a mismatch in the threshold voltage (Sec. 2.8). Despite these measures, the

likeliest cause of this discrepancy may be due to random process variations in the fabrication process.

Analysis: Design

Fig. 5.17 had demonstrated that despite all the bits being set on, the output decreased with temperature.

This result implied that the estimated range of iF was insufficient (Sec. 4.6.1), which in turn meant that

the a spread in the temperature coefficient of the threshold voltage, ∂VT
∂T , was larger than anticipated.

2The ACM model used in this work is in fact a simplication of a more complex and complete model presented in [30].
3Assuming VREF,MIN = 700 mV, VREF,MAX = 700.35 mV, and calculating with Eq. (2.20).
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This implication is as per Eq. (4.7),

F(iF ) =
KV T

n UTR
,

where a larger ∂VT
∂T requires a larger iF , since according to Eq. (4.5),

KV T = TR

∣∣∣∣∂VT∂T
∣∣∣∣ .

As well, this spread was larger than what could be calculated using App. D.

The datasheets from the foundry provided only a single value for ∂VT
∂T . Since this work had shown

that there is a considerable spread in ∂VT
∂T with process variations, more testing from the foundry is

required to accurately characterize ∂VT
∂T .

5.3.6 Summary of Results

A summary of results for every chip and architecture is shown in Table 5.3,

Table 5.3: Summary of results

Chip Architecture LS (%/V) PSRR (dB) TC (ppm/◦C) VREF,TC (mV)

1 Variable Load 0.15 57.15 13.58 743.69

1 Constant Load 0.14 -57.78 40.48 744.32

2 Variable Load 0.17 -56.54 25.84 692.23

2 Constant Load 0.14 -58.13 15.84 681.95

3 Variable Load 0.13 -58.86 30.80 688.95

3 Constant Load 0.12 -59.11 20.57 695.53

4 Variable Load 0.13 -58.54 8.05 670.56

4 Constant Load 0.12 -59.25 23.36 688.97

5 Variable Load 0.14 -57.71 28.43 756.16

5 Constant Load 0.14 -57.95 31.35 755.34

where LS (Eq. (2.18)) and PSRR (Eq. (2.19)) was evaluated at an ambient temperature of 22 ◦C

with the power supply being varied from 0 V to 3 V. The TC (Eq. (2.20)) was based on the voltage

output from−20 ◦C to 80 ◦C, and VREF,TC is the average value of VREF over the same tested temperature

range.
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5.3.7 Statistics of Results

The overall statistical performance of the circuit is shown in Table 5.4,

Table 5.4: Statistics of results, overall

Output Architecture µ σ σ/µ MIN MAX

LS Variable Load 0.1445 %/V 0.018 %/V 12.79% 0.1211 %/V 0.1655 %/V

LS Constant Load 0.1314 %/V 0.011 %/V 8.32% 0.1212 %/V 0.1434 %/V

PSRR Variable Load -57.77 dB 1.11 dB 1.92% -56.54 dB -58.86 dB

PSRR Constant Load -58.57 dB 0.72 dB 1.23% -57.78 dB -59.25 dB

TC Variable Load 19.57 ppm/◦C 10.55 ppm/◦C 53.91% 8.05 ppm/◦C 30.80 ppm/◦C

TC Constant Load 25.06 ppm/◦C 10.74 ppm/◦C 42.84% 15.84 ppm/◦C 40.48 ppm/◦C

VREF,TC Variable Load 698.86 mV 31.37 mV 4.49% 670.56 mV 743.69 mV

VREF,TC Constant Load 702.69 mV 28.3 mV 4.03% 681.95 mV 744.32 mV

where µ is the average value, σ is the standard deviation from the average value, and σ/µ is the

coefficient of variation. It is important to note that one of the samples (Chip #5) had been omitted from

this statistical analysis. This omission was due to its output with respect to temperature decreasing

with temperature despite having all the bits set on (Fig. 5.17), which is not considered representative

of the circuit design since it implies a larger range of inversion levels than the design was based on.

As only four chip samples are considered, µ and σ are insignificant 4 and hence further statistical

analysis is required for the significance of these results to be known. Using methods described in [29],

it was found that the population median falling within the MIN and MAX of any 4 samples had an

87.5% probability of being true for an infinitely large (theoretical) sample size. 5

4These statistical values are only included since they are the only ones mentioned in most publications, and hence are

used for purposes of comparison.
5A way to verify this figure is shown in App. H.
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5.4 Comparison with Other Designs

Table 5.5: Comparison of experimental results with other designs

Variable Load Constant Load [11] [12] [13] [14] [15] [15]

Year 2014 2014 2002 2007 2009 2011 2012 2012

CMOS Tech. (µm) 0.35 0.35 0.5 0.35 0.35 0.18 0.13 0.13

Voltage (V) 0.9–3 0.9–3 3.7 0.9–4 1.4–3 0.45–2 0.5–3.0 0.5–3.0

Current (nA) 3.3 4.3 378×103 40 214 5.8 0.0044 0.0217

VREF (mV) 698.9 702.7 1121.9 670 745 257.5 176 176

LS (%/V) 0.14 0.13 n/a 0.27 0.002 0.440 0.033 0.036

PSRR (dB) -58.8 -58.6 -45 -47/-40 -45 -45 -53/-62 -51/-64

/f (Hz) (DC) (DC) 10 100/10M 100 <100 100/10M 100/10M

TC (ppm/◦C) 145

(avg) 19.6 25.1 n/a n/a 15 165 49 29

(best) 8.1 15.9 n/a 10 7 39 16.9 5.3

(worst) 30.8 40.5 n/a n/a 45 357 231 47.4

(# of samples) (4) (4) (4) (20) (17) (40) (49) (30)

(post-trim) (post-trim) (post-trim)

Area (mm2) 0.053 0.048 0.4 0.045 0.055 0.043 0.00135 0.0093

Table 5.5 compares the mean experimental results of the two proposed designs with other published

voltage references. The performance of the proposed circuits compares well to other designs except

for the very low consumption in [15]. However, the circuit in [15] is based on two transistor types of

different threshold voltages, which are not always available to designers. Hence the design presented in

this work is a generic alternative, requiring no special technology options and hence usable with any

process.
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Chapter 6

Conclusions

6.1 Achievements of this work

Two MOS-only voltage reference circuits with their respective trimming methods have been designed,

fabricated and experimentally verified. A design methodology that accounted for the layout, perfor-

mance improvement using cascodes, and the effect of TC was developed. In addition, a complete layout

was created with techniques used to ensure well-matched transistors.

Experimental methods were developed to allow the measurement of nano-watt-power device outputs.

Methods were also developed to verify bit operations and bit settings for the optimal TC. The objectives

of low power, low area, and high performance were met:

1. Both circuits operated down to a 0.9 V supply, each consuming less than 5 nA.

2. Each circuit occupied an area of 0.053 mm2 or less.

3. An LS and PSRR below 0.15 %V and -58 dB was achieved.

4. The circuit had an average TC of less than 26 ppm/◦C, with a median TC of less than 22 ppm/◦C,

both of which represent approximately 2 mV of variation from −20 ◦C to 80 ◦C. The best-

performing circuit had a TC under 8.1 ppm/◦C, representing less than 0.6 mV of variation over

the same temperature range.
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6.2 Potential Improvements

6.2.1 Noise Considerations

It remains inconclusive whether the design objective of 5 ppm/◦C (as per Sec. 4.7) could have been met

or exceeded, since noise consistently affected the output signals despite having filtering capacitors on

every output. Noise can be reduced by testing the chip in an environment that has minimal fluctuations

in physical vibrations and temperature. These conditions require improved facilities and equipment.

Noise reduction can also achieved by avoiding the use of wires to connect test components, such as the

use of a PCB.

6.2.2 Design Considerations

The PMOS sections could have improved matching by ensuring dummy transistors surround the entire

perimeter as well as ensuring better symmetry and distribution of unit transistors in the PMOS layout.

As well, the width/length dimensions of the PMOS unit transistor could have been increased. With this

increase, differences in the transistor dimensions due to process variations would account for a lower

percentage of the overall width/length. Doing so can rule out transistor mismatch as the cause of lower

currents (Sub-Sec. 5.3.1), bit malfunctions (Sub-Sec. 5.3.4), and differences in the 0 K threshold voltage

(Sub-Sec. 5.3.5).

6.2.3 Testing Considerations

The following considerations may improve the comprehensiveness or ease of the testing methods.

• The PSRR at other frequencies can be characterized with the use of a waveform generator and

oscilloscope.

• The bit and clock switching was done by hand in this work, aided by a Schmidt Trigger (Sub-

Sec. 5.2.5). The automation of the bit and clock switching by having it programmed with a

microcontroller and using appropriate clock drivers could improve the efficiency and reliability of

such switching.
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6.3 Future Research

• The temperature coefficient of threshold voltage was shown to span a wider range than expected,

though only a single value in the datasheet was provided for this parameter. Therefore the foundry

may need to do further testing to better characterize the TC of ∂VT
∂T . Alternatively, designing for

a higher range of iF can also compensate for this wider range.

• Sudden temperature changes affected the ability of the shift register to hold the bits (Sub-

Sec. 5.2.8), hence, there should be design considerations in the creation of a shift register to

address this problem.

• Upon a loss of power, the bits have to be set again. Thus, a means to store the ”correct” bit

setting into the chip and automatically load upon startup is desirable. This function may be

accomplished by incorporating EEPROM cells into the chip.

• The voltage reference itself is not very useful for practical applications. Therefore the imple-

mentation of the circuit into microchip temperature sensors, mixed signal converters or voltage

regulators (Sec. 1.4) may be another avenue of research.

• During the design phase, it was found that various degrees of weak inversion levels in the NMOS

pair of the current source lead to a different simulated TC for the voltage reference output. Various

simulations found that there existed an optimal TC for a certain ratio of the NMOS pair. An

example of this optimal ratio is shown in Fig. 6.1.

Figure 6.1: Optimal NMOS pair, based on simulations
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A similar ”trial-and-error” method of finding the optimal TC based on simulation results was also

how the voltage reference of [15] was designed. The results from this effort were not used since it

was not certain at the time whether or not simulation results based on a large temperature range

could be relied upon. However, experimental results have thus far shown that the simulations

were reasonably accurate. Hence, improved performance may be achieved by investigating why a

certain weak-inversion NMOS pair in the current source would result in the optimal TC of the

voltage reference output.

6.4 Future Research: Special Consideration

As the work of Seok et al. [15] had superior power and area consumption while exhibiting comparable

performance, a special consideration is made for possible future research based on the ideas of this work.

The drawback of the voltage reference presented in [15] was the use of native transistors, which may not

always be available, nor at a comparable cost to older technologies with no special process options. A

possible solution to this drawback is to replace the native transistor with a PMOS transistor as shown

in Fig. 6.2.

Figure 6.2: Voltage Reference of [15], possible alternative topology

The ACM model and trimming design considerations can then be applied to this alternative topol-

ogy.
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Appendix A

Parameter Extraction

A.1 Motivation

The sheet normalization current, ISQ, is not provided by transistor technology datasheets, and the

threshold voltage, VT , is also defined differently according to the ACM model (as per Sec. 2.4 ). Hence,

an extraction method [30] is required to determine ISQ and VT . To fully account for process variations,

this extraction method must be used for all the extreme process corners of the transistor. 1

The methodology will first be stated, followed by a justification of methods used.

A.2 Methodology

The circuits used for parameter extraction are shown in Fig. A.1.

(a) NMOS extraction circuit (b) PMOS extraction circuit

Figure A.1: Circuits used to extract ISQ and VTH

1Only by simulations will it be possible to account for the extreme process corners. Otherwise, it is also possible to

extract these parameters experimentally.
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A multiple of the thermal voltage, |UT /2|, is set as the drain voltage of the transistor while the gate

voltage is varied from 0 to |2 V |. The transconductance-to-current ratio, gm/ID, is required and can be

derived from the output current, ID, as follows,

gm
ID

=
1

ID

dID
dVG

=
d ln(ID)

dVG
. (A.1)

From the output in Eq. (A.1), 53% of the peak gm/ID is where the gate voltage is equivalent to the

threshold voltage,

VT = VG @

(
0.53

∣∣∣∣gmID
∣∣∣∣
MAX

)
. (A.2)

Finding the current output for the VG from Eq. (A.2) and dividing by 0.885 as well as the transistor

width/length ratio results in ISQ,

ISQ =
ID (@VG = VT )

0.885 S
. (A.3)

A.3 ISQ, Justification of extraction methodology

Eq. (A.3) relies on VG = VT . The justification of the ISQ extraction requires working out the inversion

coefficients when this condition is true. The relationship between iF (R) and the transistor terminals are

as follows,
VG − VT
n UT

−
VS(D)

UT
∼= F(iF (R)) =

√
1 + iF (R) − 2 + ln

(√
1 + iF (R) − 1

)
. (A.4)

With respect to Fig. A.1, if in Eq. (A.4) the source is 0 V and iF is 3, then the following is true,

VG = VT (@iF = 3) . (A.5)

Again from Fig. A.1, substituting |VD| = UT /2 as well as the condition of Eq. (A.5) allows iR to be

found,
1

2
=
√

1 + iR − 2 + ln
(√

1 + iR − 1
)
. (A.6)

From numerical analysis, Eq. (A.6) is true when iR = 2.115. With the value of iF and iR determined,

substituting into the equation for current results in

ID = S ISQ ([iF = 3]− [iR = 2.115]) = S ISQ (0.885) . (A.7)

Rearranging Eq. (A.7) yields Eq. (A.3).
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A.4 VT , 53% Justification of extraction methodology

Eq. (A.2) requires 53% of the maximum gm/ID. Justifying this value first requires the derivation of

transconductance,

gm =
dID
dVG

= S ISQ

(
diF
dVG

− diR
dVG

)
. (A.8)

To determine diF (R)/dVG, its inverse must first be found by isolating VG from Eq. (A.4) and then taking

its derivative with respect to iF (R) as follows

VG =
[
F(iF (R)) UT + VS

]
n+ VT , (A.9)

dVG
diF (R)

=

[
dF(iF (R))

diF (R)
UT

]
n , (A.10)

where
dF(iF (R))

diF (R)
=

dF(iF (R))

d
√

1 + iF (R)

d
√

1 + iF (R)

diF (R)
=

1

2

1√
1 + iF (R) − 1

. (A.11)

Substituting Eq. (A.11) into Eq. (A.10) and inverting the expression yields

diF (R)

dVG
=

[
2
(√

1 + iF (R) − 1
) 1

UT

]
1

n
. (A.12)

Eq. (A.12) can be used for Eq. (A.8) which in turn gets simplified as

gm = S ISQ
1

n UT
2
(√

1 + iF −
√

1 + iR

)
. (A.13)

Dividing gm by ID to obtain the transconductance-to-current ratio results in

gm
ID

=
1

n UT

(
2√

1 + iF +
√

1 + iR

)
. (A.14)

In Eq. (A.14) the maximum gm/ID occurs when iF (R) → 0, hence,[
gm
ID

]
MAX

=
1

n UT
. (A.15)

Substituting the iF (R) neccessary to satisfy the conditions for VG = VT (from Sect. A.3) results in value

that is 53% of the maximum gm/ID,[
gm
ID

]
VG=VT ,VD=0.5 UT

=

[
gm
ID

]
MAX

(
2√

1 + 3 +
√

1 + 2.115

)
∼=
[
gm
ID

]
MAX

(0.53) . (A.16)
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A.5 Sample Extracted Parameters

Sample extracted parameters for an undisclosed 0.35µm technology (due to legal restrictions) are shown

in Table A.1,

Table A.1: 0.35µm technology, NMOS extracted parameters

ISQ,N VT,N ISQ,P |VT,P |

T (◦C) TM WP WS TM WP WS TM WP WS TM WP WS

-23.15 69.93 79.97 69.95 559.90 417.98 622.54 15.84 17.89 13.85 775.04 652.69 856.30

-13.15 73.69 84.10 97.21 552.40 410.43 514.86 17.27 19.61 15.05 760.80 638.51 842.00

-3.15 77.09 88.08 70.41 544.78 402.94 607.27 18.71 21.29 16.27 746.64 624.39 827.84

6.85 80.38 92.05 73.50 537.21 395.50 599.71 20.12 22.96 17.43 732.47 610.26 813.62

16.85 83.71 95.84 76.47 529.74 388.06 592.19 21.55 24.65 18.66 718.37 596.24 799.49

26.85 86.76 99.36 79.15 522.24 380.66 584.63 22.92 26.32 19.84 704.25 582.20 785.43

36.85 89.96 102.95 82.02 514.79 373.25 577.17 24.40 28.01 21.07 690.21 568.20 771.38

46.85 92.89 106.45 84.58 507.35 365.98 569.64 25.84 29.69 22.28 676.25 554.22 757.33

56.85 95.67 110.00 87.15 499.90 358.85 562.23 27.26 31.38 23.46 662.27 540.31 743.32

66.85 98.44 113.67 89.67 492.54 351.90 554.84 28.68 33.10 24.66 648.31 526.43 729.38

76.85 101.14 117.48 92.21 485.25 345.09 547.51 30.17 34.80 25.86 634.48 512.62 715.51

79.85 102.00 118.71 92.99 483.07 343.09 545.37 30.56 35.30 26.25 630.32 508.47 711.40

where ISQ,N and ISQ,P are the sheet specific currents for the NMOS and PMOS respectively, and

are expressed in nA. VT,N and |VT,P | are the threshold voltages for NMOS and PMOS respectively, and

are expressed in mV. TM (Typical Mean) represents the state of transistors which are most statistically

likely to occur, while WP (worst power, fast-NMOS-fast-PMOS) and WS (worst speed, slow-NMOS-

slow-PMOS) accounts for the worst-case process variations.
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Appendix B

Subthreshold Slope Factor Calculation

B.1 Motivation

Essential design equations utilize the subthreshold slope factor, n. These equations include the condi-

tions for zero temperature coefficient (Eq. (4.7)) and the trimming resolution (Eq. (4.30)).

B.2 Definition

In subthreshold operation, the current has an exponential dependence on the gate voltage as per

Eq. (3.2). This dependence means that an increase in gate voltage causes an exponential increase

in current, resulting in a linear characteristic as shown in Fig. B.1 [25].

Figure B.1: Linear characteristic when VG < VT

The resulting slope from this subthreshold region of operation corresponds to n. For instance, a

slope of 77 mV/dec corresponds to n ∼= 1.3 at 25◦C [25]. The calculation of n involves the following [30],

n ∼= 1 +
γ

2
√

2 φF + VP
, (B.1)

where γ is the body effect coefficient factor, VP is the pinch-off voltage, and φF is the Fermi potential.
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γ can be found as a parameter from the transistor datasheets, while VP is defined by [30]

VP =

[
|VG| − |VT |+

(√
2 φF +

γ

2

)2

− γ

2

]2
− 2 φF . (B.2)

ΦF is defined as

φF |T=300K = UT ln

[
NA

ni|T=300K

]
, (B.3)

where NA is the acceptor ion concentration and ni is the intrinsic carrier concentration. ni is commonly

cited as 1.45 · 1016 m−3 [9] but experimental evidence supports a value closer to 1.0 · 1016 m−3 [20].

NA is derived using γ from the following [9],

γ =

√
2 ε0 εSi q NA

COX
, (B.4)

where ε0 is the permittivity of free space (10−9/36π F/m), εSi is relative permittivity of silicon (11.7),

q is the electron charge (1.602 · 10−19 C), and COX is the oxide capacitance.

COX can be found by [9]

COX =
ε0 εOX
tOX

, (B.5)

where tOX is the oxide thickness (usually provided by technology datasheets), and εOX is the relative

permittivity of the oxide (3.9 for silicon oxide).
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Appendix C

Proof of Cascode increasing Output

Resistance

Proving the cascode transistors increase the small signal output resistance requires small signal analysis.

C.1 Small Signal Analysis Model

The small signal analysis model represents the circuit as a result of miniscule changes in current and

voltage and is depicted in Fig. C.1 [30],

Figure C.1: Small signal model, complete

where current flow is shown as a consequence of small changes in terminal voltages and the drain

to the source is characterized as a resistance, rDS . The transconductance, gm, represents small changes

in the output current caused by a small change in a particular terminal voltage and is expressed as

gm,TERMINAL =
∂IOUT

∂VTERMINAL
. (C.1)

Assuming that the transistor is in saturation, ∂VS causes a much larger ∂IOUT than ∂VD, therefore
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as per Eq. (C.1), gm,S >> gm,D [30]. Neglecting the capacitances and further assuming a purely DC

gate voltage (hence no small-signal fluctuations), Fig. C.1 can be simplified as shown in Fig. C.2.

Figure C.2: Small signal model, simplified

C.2 Output Resistance

The output resistance, ROUT , is defined as resistance due to a theoretical fluctuation of voltage (∂VX)

and current (∂IX) at a particular point in a circuit [26]. This resistance is expressed as

ROUT =
∂VX
∂IX

. (C.2)

A non-cascoded transistor connected the the gate of a current mirror is shown in Fig. C.3.

Figure C.3: Current mirror transistor, small signal equivalent

As ∂VS = 0, its corresponding current can be neglected and hence, for a non-cascoded configuration,

ROUT,NON−CASCODED = rDS . (C.3)
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For purposes of comparison, a cascoded transistor configuration is depicted in Fig. C.4 .

Figure C.4: Cascoded current mirror transistor, small signal equivalent

To determine ∂VX/∂IX , ∂VX must first be related to the small-signal voltage drops of the cascoded

configuration,

∂VX = ∂Vr
DS,1

+ ∂Vr
DS,2

, (C.4)

where the small-signal drop across rDS,1 is as follows,

∂Vr
DS,1

=
[
∂IX + gm,S1∂VS1

]
rDS,1 , (C.5)

and ∂Vr
DS,2

is characterized by

∂Vr
DS,2

= ∂VS1 =
[
∂IX + gm,S1∂VS1

]
rDS,2 . (C.6)

To aid in simplification of the expressions, ∂VS1 in Eq. (C.6) is isolated in terms of the cascode config-

uration as follows,

∂VS1 = ∂IX

[
rDS,2

1− rDS,2 gm,S1

]
. (C.7)

Substitution of Eq. (C.5, C.6, C.7) into Eq. (C.4) results in

∂VX =

[
∂IX + gm,S1

(
∂IX

[
rDS,2

1− rDS,2 gm,S1

])]
+

(
∂IX

[
rDS,2

1− rDS,2 gm,S1

])
. (C.8)

Hence,

ROUT,CASCODED =
∂VX
∂IX

= rDS,2 +

[
rDS,2

1− rDS,2 gm,S1

] (
gm,S1 rDS,1 + 1

)
. (C.9)

which is a larger output resistance than without the cascode configuration as per Eq. (C.3).
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Appendix D

Threshold Voltage Temperature

Coefficient Calculation

D.1 Motivation

As per Sect. 4.6.1, the data on the dispersion of KV T was not known and empirical data along with

a safety margin was used to estimate it. To verify this estimation, this Appendix shows how such

dispersion can be calculated. As per Eq. (4.5), KV T is the expected drop in threshold voltage from 0 K,

KV T = TR

∣∣∣∣∂VT∂T
∣∣∣∣ . (D.1)

The ∂VT /∂T is given as a single value in technology datasheets. However, ∂VT /∂T may change due to

process variations. This change can be derived from equations that define the threshold voltage.

D.2 Definition

To determine ∂VT /∂T , the Poly-Silicon work function, ΦPOLY/SI , must first be determined from the

definition of the threshold voltage [35]

VT (T ) = ΦPOLY/SI(T ) + 2 φF (T ) + γ
√

2 φF (T ) + VS . (D.2)
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VT is extracted from App. A, while φF is determined from Eq. (B.3). Using ΦPOLY/SI and all the

known values from Eq. (D.2), ∂VT /∂T can be found by [35]

dVT (T )

dT
=

ΦPOLY/SI(T )

T
+

3k

q
+
EG,0K
qT

+

(
2 +

γ

COX

√
1

2 ΦF (T ) + VS

) (
ΦF (T )

T
− 3k

2q
−
EG,0K
2qT

)
.

(D.3)

The dispersion of KV T can be determined by evaluating Eq. (D.3) at all process corners.
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Appendix E

Automatic Starter Circuit

E.1 Motivation

Figure E.1: Starter circuit

In Fig. E.1, as VDD ramps up from 0 V, the PMOS current mirror will initially conduct more

current. To conduct the full current requires the NMOS pair to be turned on with a high enough

gate voltage. If the NMOS pair does not turn on sufficiently, then the current flow may cease. To

prevent this state of operation, a starter circuit is neccessary. The starter circuit depicted in Fig. 4.17

requires a starting signal to be manually applied and then removed, which is undesirable for use in a

practical application. Hence, an alternative starter circuit is required to have a circuit that can work
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automatically.

E.2 Explanation

As VDD increases, a PMOS connected as a capacitor, PCAP, creates a positive potential at the gate

of NS1, allowing NS1 to divert current from the diode-connected PMOS to ground. This path ensures

that the sufficient current is generated by the PMOS mirror into the NMOS mirror. Once the NMOS

pair conducts enough current, NS2 would be turned on sufficiently to dissipate the positive potential at

NS1, allowing the path from the diode-connected PMOS to close.

E.3 Another Alternative

A much simpler alternative starter circuit is shown in Fig. E.2.

Figure E.2: Starter circuit, another alternative

The general premise is that when the circuit is turned on, NCAP charges through the diode-

connected PMOS, allowing the rest of the circuit to start.
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Appendix F

Chip Connection Diagram

Shown in Fig. F.1 is how the voltage reference microchip was connected. This diagram can be used to

aid future testing of the microchips produced in this work.

Figure F.1: Chip connection diagram
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Appendix G

Measurement Raw Data

G.1 DC Measurements

DC measurements were made as the supply voltage was ramped up from 0.6 V up to 3.0 V at an ambient

temperature of 22◦C.
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Table G.1: Current Measurements, T=22◦C, All Chips

Chip # → 1 2 3 4 5

VDD (mV) ↓ IOUT (pA) ↓ IOUT (pA) ↓ IOUT (pA) ↓ IOUT (pA) ↓ IOUT (pA) ↓

600 435.58 304.66 401.51 388.87 469.55

700 481.85 325.81 440.33 435.31 524.92

800 483.63 327.97 441.77 436.46 527.76

900 484.01 327.04 442.62 436.29 528.59

1000 484.49 326.91 441.89 436.69 528.34

1100 484.76 327.16 442.15 436.8d4 528.69

1200 484.34 327.52 443.08 437.09 529.42

1300 485.04 327.79 443.68 436.81 529.52

1400 484.84 327.82 443.20 437.19 528.81

1500 485.04 327.32 443.53 436.59 529.32

1600 485.27 328.17 443.18 436.34 528.79

1700 485.27 327.47 443.58 437.34 529.17

1800 485.34 327.74 444.33 437.02 529.69

1900 485.52 327.84 444.03 437.72 530.10

2000 485.47 328.72 444.46 437.29 530.37

2100 485.34 328.25 443.93 438.45 530.12

2200 486.35 328.98 444.28 438.83 530.73

2300 486.40 329.28 444.11 438.88 531.20

2400 486.25 329.30 444.99 438.42 531.53

2500 486.67 330.36 445.19 438.95 531.45

2600 487.48 330.51 445.89 439.86 532.16

2700 489.34 332.02 446.24 440.56 533.42

2800 483.05 327.09 441.72 436.69 526.80

2900 490.32 333.10 447.50 441.37 535.20

3000 491.93 334.53 449.46 443.40 536.86
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Table G.2: VOUT as VDD increases, T=22◦C, Chip #1

Architecture → Variable Variable Constant Constant

Bit Config. → Min Max Min Max

VDD (mV) ↓ VOUT (mV) ↓ VOUT (mV) ↓ VOUT (mV) ↓ VOUT (mV) ↓

600 590.95 595.79 597.14 602.64

700 666.98 682.82 669.24 687.46

800 700.10 747.28 694.95 745.04

900 703.67 766.81 697.20 758.50

1000 703.85 768.59 697.35 759.57

1100 703.98 768.64 697.42 759.69

1200 704.05 768.78 697.53 759.79

1300 704.09 768.91 697.53 759.80

1400 704.18 768.93 697.62 759.91

1500 704.24 769.03 697.68 759.99

1600 704.24 768.99 697.69 760.02

1700 704.31 769.11 697.73 760.01

1800 704.35 769.15 697.77 760.14

1900 704.34 769.22 697.75 760.23

2000 704.40 769.27 697.81 760.23

2100 704.44 769.25 697.85 760.28

2200 704.51 769.33 697.90 760.32

2300 704.59 769.38 698.00 760.30

2400 704.66 769.47 698.09 760.47

2500 704.72 769.59 698.19 760.52

2600 704.84 769.69 698.30 760.72

2700 705.00 769.91 698.44 760.90

2800 705.25 770.13 698.63 761.09

2900 705.52 770.59 698.98 761.46

3000 705.95 771.01 699.30 761.93
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Table G.3: VOUT as VDD increases, T=22◦C, Chip #2

Architecture → Variable Variable Constant Constant

Bit Config. → Min Max Min Max

VDD (mV) ↓ VOUT (mV) ↓ VOUT (mV) ↓ VOUT (mV) ↓ VOUT (mV) ↓

600 586.37 592.20 592.39 599.59

700 648.73 690.42 650.68 676.96

800 664.04 709.52 662.75 714.32

900 664.55 713.34 663.58 718.27

1000 664.75 713.65 663.56 718.32

1100 664.89 713.63 663.53 718.40

1200 664.64 713.73 663.57 718.48

1300 664.79 713.68 663.63 718.59

1400 664.91 713.88 663.73 718.58

1500 665.01 713.92 663.76 718.63

1600 664.97 714.03 663.77 718.61

1700 665.07 713.90 663.80 718.61

1800 665.13 714.05 663.85 718.75

1900 665.07 714.07 663.84 718.79

2000 665.14 714.15 663.91 718.84

2100 665.22 714.25 663.94 718.87

2200 665.17 714.21 664.00 718.96

2300 665.24 714.34 664.03 719.12

2400 665.35 714.39 664.04 719.12

2500 665.48 714.58 664.16 719.25

2600 665.74 714.67 664.28 719.37

2700 665.80 714.87 664.56 719.54

2800 666.05 715.21 664.70 719.98

2900 666.40 715.61 665.07 720.33

3000 666.86 716.21 665.50 720.90
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Table G.4: VOUT as VDD increases, T=22◦C, Chip #3

Architecture → Variable Variable Constant Constant

Bit Config. → Min Max Min Max

VDD (mV) ↓ VOUT (mV) ↓ VOUT (mV) ↓ VOUT (mV) ↓ VOUT (mV) ↓

600 587.63 593.83 595.2 601.41

700 654.08 672.11 661.43 679.38

800 671.59 721.54 679.21 728.37

900 672.82 730.12 680.55 737.15

1000 672.88 730.51 680.65 737.63

1100 672.98 730.56 680.65 737.64

1200 673.00 730.60 680.72 737.77

1300 673.04 730.61 680.76 737.83

1400 673.04 730.57 680.74 737.86

1500 673.12 730.72 680.81 737.90

1600 673.17 730.76 680.91 737.89

1700 673.18 730.74 680.84 737.97

1800 673.21 730.77 680.88 737.97

1900 673.11 730.85 680.92 735.05

2000 673.26 730.88 680.95 738.00

2100 673.33 730.92 680.95 738.06

2200 673.33 730.94 681.05 738.15

2300 673.39 730.95 681.03 738.23

2400 673.41 731.07 681.15 738.30

2500 673.58 731.19 681.21 738.42

2600 673.62 731.31 681.30 738.48

2700 673.72 731.51 681.49 738.71

2800 674.07 731.70 681.69 738.91

2900 674.25 732.09 681.94 739.29

3000 674.61 732.59 682.31 739.69
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Table G.5: VOUT as VDD increases, T=22◦C, Chip #4

Architecture → Variable Variable Constant Constant

Bit Config. → Min Max Min Max

VDD (mV) ↓ VOUT (mV) ↓ VOUT (mV) ↓ VOUT (mV) ↓ VOUT (mV) ↓

600 583.76 594.23 587.07 599.61

700 658.01 676.11 648.82 675.66

800 679.41 724.59 659.53 709.95

900 680.96 735.08 660.33 714.84

1000 681.08 735.76 660.45 715.05

1100 681.18 735.82 660.41 715.08

1200 681.26 735.79 660.44 715.13

1300 681.22 735.94 660.45 715.23

1400 681.28 735.89 660.49 715.25

1500 681.28 736.01 660.51 715.28

1600 681.36 736.01 660.58 715.29

1700 681.37 736.07 660.59 715.3

1800 681.42 736.08 660.55 715.42

1900 681.45 736.15 660.71 715.41

2000 681.49 736.18 660.63 715.50

2100 681.55 736.19 660.73 715.51

2200 681.65 736.30 660.72 715.67

2300 681.61 736.32 660.72 715.64

2400 681.65 736.40 660.79 715.68

2500 681.77 736.46 660.93 715.79

2600 681.88 736.61 660.99 715.86

2700 682.00 736.78 661.13 716.09

2800 682.20 737.15 661.29 716.34

2900 682.59 737.41 661.66 716.72

3000 682.84 737.87 662.01 717.00

118



Table G.6: VOUT as VDD increases, T=22◦C, Chip #5

Architecture → Variable Variable Constant Constant

Bit Config. → Min Max Min Max

VDD (mV) ↓ VOUT (mV) ↓ VOUT (mV) ↓ VOUT (mV) ↓ VOUT (mV) ↓

600 589.78 589.48 596.27 597.10

700 663.82 678.93 667.43 686.35

800 692.29 733.22 691.99 740.65

900 694.79 747.06 694.25 755.28

1000 694.87 747.79 694.38 756.10

1100 695.02 747.89 694.39 756.21

1200 695.05 747.87 694.60 756.29

1300 695.04 747.98 694.52 756.33

1400 695.11 748.02 694.55 756.42

1500 695.14 748.10 694.64 756.51

1600 695.23 748.13 694.65 756.45

1700 695.23 748.16 694.63 756.62

1800 695.33 748.09 694.71 756.61

1900 695.30 748.21 694.69 756.70

2000 695.35 748.34 694.77 756.76

2100 695.36 748.36 694.83 756.75

2200 695.42 748.38 694.89 756.80

2300 695.45 748.42 694.88 756.86

2400 695.55 748.54 694.99 756.90

2500 695.63 748.65 695.08 757.07

2600 695.68 748.78 695.25 757.25

2700 695.85 749.03 695.40 757.41

2800 696.18 749.15 695.53 757.59

2900 696.49 749.61 695.94 757.92

3000 696.90 750.13 696.30 758.48
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G.2 Temperature-related Measurements

This section includes the raw data of measurements made over a temperature range from -20◦C to

80◦C with a supply voltage kept at 1.5 V. Details of the bit configuration are also included, where 6...1

represents the MSB...LSB.

Table G.7: VOUT as temperature is changed, VDD=1.5 V, Chip #1

Architecture → Variable Variable Variable Constant Constant Constant

Bit Config. → Min Max Ideal Min Max Ideal

(6,4,3,1) (6)

T (◦C) ↓ VOUT (mV) ↓ VOUT (mV) ↓ VOUT (mV) ↓ VOUT (mV) ↓ VDD (mV) ↓ VDD (mV) ↓

-20 702.45 757.28 743.05 714.51 742.05 742.05

-10 n/a n/a n/a n/a n/a n/a

0 n/a n/a n/a n/a n/a n/a

10 699.66 759.36 743.54 712.75 775.2 743.72

20 698.62 759.53 743.74 712.47 775.86 744.23

30 696.36 760.42 743.63 711.17 777.77 744.54

40 694.54 761.43 743.64 710.01 779.00 744.75

50 692.38 762.02 743.84 709.04 780.15 744.94

60 690.62 762.75 743.85 708.03 782.44 745.06

70 688.60 763.08 743.86 706.60 783.12 745.04

80 686.38 762.52 744.06 705.33 784.14 744.56
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Table G.8: VOUT as temperature is changed, VDD=1.5 V, Chip #2

Architecture → Variable Variable Variable Constant Constant Constant

Bit Config. → Min Max Ideal Min Max Ideal

(5,4,3,2) (4,3)

T (◦C) ↓ VOUT (mV) ↓ VOUT (mV) ↓ VOUT (mV) ↓ VOUT (mV) ↓ VDD (mV) ↓ VDD (mV) ↓

-20 669.56 716.54 693.63 674.16 715.15 681.36

-10 n/a n/a n/a n/a n/a n/a

0 n/a n/a n/a n/a n/a n/a

10 665.16 718.10 692.12 672.96 719.63 681.46

20 664.48 718.69 691.85 672.73 721.39 681.55

30 662.42 719.79 692.26 671.93 722.95 682.19

40 660.77 721.10 692.09 671.67 725.14 682.15

50 659.31 722.08 692.07 671.46 727.31 682.33

60 658.18 723.06 692.13 671.18 729.30 682.44

70 656.44 723.80 692.05 670.41 731.25 682.36

80 654.33 724.10 691.84 669.55 732.20 681.72

Table G.9: VOUT as temperature is changed, VDD=1.5 V, Chip #3

Architecture → Variable Variable Variable Constant Constant Constant

Bit Config. → Min Max Ideal Min Max Ideal

(4) (5)

T (◦C) ↓ VOUT (mV) ↓ VOUT (mV) ↓ VOUT (mV) ↓ VOUT (mV) ↓ VDD (mV) ↓ VDD (mV) ↓

-20 680.43 728.79 687.36 682.30 729.32 694.47

-10 n/a n/a n/a n/a n/a n/a

0 n/a n/a n/a n/a n/a n/a

10 680.86 735.57 688.69 681.36 736.85 695.69

20 680.85 737.56 689.12 680.73 738.11 695.74

30 680.55 739.99 689.27 679.61 740.17 695.83

40 680.39 742.74 689.31 679.22 742.51 695.85

50 680.04 744.96 689.44 678.44 744.54 695.85

60 679.66 747.28 689.48 677.64 746.24 695.90

70 679.12 749.12 689.25 676.77 748.16 695.66

80 678.01 750.18 688.67 675.32 749.29 694.78
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Table G.10: VOUT as temperature is changed, VDD=1.5 V, Chip #4

Architecture → Variable Variable Variable Constant Constant Constant

Bit Config. → Min Max Ideal Min Max Ideal

(4,2) (0)

T (◦C) ↓ VOUT (mV) ↓ VOUT (mV) ↓ VOUT (mV) ↓ VOUT (mV) ↓ VDD (mV) ↓ VDD (mV) ↓

-20 662.45 709.30 670.61 690.16 734.88 690.16

-10 n/a n/a n/a n/a n/a n/a

0 n/a n/a n/a n/a n/a n/a

10 661.34 713.50 670.47 690.24 741.53 689.15

20 660.65 714.90 670.46 689.16 743.15 689.07

30 659.84 717.26 670.36 688.63 745.32 688.76

40 659.64 718.77 670.48 688.63 747.96 688.65

50 659.45 720.76 670.57 688.54 750.56 688.73

60 659.07 722.90 670.88 688.63 753.05 688.85

70 658.89 724.96 670.84 688.59 755.47 688.83

80 658.12 726.35 670.34 688.28 757.58 688.55

Table G.11: VOUT as temperature is changed, VDD=1.5 V, Chip #5

Architecture → Variable Variable Variable Constant Constant Constant

Bit Config. → Min Max Ideal Min Max Ideal

(6,5,4,3,2,1) (6,5,4,3,2,1)

T (◦C) ↓ VOUT (mV) ↓ VOUT (mV) ↓ VOUT (mV) ↓ VOUT (mV) ↓ VDD (mV) ↓ VDD (mV) ↓

-20 701.81 757.24 757.24 711.24 757.05 757.05

-10 n/a n/a n/a n/a n/a n/a

0 n/a n/a n/a n/a n/a n/a

10 697.06 756.85 756.85 705.66 756.37 756.37

20 696.45 756.71 756.71 704.68 756.17 756.17

30 692.67 756.15 756.15 700.28 755.29 755.29

40 690.36 755.97 755.97 697.69 755.18 755.18

50 688.44 755.92 755.92 695.37 755.14 755.14

60 686.44 755.86 755.86 693.46 754.94 754.94

70 684.27 755.68 755.68 691.39 754.96 754.96

80 682.07 755.09 755.09 688.33 754.68 754.68
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Appendix H

Statistical Analysis Verification

Verification of the statistical analysis was done by software and is shown in Fig. H.1.

Figure H.1: Python code used to verify statistical analysis

A set of 10,000 random numbers ranging from 0 to 1 were generated and the population median

was found. 4 samples were randomly drawn from the set. The probability of the population median

being within the minimum and maximum values of the 4 samples was then evaluated.
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