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ABSTRACT

This work proposes novel temperature-compensated subthreshold voltage references
for ultra-low power and ultra-low voltage applications. The core of the proposed circuits
is the self-cascode MOSFET (SCM) since it can operate at very low current levels. To
reduce the power consumption, self-biasing and zero-Vr leakage biasing schemes are ex-
ploited. This resulted in three main structures: a self-biased SCM (SBSCM), a self-biased
NMOS load (SBNMOS) and a 3-Transistor (3T) voltage references. For the self-biased
structures, the reference voltage generation is achieved by using the SCM with different
threshold voltages. Even though these solutions present good performance and low power
consumption, the usage of different V7 transistors makes the circuits too sensitive to pro-
cess variations. To obtain a temperature-compensated voltage reference using the same
type of device, we use the reverse short-channel and narrow-width effects of the MOS
transistor, where V7 is larger for short/narrow-channel devices. The proposed self-biased
circuits were fabricated in 0.18-um fabrication process while the 3T voltage references
were implemented in 0.13-pm process. Measurement results for 24 samples show that the
proposed self-biased circuits can operate at 0.45-0.6 V minimum supply voltages, con-
suming merely 54.8 and 184 pW at room temperature. Without trimming, from O to 120
°C the circuits presented a temperature coefficient of 104 and 495 ppm/°C, while after
trimming this values were reduced to 72.4 and 11.6 ppm/°C, respectively. Four versions
of the 3T voltage reference were designed. Their post-layout simulation results showed
an average voltage reference from sub-kT/q to tens of mV, with a minimum supply volt-
age of 0.12-0.4 V while operating at power consumption range of fW to pW at 27 °C. The
occupied silicon area of all the proposed circuits is less than 0.002 mm?. The ultra-low
power and ultra-low voltage operation of the proposed circuits make them suitable for
extreme power constrained applications.

Keywords: Voltage Reference, Subthreshold, Picowatt, Ultra-Low Voltage, Ultra-Low
Power, Integrated Circuit Design, MOSFET.



Referéncias de Tensio CMOS Compensadas em Temperatura Operando em
Subthreshold para Aplicacoes de Ultra-Baixa Poténcia

RESUMO

Esse trabalho propde novas estruturas de referéncia de tensdo compensadas em tem-
peratura e operando em subthreshold para aplicacdes de ultra-baixa poténcia e ultra-baixa
tensdo. O nitcleo dos circuitos propostos ¢ o MOSFET self-cascode (SCM) ja que o
mesmo pode operar a niveis de corrente muito baixos. Para reducdo do consumo de po-
téncia, esquemas de auto-polarizacdo e polarizacdo com o leakage do transistor zero-Vr
sdo explorados. A utilizacao desses esquemas resultou em trés novas estruturas de referén-
cia de tensdo: SCM auto-polarizado (SBSCM), NMOS como carga ativa auto-polarizado
(SBNMOS) e um referéncia de tensdao de 3-Transistores (3T). Para as estruturas auto-
polarizadas a geracdo da referéncia de tensdo € obtida usando o SCM com transistores
com threshold (Vr) diferentes. Mesmo essa solucao apresentando bom desempenho e
baixo consumo de poténcia, a utilizagdo de transistores com diferentes V7 faz com que
0s circuitos sejam muito sensiveis a variagdo de processo. De forma a obter uma refe-
réncia de tensdo compensada em temperatura utilizando o mesmo tipo de dispositivo, nds
usamos os efeitos de canal-curto inverso e de canal-estreito do transistor MOS, onde o
Vr € maior para dispositivos com canal-curto/estreito, para obter Vrs distintos. Os circui-
tos que utilizam o esquema de auto-polarizacdo foram fabricados em tecnologia CMOS
padrao de 0.18-um enquanto as referéncias 3T foram implementadas em 0.13-pum. Os re-
sultados de medida para 24 amostras mostram que os circuitos auto-polarizados propostos
podem operar a tensdes de alimentagdo minimas de 0.45-0.6 V, consumindo apenas 54.8 €
184 pW em temperatura ambiente. Sem calibracdo, de 0 a 120 °C os circuitos apresentam
coeficientes de temperatura de 104 e 495 ppm/°C, enquanto depois da calibragao estes sao
reduzidos para 72.4 e 11.6 ppm/°C, respectivamente. Quatro versdes da referé€ncia de ten-
sdo 3T foram projetadas. Os resultados de simulacdo pds-layout mostram uma referéncia
de tensdo média de sub-kT/q até dezenas de mV, com tensdes de alimentagdo minimas
de 0.12-0.4 V enquanto operam na faixa de consumo de poténcia de fW-pW. A drea de
silicio ocupada para todos os circuitos propostos é menor que 0.002 mm?. A operacio em
ultra-baixa poténcia e ultra-baixa tensdo dos circuitos propostos os faz adequados para
aplicacdes com restrigdes extremas de consumo de poténcia.

Palavras-chave: Referéncia de Tensdao, Subthreshold, Picowatt, Ultra-Baixa Tensao,
Ultra-Baixa Poténcia, Projeto de Circuitos Integrados, MOSFET.
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1 INTRODUCTION

In this chapter, we contextualize the need for both low power and low voltage building
blocks for Internet of Things (I0T) applications. We start defining our motivation and how
voltage references with the described characteristics can be applied in such systems. For
a better understanding of the building block discussed in this master thesis, the concept
of an ideal voltage reference and its expected features are presented. Finally, we state the
contributions of this work and the organization of the rest of the thesis.

1.1 Motivation

The advent of the IoT and other low power applications has being a technological
booster for the research efforts towards the design of low-power and low-voltage inte-
grated circuits. Portable external and intra-body biomedical devices (SHI et al., 2016;
MOHAN et al., 2017), based on energy harvesting systems (BANDYOPADHYAY et al.,
2014), and energy-autonomous wireless sensor platforms and nodes (LEE et al., 2013;
CHEN et al., 2016) are the main target of such circuits.

1k ,
—B— Alkaline AA (7700mm°)

6\ —— LiCoin (1000mm?®)
\

(] —V¥— LiThinfilm (0.92mm°)

1m

1

Power Budget (W)

1n

1p
10" 102 10® 10* 105 10° 10”7 10® 10° 10"
Desired Lifetime (s)

Figure 1.1: Lifetime of various batteries according to the system power consumption
(JANG et al., 2015).

While some of these applications can be battery operated, the majority of recently
developed solutions require full integration due to their size limitation. Fig. 1.1 shows the
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lifetime of 3 types of batteries according to the system power consumption. As shown,
if the system has a 10uW power consumption while being powered by a Lithium coin
battery it can operate over a decade, but the size of such battery limits the application of
the system powered by it. On the other hand, if the same system is powered Lithium thin-
film battery, its operation would last just an hour or a day. The operation time of these
systems can be increased by combining the battery operation with energy harvesting. By
doing so, if the power harvested is large enough, the lifetime of the system will mainly
depend on the recharge cycling capability of the battery used.

Based on these limitations, a general purpose sensor platform was proposed in LEE
et al. (2013). The proposed platform significantly reduced the volume of the sensor sys-
tem compared with previous approaches, which implies a larger and exciting range of
applications. The whole system has an active power of approximately 50 uW while con-
suming less than 10 nW in standby. Each layer of the proposed sensor platform has its
specific function such as power management, imager, timer, etc. Since the system is
powered by a Lithium thin-film battery, the layers must be carefully designed to attain to
the extremely limited power budget. As stated before, the operation time is extended by
adding an energy harvesting layer, where a 3 nW power can be harvested from a solar
cell.

Wi .
irebonding A/
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Cell Ctrl
1.2v =

Power-On Reset (POR)

Imager Ctrl

Layer 1

| —— Timer
0.6V" Time/Temp - (130nm)
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I taver?
= L—]
(%) Power-On Reset (POR] Sleep Ctrl
| ( (POR) ) ( d ) Layer 3
< [ o Lanl Laver DSP Core | NRsRAM || (65nm)
a Ctrl (Cortex-MO) | (16kB)
y
Q L
(2] Power-On Reset (POR)
tmnte Brown-Out Detector (BOD) )
GOC Frontend Locations _-{ Power Management Unit
] (PMU) Layer 4

(180nm)

2210 pm
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[ 12c Layer
Ctrl

140 um 140 pm 240 ym 190 um
| . CTRLCore | RSRAM
=
5 ome
3 Battery \K\
1 #+—1{ Global Optical Communication (GOC) )
| 1 ¥
[ 1

[F50pm
DECAP LAYER Layer 5

VBATT

Figure 1.2: Layer structure and block diagram of a mm? general-purpose sensor platform
(LEE et al., 2013).

In other works, the authors also have demonstrated sensors using the proposed plat-
form, as shown in Fig. 1.3. In OH et al. (2014) a pressure sensor consuming less than
150 nW was demonstrated. A 71 nW temperature sensor was demonstrated in JEONG
et al. (2014) and an imager and motion detector consuming 304 nW was presented in KIM
et al. (2014). From the power management layer to the temperature sensors and timers, a
circuit capable of providing a voltage that is stable in both temperature and supply voltage
is needed. Moreover, since the power sources of such sensors are very limited, the voltage
reference circuit must operate at both low power and low voltage. Even though the cited
works also present solutions to satisfy their systems requirements, there are just a few
circuits that can be used in such systems that can operate at sub-nW power consumption
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range. And there is still space to improve the power/area efficiency of such low power
reference generators.

(b) ©

Figure 1.3: Examples for (a) Pressure, (b) Temperature and (c) Image/Motion detection
sensors using the mm? platform (OH et al., 2014; JEONG et al., 2014; KIM et al., 2014).

Thus, to overcome the lack of different circuit topologies in front of a diverse appli-
cation range, this thesis focus on the development of novel voltage references structures
that can operate at pW power consumption level and can be applied in systems such as the
ones previously discussed. Two variants of the same structure in a self-biased manner are
presented. Moreover, a simple 3-Transistor (3T) voltage reference capable of providing
an adjustable voltage reference within a strict range is also discussed.

1.2 Ideal Voltage Reference

One of the most fundamental building blocks for analog, RF, mixed-signal and also
digital circuit applications is the voltage reference, being the so-called bandgap volt-
age reference (BGR) its most common implementation strategy. The conceptual dia-
gram of an ideal BGR is shown in Fig. 1.4. As shown, the low-temperature sensi-
tivity results when the junction diode (usually implemented as a bipolar transistor or
BJT) complementary-to-absolute-temperature (CTAT) behavior is counterbalanced by a
proportional-to-absolute-temperature (PTAT) source, resulting in the silicon bandgap volt-
age as the reference output around 1.23 V.

VREF

v
—2mV/°C
\ , /) Veer = Vep + K¢y

Y )— T

Vbbp
1
+

y ¥
Vep

- o

+0.085 mV/°C
Hoos v
T
O |D
Generator

Figure 1.4: Conceptual diagram of an ideal bandgap voltage reference.
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1.2.1 Performance Metrics

Ideally, a voltage reference must be independent of supply, temperature and process
variations. However, for practical implementations, we must measure how sensitive to
these variations a given voltage reference is. With this, the main performance metrics as
discussed as follows.

1.2.1.1 Temperature Coefficient

The characteristics of the devices used to achieve the cancellation of temperature de-
pendent terms vary with temperature and are not linear. Thus, it is not possible to reach
complete suppression of the temperature dependence. Being so, a parameter that mea-
sures how the voltage reference varies with respect to a defined temperature range is the
temperature coefficient (TC) and it is usually given in ppm/°C. The TC can be obtained
by the following expression

VREFMAX — VREFMIN
(Tmax — TmiN) VREF27 oC

TC = x 10° (1.1)

where VRepmax and VrRepmin are the maximum and minimum values for the volt-
age reference within the [Tyax — Tmin| temperature range, and VRgpy7oc is the voltage
reference at room temperature (27 °C).

1.2.1.2  Line Sensitivity

The sensitivity of a reference voltage with respect to supply voltage variations is com-
monly evaluated through the line sensitivity (LS) parameter. The LS is defined as

AVREF

LS=———F—
AVpp X VREFy

x 100% (1.2)

with AVpp being the Vpp range of operation, AVRgr is the absolute difference of the
reference voltage in the Vpp range considered and Vrgp, is the mean value of the voltage
reference within the AVpp range. The LS is evaluated at a reference temperature, usually

20°Cto 27 °C.

1.2.1.3 Power Supply Rejection

The ability of the voltage reference circuit to reject interferences coming from the
supply voltage is given by the Power Supply Rejection (PSR) parameter. The PSR is a
function of frequency and is expressed in dB as

PSR = 20log (“E‘EF((]{;) (1.3)
DD

where the power supply plus the incoming noise at a particular frequency f is given
by Vpp(f) and VrRer(f) is the AC coupled voltage reference measured at the output. The
behavior of the PSR over a wide range of f can be described as the variation of the voltage
reference corrupted by the supply noise (KOK; TAM, 2013).

1.2.1.4 Other Design Considerations

Besides the main performance metrics that must be taken into account while designing
a voltage reference circuits, other important specifications must be met and need specific
attention. Among these are (KOK; TAM, 2013):
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* silicon occupied area
* power consumption
* device mismatch

* trimming ability

Different than the performance metrics discussed in the above subsections, these spec-
ifications must the considered in every step. For example, to achieve a given LS specifi-
cation the high-impedance devices must be adjusted in size, but still, they need to attain
to the maximum area available for the circuit, and the maximum mismatch variability
allowed in the design.

1.2.2 Figure of Merit

A voltage reference circuit has various performance specifications being represented
for a single value for each characteristic, as it was presented in the previous section.
This means that is difficult to evaluate how suitable a voltage reference is for a given
application when it is compared to other circuits. For this reason, it is important to define
a figure of merit (FoM) to provide us a value that represents the overall performance of a
given voltage reference.

A FoM that considers the main performance metrics of a voltage reference circuit:
temperature range, TC, power, and occupied area was described in WIESSFLECKER
et al. (2012), and used for comparison purposes by Prof. Willy Sansen in its Advanced
Analog Circuit Design course (SANSEN, 2015). The proposed FoM is given by

Tyax — Tvin)?
FoM — (Tvax — TMIN)

= 1.4
TC x Power x Area (1.4)

Usually, first-order compensated voltage references present a parabola-like curve across
temperature. This means that as the temperature goes far from the reference point, let’s
say room temperature, the voltage reference becomes more sensitive to temperature.
Therefore, the temperature range (Taax — TmiN) is squared in order to add value to a
wider temperature range of operation. The product between TC, power at room tempera-
ture and area, must be as lowest as possible, this means that resistorless solutions will be
benefited, while exists a hard trade-off between area and power consumption for circuits
based on resistors.

1.3 Contributions of This Work and Organization

In Chapter 2, we start by making a historical review of the voltage reference devel-
opment. From the concept proposal to the application of a low power voltage reference
in the electronic watch, the main advances over the years are discussed. Following this
discussion, we focus to the recent developments of low power and low voltage CMOS
voltage references. The operation principle and major accomplishments of papers from
the last ten years are discussed.

Based on the state-of-the-art discussed, Chapter 3 presents the proposed circuits. Two
variants of the same structure are presented: a self-biased self-cascode MOSFET (SB-
SCM), and a self-biased NMOS (SBNMOS) voltage reference. The combination of a
self-biasing scheme with the usage of high-V7 transistors results in both circuits operating
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at pW power consumption range while operating at 0.45-0.6 V minimum supply voltage.
The voltage reference generation of the proposed SBSCM and SBNMOS are mainly de-
fined by the distinct V7 of 1.8 V and 3.3 V transistors. This lead to circuits more sensitive
to process variations. To attenuate the process variability, we also propose another volt-
age reference based on the self-cascode, but instead of using different V7 devices, the Vr
difference is obtained by exploiting the reverse short-channel effect (RSCE). The circuit
is biased by the leakage current of a native transistor (zero-Vr), resulting in a 3-Transistor
(3T) voltage reference. Due to its simplicity, the circuit can operate at minimum supply
voltages of 0.12-0.4 V while consuming just a few fW to pW.

The simulation and measurement results of the proposed circuits are presented in
Chapter 4. The SBSCM and SBNMOS were fabricated in a standard 0.18-um CMOS
process, while the 3T voltage references were fabricated in 0.13-um. Measurement re-
sults of 24 for the circuits fabricated in 0.18-um are presented. Four different versions
of the 3T circuits are designed to show how versatile the proposed solution is. Compari-
son results shows that the proposed SB-VRs presented 47.5x and 7.75x power and area
improvement, respectively, with the best FOM performance when compared to Non-self-
biased (Non-SB) solutions. Besides presenting the highest FoM, the 3T VRs versions
also presented the lowest minimum supply voltage, silicon area, and power consumption
when compared to all works used for comparison purposes.

Finally, Chapter 5 presents the conclusion of this work where the main contributions
and applications for future works are discussed.
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2 INTEGRATED VOLTAGE REFERENCES

This chapter aims to present the historical evolution of the temperature-compensated
voltage references and their state-of-the-art. For such, a group of papers that the author
considers relevant for the development of this thesis is discussed.

2.1 Historical Overview

The first concept of a temperature-compensated bandgap voltage reference was pro-
posed by HILBIBER (1964). In its ISSCC paper, Hilbiber shows that different discrete
NPN bipolar transistors (BJT) present different magnitudes of both Vgg and dVpg /dT,
and that the variation of the current density for the same device also has the same effect.
Thus, by taking the difference of such Vpg values, a PTAT source can be generated. The
scheme of the proposed reference concept is shown in Fig. 2.1, where by adjusting the
bias currents /; » and the number of series BJT diodes r and m the first order tempera-
ture dependence of the silicon bandgap voltage can be eliminated. Therefore, a voltage
reference of 1.25 V is achieved. Although Hilbiber presented a new voltage reference
standard, his proposed scheme used discrete devices and thus was not suitable for inte-
grated applications.

O=+——-20
I Vour g

t@ 2 rTyIpe T;;Ipe< 2 @7

l

Figure 2.1: Scheme of the voltage reference concept proposed by HILBIBER (1964).

In the early 60’s, a common approach to achieve a temperature-compensated voltage
reference was with the usage of zener diodes. But their breakdown voltage, around 5 to 6
V, also impose a lower limit for the minimum input voltage of regulators. Attained to this
need, the first practical implementation of an integrated BGR was proposed by WIDLAR
(1971), which was based on the concept of Hilbiber. The simplified schematic of the
circuit proposed by Widlar in shown in Fig. 2.2. In the circuit, Q1 operates with a current
density about 10 times the one of Q», and the AVpg between Q1 and Q5 appears across R3.
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Qs is defined as the gain stage that regulates the output voltage through a current feedback
loop at the output node.
v#
|
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Vres = Vae + 3 AVae
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Figure 2.2: First practical bandgap voltage reference proposed by WIDLAR (1971).

Two years later, KUIJK (1973) proposed another structure of a temperature-compensated
bandgap voltage reference. The schematic of the proposed circuit is shown in Fig. 2.3.
In Kuijk’s circuit, the operational amplifier forces Vpr1 = L R3 + Vpg> making that AVpg
appears across R3 resulting I, proportional to AVgg. The temperature behavior of the BJT
diode D can be temperature compensated by adjusting the Ry, R, and R3 values. Thus,
for an optimal first-order compensation, the circuit provides at its output the bandgap
voltage as the reference.
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Figure 2.3: Bandgap voltage reference proposed by KUIJK (1973).

Aiming the development of low-power circuits for the electronic watch at the CEH
(Centre Electronique Horloger or "Watchmakers Electronic Center") founded in 1962,
Eric Vittoz pioneered the weak inversion (WI) MOSFET operation (or subthreshold oper-
ation) for analog CMOS, providing a model directly applicable to hand-design (VITTOZ;
FELLRATH, 1977). In their paper, Vittoz and Neyroud presented current references and
a quartz oscillator scheme operating in WI with a sub-uW power consumption, demon-
strating the reliability of WI operation.

The first bandgap voltage reference operating at such region was presented by TSI-
VIDIS; ULMER (1978). The authors observed that a PTAT voltage source could be re-
alized through the Ip — V5 exponential characteristics of the MOS transistor operating in
WI. This was demonstrated by taking the difference between the gate-to-source voltage
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of two MOS transistor in WI with different current densities (Ip/S). An unbalanced dif-
ferential pair was used to perform the difference function of the two MOS transistors. By
arranging more transistors in series, the PTAT term is adjusted to perform the temperature
compensation. The final implementation of the proposed WI bandgap voltage reference
is shown in Fig. 2.4.
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Figure 2.4: Bandgap voltage reference proposed by TSIVIDIS; ULMER (1978).

As Vittoz stated on VITTOZ (2008), the electronic watch also needed auxiliary cir-
cuits which, among them, was a circuit to detect the end of the battery life. Thus, a precise
low-power bandgap voltage reference was required to be implemented in CMOS. Even
though having transistors operating in W1, the circuit proposed by TSIVIDIS; ULMER
(1978) operates with a 10 V supply while consuming 16 pA, making it not suitable for
the electronic watch application. Thus, a low-voltage bandgap voltage reference was pro-
posed by VITTOZ; NEYROUD (1979). The block diagram of the proposed circuit is
presented in Fig. 2.5. As shown in the block diagram in Fig. 2.5(a), the bandgap volt-
age reference is achieved by combining the base-emitter voltage of the BJT with series
self-cascode PTAT voltage generators composed of MOS transistors operating in WI (Fig.
2.5(b)). The proposed circuits could operate at minimum supply voltages of 1.3 V while
consuming less than 1 uW. Resistors Ry and R, are used as a gain factor to adjust Vg as
proportional to V; 4 V7.

Another bandgap voltage reference proposed aiming the electronic watch application
was the one described in OGUEY; GERBER (1980). Different than previous approaches
that were mainly based on the BJT the author exploited bi-doped poly process, where
the same type of transistor with opposite types of gate doping present different threshold
voltages. Thus, by setting the threshold voltage difference of two NMOS transistors as the
bandgap voltage, a circuit that provides at output their gate-to-source voltage difference is
implemented. Using this principle, the authors proposed two bandgap reference circuits
being one providing a positive and the other a negative bandgap voltage reference. The
proposed negative voltage reference is shown in Fig. 2.6.

Without compensation, the circuit presented a TC of 300 ppm/°C, while by adjusting
the currents at 77 and 7> branches the bandgap voltage reference can be temperature-
compensated and reaches a TC of +30 ppm/°C. This circuit can operate at a minimum
supply voltage of 1.5 V while consuming only 0.2 uW.

The 1.25 V output voltage of the BGRs proposed until the beginning of 80’s and the



23

+ \::R Tr + gCC To
Ry%, T—— S

Tg | o
R, |: PTAT Taﬁ |v°
|
!
(b)

ol

Figure 2.5: Block diagram of the bandgap voltage reference (a) and PTAT voltage gener-
ator (b) proposed by VITTOZ; NEYROUD (1979).
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Figure 2.6: Negative bandgap voltage reference proposed by OGUEY; GERBER (1980).

mid-90’s puts a lower limit for the minimum supply voltage, implying that they cannot
operate with power supplies lower than 1.5 to 1.8 V. Thus, due to Vpp downscaling of
the CMOS technology, the usage of such BGRs were somehow impractical. To solve this
problem, a sub-1 V supply and sub-bandgap voltage reference was proposed by BANBA
et al. (1999).

The circuit that was proposed by BANBA et al. (1999) is mainly based on the conven-
tional BGR proposed by WIDLAR (1971). The proposed structure is shown in Fig 2.7.
In this circuit the OPAMP forces Vj, = V,;, by doing so a CTAT current flows through R;
defining I, = V1 /R>, while a PTAT current flows through R3 with this current given by
ba = AVy/R3. Therefore, by adjusting the gains of the PTAT and CTAT generated cur-
rents at this branch, a reference current is given by I, = I, + Ip,. The reference current is
then mirrored to a resistor branch to generate the reference voltage Vgrr. Thus, the pro-
posed voltage reference can provide a wide range of output values that will depend on the
current /3 and the output resistor R4 with Vrgr = I3R4, therefore allowing sub-bandgap
output and sub-1 V power supply.

Until the early 00’s the BGRs and sub-BGRs were mainly composed of MOS tran-
sistors, OPAMPs and resistors, where the resistors played a major role in the occupied
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Figure 2.7: Sub-1 V and sub-bandgap voltage reference proposed by (BANBA et al.,
1999).

silicon area, reflecting on the cost of the proposed solutions. To solve this, BUCK et al.
(2002) proposed a BGR without resistors based only on MOS transistors and diodes. The
circuit proposed by Buck is shown in Fig. 2.8.
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Figure 2.8: Bandgap voltage reference without resistors proposed by (BUCK et al., 2002).

The proposed circuit can be simply described as the combination of unbalanced voltage-
to-current transducers (TORRANCE; VISWANATHAN; HANSON, 1985) where the tem-
perature behavior of the diode D can be temperature-compensated by adjusting the cur-
rent gain V/AG, which is the gain of the PTAT term of the BGR.

Even though BGRs and sub-BGRs present adequate performance for many applica-
tions, their BJT-based arrangement still limits their minimum current consumption and
supply voltage, which is not desirable for low power and low voltage applications. In
contrast, as discussed, MOSFET subthreshold operation (VITTOZ; NEYROUD, 1979)
can offer an interesting alternative for both low power and low voltage operation. In the
next section, we discuss the recent advances of resistorless and BJT-less voltage refer-
ences that operate at low power and low voltage.

2.2 State-of-The-Art of Low Power and Low Voltage CMOS Voltage
References

This section aims to present the recent advances in the development of low power
voltage references in CMOS technology. Papers published in the last ten years in relevant
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journal and conferences were selected. The following sections will discuss the main ideas
and contributions of each paper. The focus of the discussion are solutions that operate at
sub-1 V supply voltage and are at pW and nW power consumption range.

2.2.1 NMOS Diode in Strong Inversion

In VITA; IANNACCONE (2007) a resistorless CMOS voltage reference operating at
sub-1 V supply voltage while consuming less than 100 nW is proposed. This is done
by exploiting the different V7 MOS transistors characteristics in both saturation and sub-
threshold operation.

Let us first define the I-V characteristics of an NMOS transistor in strong inversion:

C,c W
_ yzoxf%s — V)2 (14 AVps) 2.1)

Ip

where u is the electron mobility in the channel, C,, is the oxide capacitance per unit
area, Vy;, is the threshold voltage, A is the channel length modulation coefficient, and W
and L are the channel width and length, respectively.

The schematic of the proposed circuit is shown in Fig. 2.9. Now, consider that the
active load at output stage provides a voltage reference as

21
VReF = Vinio+ 1/ k_o (2.2)
10

where kjg = uCox(W/L)19. As (2.2) shows, the temperature coefficient of Vggp is
dependent of three factors: the first order dependence of V;, with respect to temperature,
the u temperature dependence and that from the bias current .

As presented in the same paper, the V;;, dependence with respect to temperature is
given by

Vin = Vin(To) — K (T — To) (2.3)

where T is the absolute temperature, 7g is the reference temperature (usually room
temperature) and K is the first order V;;, temperature slope. Thus, through this definition,
it is possible to note that for perfect of the mobility and threshold temperature dependence,
the generated bias current must be given as Iy o< u(7)T?, and that is provided by the
current generator presented in Fig. 2.9.

In the proposed circuit, transistors M1-My are the core of the [y current generation
and Ms-Mg form the current mirrors that guarantee the same current flowing in all the
branches. The generated current is then mirrored through My to the active load M1g. M,
and M3 are 5-V NMOS transistors with V;;, of 0.7 V, while all other transistors are 3.3-V
transistors being the NMOS V;;, around 0.5 V. By using devices with different threshold
voltages it is possible to simultaneously bias them in weak (5 V transistors) and strong
(3.3 V transistors) inversion. The drain current in weak inversion can be approximated as

w Vs —V, Vi
Ip = ,uCoxV%f exp (G:/;—VTM) [1 —exp (—E)] 2.4)

where Vi = kT /q is the thermal voltage, m is the subthreshold slope factor and Ip of
(2.4) becomes independent of the drain-to-source voltage for Vpg > 3 ~ 4Vr.
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Figure 2.9: Sub-1 V supply voltage reference proposed by VITA; IANNACCONE (2007).

Now, through expressions (2.1) and (2.4) the current generated by the proposed circuit
considering all transistors saturated is given by

pCoxWy /Ly 2,212 (W3 /L3
Io = Lo, 2y 2.5
T2 T \wm/L @)

where N = /(Wa/Ls)/(W2/Ls). By replacing (2.5) into (2.2) the generated voltage
reference is finally given by

mVT W4/L4 W3/L3
VrReF =V, | 2.6
REF lh10+N—1“W10/L10 n(Wl/Ll (2.6)

Thus, the proposed circuit provides at output a temperature-compensated voltage ref-
erence with complete suppression of both V;;, and y temperature dependences. The authors
fabricated the circuit in a standard 0.35 um CMOS process and tested 20 samples from
the same batch. Experimental results showed a mean voltage reference of 670 mV. The
circuit operated at a minimum supply voltage of 0.9 V while consuming 36 nW. From 0
to 80 °C the circuit presented a small TC of 10 ppm/C°C. Besides not using any resistors,
at the time this circuit was one of the first to operate at supply voltage below 1 V while
achieving nW power consumption.

2.2.2 Sub-bandgap Reference with Different Threshold Transistors

Using transistors with different oxide thickness rather than different implants to obtain
different threshold voltages, YAN; LI; LIU (2009) proposed two sub-bandgap voltage
references. The schematic of the proposed circuits is shown in Fig. 2.10. In both cases,
output voltage is the difference between the gate-to-source voltages of the thick and thin
NMOS devices and its given by

nkT tox.ik(Win/L
VREF = Vs — Vesin = Vintk — Vinn + q In ( —— m>>

2.7
tox,m ("Vzk/sz> ( )
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For both versions, the output voltage is independent of the temperature dependence of
the bias current. A resistorless current reference (OGUEY; AEBISCHER, 1996) is used
to bias the proposed circuits.
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Figure 2.10: Circuits proposed in YAN; LI; LIU (2009).

The proposed circuits provided at the output mean voltage references of 96.6 and
108.9 mV. Temperature coefficients of 9.2-11.4 ppm/°C were obtained. Both operate with
a minimum supply voltage of 1.1 V and consume less than 30 nA. Even though the core of
both versions can operate at low voltages, the usage of the resistorless current reference
based on an NMOS transistor in triode makes sub-1 V supply operation not feasible.
But still, its power consumption was less than that obtained from VITA; IANNACCONE
(2007).

2.2.3 NMOS Diode in Weak Inversion

In MAGNELLI et al. (2011) an MOS-only voltage reference with all transistors op-
erating in weak inversion is explored to minimize both power consumption and supply
voltage. The simplified scheme of the voltage reference proposed by the authors is pre-
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sented in Fig. 2.11.

_|

Figure 2.11: Simplified scheme of the voltage reference proposed by MAGNELLI et al.
(2011).

Through the expression of the drain current in weak inversion, the voltage reference
provided by the circuit is given by

Ip
\% =Voe =V, +mVrIn 2.8
REF = Vs = Vi T ( SyVTZ) (2.8)

Different than what was done in VITA; IANNACCONE (2007), which presents a
temperature compensated NMOS load in strong inversion, the authors observe that for
(2.8) to be temperature compensated while operating in weak inversion, i.e. Vger < Vi,
the drain current /p must have the following temperature dependence

AT+B) 2.9)

Ip(T) = auT?*exp ( cT

where A, B and C are constant with temperature. Thus, by setting the term B/C as
a negative constant, the condition of Vggr < V;;, for the NMOS load to be operating in
subthreshold can be guaranteed.

The electrical configuration that provides such temperature-compensated voltage ref-
erence is shown in Fig. 2.12. The circuit is composed of a self-biased current source,
an NMOS active load, and a start-up circuit. Transistors M{-M7 form the current source,
My and M the voltage reference generation core, and transistors M5-M7g compose the
start-up. All the transistors operate in weak inversion with My and Mg high-V;;, and the
rest of the transistors being standard V;, ones. From M|-M3 we have

Vis2 = Ves1 +Vis3 (2.10)

From their drain current operating in weak inversion, the generated current /; is given
by

AV,
I = QYEnyexp (_VT i’l > 2.11)
m

where AV, = Vipt 4+ Viz — Ving, Q = a™7"3(85°S1" /857), Ly = m1 +-m3 —my and
a = S7/Ss. As one can see, the current reference architecture generates a current in the
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Figure 2.12: Electrical configuration proposed by MAGNELLI et al. (2011).

form of (2.9). Then, the generated current is mirrored into the NMOS active load with a
current gain of I19/I} = S9/Ss = c. Therefore, since M operates in weak inversion, form
(2.8) and (2.11), the generated voltage reference is given by

C m
Vrer = Vinlo +mioVr In (QI/ZmS—IO) - Z—mAwh (2.12)
m

The temperature dependence of the reference voltage is mainly dependent on the ther-
mal behavior of V7 and V;;,. According to the temperature dependence of V;, and setting
dVrer /0T = 0, the optimal S} ratio can be expressed as

QI/Z’"/C(»CIO
ky
exp [% (Z]_m(K"' ki2.3Vs3) — mlli)oﬂ

Sy = (2.13)

where K = k;1.1 + k13 — k1o (ki1; and kyp; are the threshold voltage temperature
coefficients of the i-th transistor).

Hence, by satisfying (2.13), and considering that myo/Y, ~ 1 and k;1 1 =~ k2 =~
k13 = k1,10, a simplified expression for Vggr can be obtained as

Veer = Vinavr (To) — Vinsvr (To) (2.14)

Therefore, the proposed circuit provides at its output a voltage reference that is ap-
proximately the difference between the threshold voltage of a high-V;;, (HVT) and a
standard-V;;, (SVT).

The proposed circuit provides a mean voltage reference about 263.5 mV while operat-
ing at a minimum supply voltage of 0.45 V. From 0 to 125 °C its TC is about 142 ppm/°C,
and a line sensitivity of 0.44 %/V from 0.45 to 2 V supply. Due to its very low minimum
supply voltage and an all-subthreshold configuration, the proposed circuit consumes only
2.6 nW, which is a remarkable reduction compared with prior works.
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2.2.4 Picowatt 2-Transistor Voltage Reference

A voltage reference capable of operating at a minimum supply voltage of 0.5 V while
consuming units of pW was proposed in SEOK et al. (2012). As shown in Fig. 2.13, the
proposed circuit was a breakthrough on the design of voltage references since it presented
a 1000x and 10x less power and area, respectively, when compared to prior voltage
references. The ultra-low power consumption is achieved by avoiding operational am-
plifiers and transistors operating in strong inversion. As a result, a very simple structure
composed only of 2 transistors (2T) is proposed.
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Figure 2.13: Power and area comparisons present in SEOK et al. (2012).
The schematic of the 2T voltage reference is shown in Fig. 2.14. The proposed

circuit is composed of a zero-Vr transistor (M) and a regular thick-oxide I/O (M»). Both
transistors operate in weak inversion and are saturated.
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Figure 2.14: Schematic of the proposed 2T voltage reference (SEOK et al., 2012).

Thus, through the definition of the subthreshold current, their drain currents will be
given by

Wi 2 —VRer — Vin

Ip1 = ,UlCole—l(ml —1)Vyexp (TTI) (2.15)
W, 2 Vrer — Vina

Ipy = ﬂzCosz—z(mz —1)Vyexp <TVTI) (2.16)
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Since Ip| = Ip», the voltage reference will be simply

mymy mymy /JlColele)
Vi1 — Vi) + Vriln| ————=
m1+m2< th = Vin) my +my r <.U2Cox2W2L1

where both first and second terms are either PTAT or CTAT. Thus, by properly sizing
M; and M;, a temperature-compensated voltage reference can be achieved. To design
the circuit for low power and low LS, the channel length of both transistors are set to the
maximum allowed by the process design rules. By doing so, the optimal ratio between
the two transistors width can be obtained by setting dVggr /0T = 0, which leads to the
following equation

VREF = (2.17)

Wi w2Cox2Ln (q
W)y = Gl &P i G =€ ) 2.18
(Wz) ¢ ;ulcolel °xp k( Viny thl) ( )

where g is the charge of an electron, k is the Boltzmann’s constant and Cy,, is the
first order temperature coefficient of the threshold voltage. The transistors sizes for each
process used to design the circuit is also shown in Fig. 2.14. One drawback of such
reference is the minimum limit for Vggr to guarantee that M, is saturated. As stated by
the authors, this value is around 170-200 mV.

The circuit was fabricated in 0.18-um, 0.13-pum, and 65 nm processes, but the main
results are presented as the obtained from the 0.13-pum runs. The measurements results of
the 0.13-um showed an average TC of 62 ppm/°C across 49 samples. PSR is measured to
be -67 dB at 100 kHz with a 0.8 pF output capacitance. The power consumption of the 2T
voltage reference is 2.22 pW at 0.5 V supply voltage and 20 °C, and reaches a maximum
of 243 pW at 3 V and 80 °C. The LS from 0.5 to 3 V is about 0.033 %/V.

From the two runs in 0.13-um, the average output voltage was 176.1 mV and 176.7
mYV, with standard deviations of 1.5 mV and 1 mV, respectively. Within the -20 to 80
°C temperature range the average TCs from the two runs were 56 and 67 ppm/°C with
standard deviations of 31 and 49 ppm/°C. To minimize the output voltage spread while
meeting a specific TC constraint, the authors also proposed a trimming scheme for the
2T circuit. The trimmable version of the 2T voltage reference is shown in Fig. 2.15.
The correlation between TC and output voltage was obtained by measuring the TC for
all possible trimming combinations. With this, the authors targeted a TC of less than 50
ppm/°C with the lowest output voltage spread. Also, a one temperature point (80 °C)
trimming is investigated to minimize the time associated with it. Across 25 dies, the
trimming reduces the spread of TC and output voltage by 9.6x and 9.8 x, respectively,
when compared to pre-trimming results.
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Figure 2.15: Schematic of trimmable 2T voltage reference (SEOK et al., 2012).
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2.2.5 Sub-kT/q Voltage Reference

The ultra-low power voltage references discussed so far were mainly based on the us-
age of transistors with different threshold voltages to generate the output voltage. The use
of such different devices might lead to a wider spread of both TC and output voltage, due
to distinct doping process for each device. In ALBANO et al. (2015) the dependence of
the threshold voltage with transistor dimensions is exploited to obtain a threshold voltage
difference. By doing so, the authors were capable of providing a sub-kT/q output voltage
while operating at a minimum supply voltage of 150 mV.

The schematic of the 2T structure used in ALBANO et al. (2015) is shown by Fig.
2.16. In this approach M| and M, are standard transistors, different than SEOK et al.
(2012) which uses a native one to implement M.

Vop

M1
_l—_| R

iR
vl

Vv

REF

Figure 2.16: 2T structure used in ALBANO et al. (2015).

Since both transistors operate in weak inversion, from expression (2.4), their drain
currents are given by

w VRrEF +VTHI Vop — VRer
Il :,unlC()xl (f) 1 V%exp (—T) X <1 —exXp <_V—T)> (219)

W 2 VREF +VrH2 VREF
L =unC, — | V _ 1— — 2.20
2T (XZ(L)z Texp( niVr )X< eXp( Vr >) (220

Since the design uses MOSFETsS of the same type, we have Cy, ~ C,y2 = C,x and
ny ~ np = n. Transistor M| implements a current source to bias the M; load, this means
that for it to be saturated Vpp > 4Vr + Vrgr condition must be guaranteed. By assuming
this, the following expression is obtained

W 2V, AV V
n K_> u} _ Vepr +AVry (1_exp (_ﬂ» 221)
L) g2 nVr Vr

where (W /L)g = (W /L), /(W /L), and AVry = Vrg1 — Vrgo. But to obtain an explicit
solution for VggF, a linear approximation of the logarithmic term has to be done

Y v
In(1—exp|——EL) ) ~A+B-REL (2.22)
Vr Vr
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Being A and B the two fitting parameters, which are dependent on the chosen interval
of Vrer. Since the design goal is to provide a sub-kT/q output voltage, the internal of
VREF is set as Vr /2 to Vr, which leads to A ~-1.35 and B ~0.92 as fitting parameters.

By considering the threshold voltage temperature dependence given by expression
(2.3), the optimal (W /L) ratio obtained from 0Vggr /9T =0, and that the threshold voltage
temperature coefficient can be neglect at room temperature, the following expression for
the temperature-compensated voltage reference is obtained

Ve (To) — Vg (To
Viewr ~ 2120 g)Jran( 0) (2.23)

To obtain a threshold voltage difference using the same types of transistors, the thresh-
old voltage dependence concerning transistor dimensions is explored, as presented in Fig.
2.17. This shows that a significant Vg difference between small and long channel de-
vices can be obtained and that Vry is almost independent of the channel width for W > 30
pm.

In SEOK et al. (2012), the output voltage was stated to be around 0.75AVry. In the
case of ALBANO et al. (2015), because M, operates in triode, the 2 + nB term lowers
even more the output voltage for a given AVry. Which might be a problem if the AVry is
too small.
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Figure 2.17: Dependence of the threshold voltage with respect to transistor dimensions
(ALBANO et al., 2015).

From Fig 2.17 and using L1=25um and L;=2 um, the authors obtained a AVry of
~39 mV, which means that Vrgr will be around 18 mV. It is important to note that in
SEOK et al. (2012) the output voltage was stated to be around 0.75AVry. In the case of
ALBANO et al. (2015), due to the fact that M, operates in triode, the 2 4+ nB (of (2.23))
term lowers even more the output voltage for a given AVry. Which might become a
problem if the obtained AVry is too small.

The circuit was designed in a 0.18-um process, and 60 samples from two runs were
measured. The total occupied silicon area is about 1200 um?. The mean voltage reference
at 25 °C is 17.69 mV. Due to its low output reference value, the circuit starts to operate
at a minimum supply voltage of 150 mV. The average measured TC is 1462.4 across 0
to 120 °C temperature range. For Vpp from 0.15 to 1.8 V the circuit presented an LS of
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2.03 %/V, indicating that by using M, operating in triode can worsen Vggr supply voltage
dependence. It consumes just 26.1 pW at room temperature and minimum supply voltage.
With its 150 mV operation, this work has the lowest minimum supply voltage presented
in the literature.

2.2.6 Resistorless Bulk-Driven Voltage Reference

In ZHU; HU; WANG (2016) a voltage reference based on a bulk-driven technique was
proposed. The simplified scheme of the presented circuit is shown in Fig. 2.18. The three
transistors that compose the circuit operate in subthreshold to reduce power consumption.
M; and M; form the self-cascode MOSFET, and M3 defines the bulk voltage of M.

Figure 2.18: Simplified scheme of the voltage reference proposed in ZHU; HU; WANG
(2016).

Considering that M3 is saturated, its gate-to-source voltage will be given by

I
e 2.4
GS,My = Vih,M3 T VT LICOX(n— D(W/L)w; Vi ] o

The dependence of V;;, with respect to source-to-bulk voltage (Vsp) is defined as

Vin = Viso +¥ (/25 + Vs — /20 ) (2.25)

where V;j is the threshold voltage with zero body bias, 7 is the body effect constant,
@ the Fermi potential and Vsp the source-to-bulk voltage of a MOSFET.

The voltage reference is defined as Vrer = Vs m, — Vigs.m, - By considering threshold
voltage variation including the effect of M3, the voltage reference can be expressed as

K
VREF =Y (\/Z‘DF —\/2®PF + Vrer — VGS,M3) +nVrin <f;) (2.26)

In summary, the proposed structure uses an additional branch (M3) to reduce the V;;
of Mj, this way the SCM provides at its output voltage that is approximately the AV},
between transistors M| and M. But as shown by (2.24), Vs m, 1s dependent on the bias
current /, and so the bias current Vpp dependence will have direct impact on Vggr supply
voltage variation. Therefore, the PSR of Vggr will be mainly determined by the variation
of I with respect with Vpp.

To achieve a high PSR and low line sensitivity reference voltage without any ampli-
fiers or adding cascode transistors, the authors proposed the circuit presented in Fig. 2.19.
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The circuit architecture consists of: a start-up circuit, an Iy current generator, an /p current
generator, a current subtraction output stage and a current subtraction body bias circuit.
To implement Iy and Ip current sources, the authors proposed a resistorless bulk-driven
current reference, where by applying a voltage to the triode operated transistors (Ms and
M;s in Fig. 2.19)) the minimum supply voltage of operation can be reduced. But still,
both Iy and Ip generator are very dependent on Vpp variations. To not transfer this de-
pendence to Vrgr and consequently worsen the PSR, a current subtraction stage is used
to make Vggr almost independent on supply voltage variations.
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Figure 2.19: Core of the voltage reference proposed by ZHU; HU; WANG (2016).

The circuit was implemented in a standard 0.18-um 1.8 V CMOS process. The occu-
pied silicon is 0.0132 mm?. Measurement results for 50 samples showed an average TC of
24.6 ppm/°C without trimming, while this value increases to 59.4 ppm/°C after trimming
in the temperature range between -40 to 85 °C. An average Vggr of 118.4 mV is obtained.
Through the proposed trimming circuit, the spread (6/u) of Vggr can be reduced from 4.5
9 to 0.58 %. The circuit starts to operate at a minimum supply voltage of 0.45 V. From
0.45 to 1.8 V the average LS is 0.033 %/V. The power dissipation of the circuit is 15.6
nW at 0.45 V power supply and room temperature.

2.2.7 PMOS-Only Trim-Free Voltage Reference

The process sensitivity of V;; based voltage references is expected to be larger than
other approaches due to distinct doping process. Therefore, post-fabrication trimming
is required to attenuate such variation. This leads to a more occupied area and a time
consuming task that is the trimming of each sample. In DONG et al. (2016) a PMOS-
only voltage reference was proposed. By using only PMOS transistors, the circuit is less
sensitive to process variations. Its simplified schematics is shown by Fig. 2.20. M is
an equivalent of a forward-biased diode and provides its leakage to bias the PMOS diode
M;.

The current I, which is equal to the current of M| and M3 is given by

0—Viu 0—Vrer —Vim2

Wi
IR = ,UpCOX L—ll’lV]g exXp ( mVT

W
) = ,upCOXL—znVTZ exp ( ) (2.27)
2

mVT

M3 and M4 are used to generate the required body-voltage for M. My also forms a
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Figure 2.20: Simplified circuit of the proposed voltage reference (DONG et al., 2016).

forward-biased diode, while M3 is a diode equivalent. The current /7 can be expressed as

0—Vina

Voody — VD — Vinz Wa 5
= up,Cox—nV.
Hpt-ox Ly YT exp mVr

mVr

W-
I = ,upCOX L—37’lVT2 exXp ( > (2.28)
3
Meaning that the combination of M3 and M4 provides a body-voltage that tracks Vpp
as it increases, thus making the Vpg voltage of M constant as Vpp increases. The Vpp
tracking is shown in Fig. 2.21. Through the dependence of V;; with Vsp presented in
(2.25), (2.27) and (2.28) expressions, the voltage reference is given by

3L4

WyL Wi L
VeREr =Y | {/2PF —mVrIn Mt \/2®r | +mVrln 122 (2.29)
Wil WL,

Since the all four transistors are the same type of PMOS, their V;;, difference comes
only from body effect, leading to a reference voltage ideally independent of V;;, process
variations. As mentioned by the authors, mismatch variability can be neglect by upsizing
all devices that compose the proposed circuit.
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Figure 2.21: Body-voltage tracking as supply voltage increases (DONG et al., 2016).

Measurement results for 60 samples from 3 different runs in a 0.18-um CMOS process
were presented. Temperature coefficients from 48-104 ppm/°C, 55-124 ppm/°C and 56.1-
117 ppm/°C were obtained for the typical, fast and slow wafers, respectively. Without any
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trimming, the mean value of the voltage reference was 986.2 mV with a standard deviation
of 2.6 mV, representing a 0.26 % variation. Considering all three runs, the coefficient of
variation is 1.9 %. It presented an LS of 0.38 %/V from 1.2-2.2 V power supply. At room
temperature and minimum supply voltage, an 114 pW power consumption was achieved.
The voltage reference proposed in this work occupies an area of 0.0048 mm?.

2.2.8 Nanopower Constant Inversion Level Voltage Reference

In Figure 2.22(a), a simple way to obtain a voltage reference is shown. In this case,
as was already shown in VITA; IANNACCONE (2007), an NMOS active load is bi-
ased by a current generator with some definite temperature dependence. By adjusting
the TC of Ipj4s at a point where mobility and threshold voltage temperature dependence
are mutually compensated, also known as zero-temperature coefficient (ZTC) point (FI-
LANOVSKY; ALLAM, 2001), a temperature stable Vggr can be obtained. We could
also say that to obtain such Vrgr the NMOS active load has to be biased with a constant
inversion coefficient across temperature.

Recently, a voltage reference based on this concept was proposed in LUONG et al.
(2017). The majority of prior voltage references based on the ZTC generate their bias
current by using resistor-based solutions. This leads to an increase in power consumption
or occupied area. To avoid this, the authors proposed the usage of a resistorless current
reference (CAMACHO-GALEANO; GALUP-MONTORO; SCHNEIDER, 2005). The
schematic of this current source is shown in Fig. 2.22(b), which is a specific current (Isp)
extractor. This circuit is a resistorless version of the beta-multiplier current source, where
the resistor is replaced by the SCM (M3-My) operating in triode.

o Voo

@) los Jﬂﬂ V\ \
cAS laias
O Voer } \ \

M2c ! M1c‘ M5c
—H; Mx ‘ M3

M5

M4

Vs
(a) (b)

Figure 2.22: Typical MOSFET-based voltage reference (a) and the current source used in
LUONG et al. (2017) to implement such voltage reference (b).

To compensate for fabrication TC variations, the authors also presented two types of
trimming schemes: using a constant load and trimming the bias current, or the opposite.
The simplified schematic of these schemes is presented in Fig. 2.23. A well-defined
trimming design methodology based on the inversion coefficient and trimming method
were also presented.

The authors presented measurement results of 5 samples from a single batch of a
standard 0.35-um CMOS process. An average Vger of 710 mV was obtained for both
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Figure 2.23: Simplified trimming schemes (LUONG et al., 2017).

constant and variable load versions. After TC trimming, in the -20 to 80 °C tempera-
ture range these circuits presented average TCs of 26 and 21 ppm/°C, respectively. The
total occupied areas of the constant and variable load were 0.054 and 0.068 mm?, respec-
tively. Even though the proposed circuits provide a good resistorless solution to provide
a reference voltage for mature technologies, its voltage reference spread is still too large

(~ o /u=12.3 %) for a single batch.

2.2.9 Subthreshold Voltage Reference with Scalable Output Voltage

The aforementioned subthreshold works discussed so far mainly provide sub-bandgap
(<1.2 V) reference voltages, which might limit the operation of analog building blocks
related to large supply voltages. An ultra-low power scalable subthreshold voltage refer-
ence capable of providing a reference voltage around 1.2 V while consuming tens of pW
was proposed by LEE; SYLVESTER; BLAAUW (2017).

The schematic of the circuit proposed in this work in shown by Fig.2.24. The higher
Vrer compared to the subthreshold circuits discussed in this thesis is the result of stack-
ing four diode-connected PMOS transistors. Meaning that the output voltage is scalable
depending on the number of PMOS transistor stacked. In the schematic, transistor Myx
are zero-V;;, used as a current source for the PMOS transistors, Mcy are digital switches
for trimming process, and Mpy compose the PMOS stacked transistors.

The same current flow through Myy and Mpy:

1% -V N -V,
I = 'ulCOXlL_ll(ml — I)V%exp ( REF/ thl)

/leT’ | (2.30)
W, ) VRer /N — |Vim

= 1Coxr— (my — 1V,

Herox2 (m2 = 1) TeXp( moVr )

where N is the number of stacked PMOS transistors Mpx, W is the sum of the channel
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Figure 2.24: Circuit diagram of the voltage reference proposed in LEE; SYLVESTER;
BLAAUW (2017).

width of all Myy and L; their channel length. W, and L, are Mpy size. Therefore, Vrer
can be obtained as:

Wi
Vo | —moV, 1% uiCox1 7} (my —1
Vegr = N (m1| th2|—m thl) n (mlmZ T>1n é,'( ) (2.31)
my +my my +my mCoxa 7z (my—1)

As usual, the optimal ratio between Myx and Mpy size is obtained by setting 0Vggr /0T =
0, which gives

L -1 1 1
(M) _ H2Cox2(my — 1) exp (g (_ Vi 1 thh2)> (2.32)
WZ/LZ optimal mwCox2 <m2 - 1) k

The voltage reference is designed taking into account the trade-off between the current
flowing through the parasitic diodes formed by the n-well and p-sub of PMOS transistors,
and diode sizes. This is because the ratio of current that flows through these parasitic
diodes can be larger than Iy, ,, which results in TC degradation. From the simulation, the
circuit can provide a reference voltage between 0.32 to 2.11 V with around 0.3 V step,
depending on the number of stacked PMOS transistors, while maintaining TC less than
20 ppm/°C.

The proposed circuit was fabricated using a 0.18-pum CMOS process. Sixth samples
from 3 different runs were measured. The voltage references showed an average TC of
22.5 ppm/°C and 36 inaccuracy of +2.47% from 0 °C to 100 °C. After one-point room
temperature trimming the 36 inaccuracy can be reduced by 2.5 x. The circuit can operate
from 1.4-3.6 V power supply while presenting LS of 0.31 %/V. The average reference
voltage is 1.25 V while it consumes 35 pW at room temperature and 1.4 V supply.



40

2.3 Performance Summary of the State-of-The-Art

The performances of the reference generators discussed in this thesis are summarized
in Table 2.1. Throughout the years these circuits were proposed to provide solutions
aiming the ever increasing demand of battery-operated and self-sustained applications.

From Table 2.1 one can see that the constraints of low power and low voltage of such
applications can be satisfied. This comes from the fact that solutions operating at sub-0.5
V supply voltages while at pW power consumption range were already developed. When
the TC, power and occupied area of these solutions are compared, circuits based on the
leakage current (SEOK et al., 2012; ALBANO et al., 2015; DONG et al., 2016; LEE;
SYLVESTER; BLAAUW, 2017) presents better performance, as shown through FoM
results. Sub-100 mV reference generators can lead to power and area efficient voltage-to-
current converters and temperature sensors. But since leakage based voltage references
are mainly based on a threshold voltage difference that drops across a diode connected
MOS transistor, their capacity to provide such low output voltage is, at a certain point,
limited, due to minimum voltage required for the device to be saturated. Additionally,
by using transistors with different threshold voltages leads to increase the output voltage
process sensitivity. From these circuits the only exception is (ALBANO et al., 2015),
where it provides a sub-kT/q VR. But its circuit degrades LS and very low output voltage
limits its application range.

Different than the leakage based solutions, the circuits presented in VITA; IANNAC-
CONE (2007); YAN; LI; LIU (2009); MAGNELLI et al. (2011); ZHU; HU; WANG
(2016); LUONG et al. (2017) are based in a current reference generator and a voltage
reference core, which leads to a larger occupied area and power consumption. In this
thesis, we refer to theses circuits as non-self-biased (Non-SB), i. e., an additional active
current source is needed to generate the output voltage. Although presenting these draw-
backs, Non-SB solutions are still needed when a current generator is necessary to bias
subsequent blocks. Thus, this kind of solution is still largely used.

Table 2.1: Summary of Recent Published Low Power CMOS Voltage References

Specification (1] 2] B3] [ [5] 6] 71 8] 91
Technology (um) 035 035 0.18 0.13 0.18 0.18 0.18 035 0.18
Vpp (V) 094  1.1-4 0452 053 01518 1222 04518 093 1436
Vier (mV) 670 96.6  263.5 176 1769 9862 11841 713 1.25
Temp. Range (°C) 0-80  -20-80  0-120  -20-80  0-120  -40-85  -40-85  -20-80  0-100
TC (ppm/°C ) 10 11.4 142 29 1462 124 59.4 26 31
LS (%/V) 0.27 0.09 044  0.036 2.03 0.38 0.033 0.3 0.31
PSR@100Hz (dB) 47 -60 45 51 -64 42 -50.3 - 41
Power (pW) 36,000 22,000 2,600 295 26.1 114 15,600 2,900 35
Area (mm?) 0.045 00189 0045 00093 00012 00048 00132 0054  0.0025
FoM? (°C3/Wxmm?) | 0.0004  0.002 00007  1.25 0.315 023 00013 00025 3.7

¢ After trimming; by 1021,

[1] VITA; IANNACCONE (2007); [2] YAN; LI; LIU (2009); [3] MAGNELLI et al. (2011);
[4] SEOK et al. (2012); [5] ALBANO et al. (2015); [6] DONG et al. (2016);

[7]1 ZHU; HU; WANG (2016); [8] LUONG et al. (2017); [9] LEE; SYLVESTER; BLAAUW
(2017);

Therefore, by exploring the circuits presented in the literature, the next chapter presents
voltage reference solutions to improve the design of both Non-SB and leakage based so-
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lutions. Where the focus of these designs are sub-1 V operation and sub-nW power con-
sumption.
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3 PROPOSED CMOS VOLTAGE REFERENCES

Based on the study of the state-of-the-art previously discussed, this chapter aims to
present novel ultra-low voltage and ultra-low power voltage references. The proposed
circuits are mainly based on the threshold voltage (Vr) differences of 1.8 and 3.3 V MOS-
FETs and also by exploiting the V7 dependence with the device dimensions W and L.
Detailed design methodologies for the proposed circuits are presented.

3.1 Unified Current-Control Model

Since the circuits under study are based on subthreshold MOSFET operation aiming
for low power consumption, a transistor model appropriate for weak inversion region
must be used. According to the Unified Current Control Model (UICM) (SCHNEIDER;
GALUP-MONTORO, 2010), the drain current of a MOSFET can be described as the
superposition of a forward (Ir) and a reverse (Ig) current components

Ip=1Ir — Iz = Is(if —i,) (3.1)

where Is = I5pS, S is the transistor aspect ratio W/L and W and L are the channel

width and length, respectively. The inversion coefficients if and i, are the forward and
2

reverse normalized currents; Isg = ,uC(/,xn%f is the sheet normalization current, which is

process related, u represents the carrier mobility, n the subthreshold slope factor, C,, is

the gate capacitance per unit area, and ¢, = kT /¢ the thermal voltage. The relationship

between the normalized currents and voltages is given by

Vo —Vr —nVyip) , :
o = /1+inn =2+ ({/1+ip 1) (3.2)

where Vi, Vs and Vp are the gate, source and drain voltages referenced to the bulk
terminal, and V7 is the threshold voltage.

From expressions (3.1) and (3.2), the drain current of a large channel NMOS transistor
operating in WI (iy <1) is given by

Ip =2elsexp (VGng) VT) [exp (_TVS) —exp (_(;/D)} (3.3)

in which, for Vp > 3 ~ 40, the drain current becomes almost independent of the drain
voltage expressed inside the brackets in (3.3).
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3.2 Self-Biased Voltage References

From the previously presented state-of-the-art study, we can note that for the low
power voltage references proposed so far are biased by an additional current reference,
or by the leakage current of a device. For the first case the usage of an additional current
reference can limit the minimum supply voltage and also increase the power consumption.
While the voltage references for the second case provide a good alternative to significantly
reduce the power consumption (nW to pW), they do not provide a good solution when
it comes to simultaneously bias subsequent blocks through NMOS and PMOS current
mirrors. Therefore, in this section self-biasing schemes are explored in order to reduce
the power consumption of the voltage reference core while having a proper control of the
generated current.

3.2.1 Operation Principle

The simplified circuit schematics of the proposed voltage references are shown Fig
3.1. In both cases, the SCM is composed by transistors with different threshold voltages:
M, is a high-Vr transistor (3.3 V) and M3 is the standard one (1.8 V). The presented
threshold values are related to the target process used for prototyping.
3.2.1.1 Self-Biased Self-Cascode Voltage Reference

As Fig. 3.1(a) shows, VRgp is generated through the SCM. The SCM, in turn, is biased
by two current branches that allows independent control of the inversion coefficient of M,
and M3. The generation of a voltage reference through the SCM is a good choice for low
power since it can operate at very low current levels.

Kl Kl

VREF 2

0—| M3 =4 0—' M3
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Figure 3.1: Simplified scheme of the proposed voltage references.

Usually, the bottom transistor of the self-cascode (M3) is considered to be in triode.
However, since the value of Vrgr1(Vp2) is expected to be much greater than 4¢,, M> is
considered to be saturated in both cases of Fig. 3.1. The drain currents in Fig. 3.1(a) can
be estimated through (3.1)-(3.2). Supposing that M, and M3 are saturated (i, 3 = 0), both
operate in WI (is> 3 < 1) and, with all voltages referenced to their bulk terminals, which
are connected to ground, they can be written as

3.4)

Vo2 =V,
ID2 = 28152 exp (M)

no ¢,
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(3.5)

Vs =V, Wi
Ips = 2elss exp( 63— Vr3 REF1>

n30; Oy

Since Ipp = (K1 + K»)1, Ip3 = K1 and Vg, = Vi3, the voltage reference of Fig. 3.1(a)
is given by

Vo —Vrs O I3 (K1 + K))™ ny —n3 I
Vi ="+ 1 In| — 3.6
REFI . + p— 2K + . O; In e (3.6)

Therefore, the SCM of Fig. 3.1(a) provides an output voltage reference that is mainly
defined by the difference between the threshold voltages of the 3.3 V and 1.8 V transistors.
The second component is PTAT and depends on geometric and process parameters only.
Additionally, it can also be seen that a last PTAT component is added which depends on
the bias current (/) and results from the difference of subthreshold slope factors (n) of
transistors with different threshold voltages.

For the SCM to operate with the lowest current as possible, the bias current / is derived
from the SCM output voltage itself through a feed-back path. Hence, this circuit version
is called a self-biased self-cascode MOSFET (SBSCM) voltage reference.

Vbp ) ‘%)2
MO g M g Mﬁ%—ﬁm
Vi
f«c]l—a wo lMal—a[IMs
T g I —|[le

(a) SBSCM (b) SBNMOS

Figure 3.2: Schematic of the proposed self-biased voltage references.

The schematic of the proposed SBSCM voltage reference is shown in Fig. 3.2(a)
where M, and M3 compose the SCM, and M| defines the reference current Ip;. The
SBSCM uses a high-Vr (3.3 V) transistor for M since the target is low bias current. The
PMOS transistors form the current mirror and define the current ratios K; = S5/S4 and
K> = S¢/S4. Additionally, paths K| and K, provide an alternative way for a trimming
scheme to compensate TC for fabrication variations, as it will be presented in the next
sections. The M, transistor implements a cascode current source that can be used to
improve the line sensitivity (LS) at the cost of increasing the minimum supply voltage,
making its usage dependent on the target performance. In the fabricated version of the
SBSCM the core generated current is simply the drain current of M; without the use of
M..

The core generated current of the proposed circuit is simply the drain current of M

VRer1 — V11 )

Ip1 = 28[51 exXp ( n1¢
t

3.7
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By replacing (3.7) in (3.37), and defining e = 1 — "rz”;n’;-*, the SBSCM generated voltage
reference is now given by

Vi =Vrs | 0 (K1 + Kp)" I i ™ L (Bom
n3€e n3€e Ig%K{B nin3€

VREFI =

)Vrr (3.8)

The threshold voltage has a approximately linear negative dependence on temperature
that can be expressed as (TSIVIDIS, 1987)

VT<T) = VT(T()) —OCVT<T—T()) (39)
where V7 (Tp) is the threshold voltage at room temperature and o7 is the first derivative
of the threshold voltage with respect to temperature.

Replacing (3.9) in (3.8) and setting REFI = 0, the optimal ratio between S3 and $3
of M3 and M;, respectively, can be expressed as

(S_gl%) _ KMI;ZQZ X exp {51 (nl(avrz - (X’VT3) — (2 — n3)awy, )]
OPT - k

S5’ I3 (K1 + Kp)mIgy ™ ni

(3.10)

From expressions (3.8)-(3.10) the temperature compensated voltage reference is given
by

Vro(Ty) — Vs (T n3 —np
VREFL = — (To) = Vr3(To) + Vri(To)
n3€ nin3€ (3.11)
+ Ty <n1(aVT2 - (XVT3) - (n2 — n3)OWTl >
nin3€

As shown by (3.11) the proposed SBSCM provides at its output a reference that is
mainly defined by the difference between threshold of the 3.3 V and the 1.8 V transistors,
since the o7 term is negligible at room temperature.

3.2.1.2 Self-Biased NMOS Load Voltage Reference - SBNMOS

With the expression of the SBSCM in hands, the analysis of the SBNMOS output
(VRer2) can be simplified. As Fig. 3.1(b) shows, the NMOS load voltage Vrgp; is simply
voltage Vg2, which is

K1
VRer2 = V2 + 120 In | —— (3.12)
2els

The temperature behavior of (3.12) can be compensated since its first term is CTAT
and its second, PTAT.

Fig. 3.2(b) presents the complete circuit where the NMOS load is the SCM composed
transistor (M, and M3) biased in WI. Besides, M defines the bias current, M4 acts as a
cascode to shield M; from supply voltage variations, and transistors M5 and Mg act as a
current mirror thus defining K; = Sg/Ss. The necessity of using the cascode transistor My
lies on the fact that the LS of Vrgp is directly dependent on the LS of the current source.

From the circuit of Fig. 3.2(b), through expressions (3.4)-(3.12), considering Vp, =
Vrer1 with K> = 0, and knowing that In, = KiIpi, Vg2 = Vgz = VrRerz, B = n:?” and
Y= ny + B(n2 — n3), the provided output voltage is given by
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ny
K{I§ Is3™

Vrer2 = Vr2(B + 1) — B(Vr3 + n3eVr1) + ¢;In 1,2 (B+D)

(3.13)

Considering the linear approximation of Vr presented by (3.9) and replacing it into

(3.13), and again setting REFz

can be expressed by

= 0, the optimal S, ratio for temperature compensation

2 _

(K11sy )20+ [g3m B0 q [, (B+ 1) —B(ow,, + nzeay,,) !

S20pT = X exp | —
Is02 k m(B+1)

(3.14)

Thus, by satisfying (3.14) and neglecting the oly, terms at room temperature, the tem-
perature compensated VRgp; is now expressed as

Vrer2 = Vro(To) B+ 1) — B[Vr3(To) + n3Vr1(To)] (3.15)

Since the generated current (Ip1) also depends on M, the output reference voltage is
expected to depend more than once on its threshold voltage Vr,, as represented in the first
term of (3.15). Thus, the proposed circuit provides a reference voltage that depends on
threshold voltages of M|, M, and M3, being V75 the major contributor.

It is important to notice that, for expressions (3.10) and (3.14), if uy =~ up ~ uz =~ u is

o7

considered, temperature dependent terms (,u ) of the specific currents (Isp) cancel each

other. For this reason, the Isp temperature dependency is not considered in this analysis.

3.2.2 Design Considerations
3.2.2.1 Current Consumption Minimization

As depicted in Fig. 3.2(a) the total current consumed by the SBSCM circuit is given
by

Ipp1 =Ipi1(1+ K +K>) (3.16)

Since ratios S3 and S set a fixed temperature compensated reference voltage and its
value is applied to the gate of My, the generated current will be defined only by ratio
S1. Therefore, the current consumption can be minimized by setting S; to the smallest
possible ratio (Wyn/Lvax), at the cost of temperature coefficient degradation, and also
by reducing K; and K> current gains. To further reduce Ip; the third branch can be elim-
inated (K> = 0) and thus temperature compensation can be made by increasing S3/55.
In this case, the trade-off between power consumption and M 3 area will depend on the
threshold voltage temperature slope (0tr).

The total current consumption of the SBNMOS circuit (Fig. 3.2(b)) is simply (3.16)
with K = 0. It is straightforward that the reduction of the bias current Ip; depends on the
reduction of both S| and Vp,, which can be reduced by increasing S> while reducing S3.
Yet this strategy is not practical since the S, ratio for optimal temperature compensation
defined by (3.14) implies that S> must also be reduced for a §; 3 reduction. So for a
small S ratio, S3 ratio must increase to reduce the current consumption while keeping a
reasonable temperature coefficient.
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3.2.2.2  Minimum Supply Voltage

Proper operation of the proposed circuits under the assumptions made in the previous
sections requires the definition of a minimum supply voltage. This value is set to the min-
imum voltage needed to make both circuits as independent as possible to Vpp variations.
In order to satisfy this condition, the saturation of the MOSFETs must be guaranteed. A
MOS transistor is said to be saturated in subthreshold operation when its drain-to-source
voltage is greater than 3 to 4 times the thermal voltage, i.e., Vps > 3 ~ 4¢;. Hence, in
SBSCM without M., we have

8¢; +250 mV 4, +250 mV

™~ Y

(3.17)
Vppimin =max{Vpss + Vps3 + Vrer1, Vpse + VREF1 }

Considering that the drain-to-source voltage (Vpg) of all transistors must be at least
4¢; and that from (3.8) the roughly expected voltage reference value is around 250 mV,
the resulting minimum supply voltage will be around 450 mV according to (3.17). This
value could be further reduced if using devices with closer V7 value, thus reducing Vrgp;.

From (3.13), the expected value for the SBNMOS voltage reference is around 390
mV. Approaching the issue as previously, the minimum supply voltage of the SBNMOS
would simply be Vrgr2 +40;. From measurement results, the observed minimum supply
voltage was 0.6 V (Section 4.2.1). This is because Vrgrz depends directly on the minimum
supply voltage of Ip;. Therefore, the minimum supply voltage for the SBNMOS will have
an additional of 4¢; from that expected by only considering the voltage drop paths.

3.2.2.3  Sensitivity to Supply Voltage Variations

The optimization of the LS lies on the minimization of AVRgg. Therefore, for both
circuits of Fig. 3.2 this can be done by reducing currents gains K and K (the last one
only for the SBSCM).

The line sensitivity of SBSCM can be substantially reduced (around 10x or more) by
adding the transistor M, at the cost of increasing the minimum supply voltage from 0.45
V to 0.6 V. M, acts as a cascode device with an output impedance much larger than that
of M;. Accordingly, M, shields M; from supply voltage variations thus improving the
LS. The simulation results of the TC sensitivity with respect to Vpp for the SBSCM with
and without M, are shown in Fig. 3.3. Typical simulations of the SBSCM without M,
present a TC of 7 ppm/°C at minimum supply voltage (0.45 V) while the maximum TC
is less than 70 ppm/°C at 3.3 V. The addition of M, results in a TC lower than 10 ppm/°C
for all voltage supply range at the cost of increasing the minimum Vpp to 0.6 V.

The channel length modulation was neglected in circuit design since this effect is not
relevant for MOS transistors operating in subthreshold, where drain output impedance
depends mainly on drain-induced barrier lowering effect (DIBL). DIBL is significantly
reduced by increasing the channel length so the high impedance transistors (SBSCM:
Mi, M5 and Mg; SBNMOS: M, M4 and Mg) were designed with large L in order to
minimize the LS of the proposed circuits.

3.2.2.4 Sizing for Optimal Temperature Compensation

Fig. 3.4 represents the simulated TC as function of transistor ratios for both SBSCM
and SBNMOS. Simulation was performed by proper sizing all other transistors besides
M, and varying its W/L ratio.
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Figure 3.3: Comparison of the TC supply voltage dependence with and without M, tran-
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Figure 3.4: Transistor sizing for optimal TC.

The calculated optimum ratios of (85°/$5%) (for SBSCM) and S, (for SBNMOS) are
1.34 and 1.78 respectively, as predicted by (3.10) and (3.14). As can be seen in Fig.

3.4 the simulated optimal

ratios of the same parameters are 1.4 and 1.92 respectively.

The proximity between calculated and simulated values validates the proposed approach.
Taking into account the previous considerations as well as layout regularity, the proposed
circuits were sized as presented in Table 3.1.

Table 3.1

: Transistor sizes for SBSCM and SBNMOS.
. Sizes (um/um)
Transistor | gpscM  SBNMOS
M; 1/10 4x4/10
M, 2x8/10 2%9.6/10
M3 2x11/10 4/2
My 2x6/10 2x4/10
M5 2x6/10 2x5/10
Mg 4x6/10 2x5/10
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3.3 3-Transistor Voltage Reference

So far the majority of subthreshold voltage references presented in the literature, and
also the previously proposed circuits, presented solutions mainly based on the usage of
transistors with different threshold voltages. Distinct V7 devices have different fabrica-
tion processes, their V7 process sensitivity related to one another is large. Thus, this also
increases the sensitivity of the generated voltage reference to process variations. To at-
tenuate this problem, in this section we explore the dependence of V7 with the transistor
dimensions on obtaining distinct V7 using devices of the same type. These phenomena
are also known as reverse short-channel (RSC) and narrow-width (NW) effects.

3.3.1 V7 Dependence on Device Dimensions

In traditional CMOS technologies, short-channel effect (SCE) is a phenomenon where
there is a V7 roll-off as the channel length of a transistor is reduced. This causes an in-
crease of the drain-induced barrier lowering (DIBL) and consequently reducing the output
impedance of the device. Since in more advanced technologies this effect may be critical,
for NMOS transistors, highly doped p* regions, also known as HALO implants, are added
at the drain and source boundaries to compensate their non-uniformity,. This reduces the
depletion layer at these regions and thus reducing the control of the drain (source) over
the channel. However, a counter effect of adding the HALO implants is a V7 roll-up as the
channel length decreases (LU; SUNG, 1989). This phenomena is known as the reverse
short-channel effect (RSCE).

Figure 3.5(a) presents RSCE for three different nodes and shows how the effect in-
creases as the technology scales (KIM et al., 2007). The RSCE can be explained as illus-
trated in Fig. 3.5(b). The channel doping is non-uniform: highly doped at drain/source
regions and lightly doped at center. This means that for smaller channel lengths the av-
erage channel doping is higher, resulting in a Vr increase. As the distance between the
HALO implants increases, by consequence of increasing the channel length, surface dop-
ing level across the channel is reduced, and therefore reducing the threshold voltage (KIM
et al., 2007).

23 ! . _— Halo Low

£ - E
acE impact H
5 “:‘ \ P p doping
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t e T
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s 1.3 65nm ey N A
E 1.2 0.13pm e Halo “Depletion o T
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2 1.1 . 0.2v 0.2v
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Figure 3.5: (a) Vr dependence with respect to the channel length and (b) surface doping
across the channel to illustrate the RSCE (KIM et al., 2007).

Additionally, these technologies also present V; dependence with respect to width
variation. This effect is mainly defined by the transistor isolation used in the process (LO-
COS or STI). For LOCOS isolation the same Vr roll-up as the channel width decreases
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appears, known as the narrow-channel effect (NWE) (WANG, 1978). This happens be-
cause for narrower channels the fringing fields cause gate-induced depletion region to
spread outside the channel. Meaning that there is more charge at the body depletion re-
gion, thus translating into a V7 increase for a channel width decrease. The STI presents
the inverse effect, and there is a Vr roll-up as the channel width increases, also known as
the inverse narrow-width effect (INWE) (AKERS, 1986). The INWE happens due to the
high electric fields created at corners of STI, which leads to the formation of inversion
charges.

3.3.2 Circuit Description

The voltage reference schematic is presented in Fig. 3.6(a). The proposed circuit is
formed by the self-cascode MOSFET (SCM) M;-M; biased by a current source /1 oaD,
the reference voltage VRgr is obtained from the difference between the gate-to-source
voltages of the SCM structure.

Vbp
Vx
I oAD |
8m2Vx 8ms2VREF e
Vx
VREF
-—| M,
&m1Vx &md1VREF
VREF
—| M; T
%;_/
— SCM

(a) (b)

Figure 3.6: (a) Simplified circuit of the voltage reference; (b) Equivalent circuit of the
self-cascode MOSFET (SCM) M -M;.

Knowing that for the SCM transistor M| can be in triode, while M, must be saturated,
by applying (3.3) for both transistors (M; and M) we have

Vx =V, Vx —Vr1 —mV
Ip1 = 2elg [exp (XHT)zTI> —exp( X Tnl1¢t ! REF)} (3.18)

(3.19)

B Vx —Vr2 —nVRer
Ip2 = Is2exp

ny0;

From Fig. 3.6 we have Ip| = Ip», and since we are using the same type of transistors
ny; = ny can be assumed. Thus, a general expression for Vrgr can be obtained as

I Vi —V.
VREF = 0/ In {1 + 32 exp (Mﬂ (3.20)
Is1 n¢z
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Considering that In(1 4+ x) — In(x) for x > 1, a simplified expression for VRgp is
obtained as

Ve —V; I
Vier = ———12 4 ¢, In (ﬁ) (3.21)
n 151

By replacing the previous definition of the temperature dependence of V7 with respect
to temperature given by (3.9) into (3.21), we have

Vi) = Vra() | (v, — 0w )(T = Ty) kT | (ISstz
n n q Is0151

VREF =

) (3.22)

By setting dVRgr/dT = 0, a value of S, /S; for optimal temperature compensation can

be expressed as
I _
(&) — &exp |:€ <(XVT1 aVTZ)} (323)

From (3.23) and (3.22), and neglecting the oy, terms at room temperature, the tem-
perature compensated VRgF is given by

Vr1(To) — Vr2(To)

(3.24)

VREF =

Therefore, (3.24) gives us a reference voltage equal to the difference of V7 (V71 > Vr2)
from the transistors of the SCM (M{-M>) over the subthreshold slope factor n. In order
to guarantee a low temperature coefficient (TC), the variation of oy, for different Vrs
should be minimum, and S, /S is the ratio of transistors (M;-Mj) which are limited by
the maximum transistor area. This constraints will be used during the design procedure.

3.3.3 PSR Analysis and Enhancement of VRgp
3.3.3.1 PSR Analysis

Considering the small signal equivalent of the SCM depicted in Fig. 3.6(b), the PSR

of the VRgF is given by
PSR = —of _ M Tref (3.25)
Vdd ~ Vdd Vx

where (3.25) represents the voltage transfer function between the supply voltage (v,4)
and the reference voltage (vrf) is conveniently split into two transfer functions: vy /vyy
and vier /vy, which are the supply voltage contributions of the current load (I oap) and the
self-cascode MOSFET to the reference voltage.

The voltage reference becomes insensitive to supply variations when vy /vy, or in turn
Vy/Vgq and vieg/v, are minimized. The value vieg/v, is calculated using the equivalent of
Fig. 3.6(b), yielding

E _ gm2 — &ml + &ds2 _ 8m2 — 8ml (3 26)

Vy 8ms2 + 8ds2 + &md1 8ms2

where g,,, gms and gy, are the gate, source transconductance and drain conductance, re-
spectively. This expression is defined for a specific design value of the voltage reference.

Fig. 3.7 shows the circuit of I pap, it can be implemented using a PMOS or NMOS
transistor acting as a current source, in this case we are considering both transistors satu-
rated, the circuit design will be discussed later. The value of v, /v, is calculated from its
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small-signal analysis and yields to

(i) NEULRY (i) ~ 88 (3.27)
Vdd /) pmos  8ds Vdd / N mos — 8ms
Since, gms > gds» Vx/Vaa 18 higher than one for a PMOS, worsening the PSR, leading

us to discard this current load. On the other hand, for an NMOS is lower than one, which
is desired to improve the PSR.

Vbp Vo

Vs ﬂ v E"
VX V

W_/ W_/

X
NMOS Load PMOS Load

Vdd Vid

8msVx T 8ds 8msVdd L

Vx

(a) (b)

Figure 3.7: PMOS and NMOS implementation of /; oap of Fig. 3.6(a). Vp is constant
bias voltage.

Taken into account that the voltage reference circuit is working in weak inversion and
the gate voltage of the NMOS of Fig. 3.7 is (Vg < Vpp), we have two options for Vp:

* For the case Vg = Vi, vy /v4y is increased from g/ gms t0 gas/gmp» Fig. 3.8(a).
* For the case Vg =0V, v, /v;4 remains the same as (3.27), Fig. 3.8(b).

From the two previous cases, Vg = 0 V is chosen for presenting the lowest v, /vyy
to guarantee the highest PSR. Therefore, the SCM is biased with the leakage current of
the /1 oap, resulting in an NMOS with a large or small area depending on its current
density (Ip/W). Since I oap only acts as a current source, its design is constrained to
obtain the bias current of the SCM for the lowest achievable area. Fig. 3.9 shows the
different current densities of the available transistors for Vgg < 0V, the lower Ip/W of the
standard-V7 or low power-V7 transistors will yield larger areas in contrast to the zero-Vr
or low-Vr transistors. Due to this fact, the last ones will be used to design It pap and will
be covered in the following subsection.

3.3.3.2 PSR Enhancement with zero-Vy MOSFETs

Special attention has been given to the properties of the zero-Vr transistor due to its
high drive capability at low voltages (GALUP-MONTORO; SCHNEIDER; MACHADO,
2012). Since Vr =~ 0V, a zero-Vr transistor with a gate voltage equal to or lower than
0 V can be saturated with a small value of drain-to-source voltage, Vps ~ 100 mV. Fig.
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Figure 3.8: Implementations of I} oap using self-biased NMOS transistors. (a) gate-to-
source load; (b) gate-to-ground load.
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Figure 3.9: Current densities (Ip/W) for zero-Vr, low -V, standard-Vr and low power-Vr
transistors. Vpg = 100 mV and W/L= 4 pm/1 pm for all transistors.

3.10 shows the simulated drain current for three different transistors (thin zero-V7, thick
zero-Vr and low-V7). Among them the thin zero-V7 and thick zero-Vr present the highest
and lowest current density, respectively.

I oap Will be designed using one of the previously mentioned transistors. Fig. 3.11
shows the I pap implementation using one and two zero-Vr transistors.

Using the above equivalent circuit, v, /vy, is obtained for one and two zero-Vr tran-
sistors

(i) . 8dsl
Vad ) 1.zvTt  8msl (3.28)
(V_x> . 8ds1 8ds2
Vdd ) 2.zvt  8msl  8ms2
Through (3.28) it can be shown that by adding another transistor in series vy/vgy is
reduced by a factor of g,,5/g4s, consequently improving the overall PSR of the voltage

reference. Fig. 3.12 presents v,/vyy as a function of Vpg for three different simulated
transistors. Using just one transistor, we can obtain an attenuation of above -30 dB using
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Figure 3.10: Ip X Vps(Vp = 0 V) characteristics of a thin zero-Vr, thick zero-Vr and low-
Vr transistors. W/L=4 pm/1 pm for all transistors.
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Figure 3.11: I pap implementation with (a) One zero-Vr transistor; (b) Two zero-Vr
transistors.

only 100 mV of Vpg. For the two transistor implementation the can go low as -60 dB, but
at cost of 100 mV drop for the additional transistor.

3.3.4 Design of the SCM

The first step to design our voltage reference is to choose the transistors of the SCM.
Since our goal is low power operation, we will choose from the process the two available
transistors with high-V7. The voltage reference is designed in a standard 130 nm CMOS
process. Fig. 3.13 shows the normalized oy 7 variation, where the low power V7 transistor
presents the lowest variation of oy, which is desired, recalling that the second term of
(3.24) should be minimized.

Fig. 3.14(a) shows the threshold voltage (V) variation against channel length (L)
for different transistors ratios W/L, having L as the major contributor its variation. Vr
is extracted through the g,,/Ip method proposed in SIEBEL; SCHNEIDER; GALUP-
MONTORO (2012). Transistor M is sized small (W/L between 1 to 2) to satisfy the first
term of (3.24), Vr1 > Vr2, while My is sized taking in to consideration the following:

e L, >L, condition of the first term in (3.24).
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Figure 3.12: v,/vg4 as function of Vpg for the simulated transistors. W = 4 um for all
transistors.
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Figure 3.13: Variation of normalized oy, for different transistor channel length.

» To prevent charging damage in the polysilicon, the maximum thin oxide area for
any single gate in the process is 230 um?.

* In order to guarantee an efficient layout area and compliant with (W xL), < 230
um?, a range of [1 — 2] for (W/L); and Ly = [10 — 15] um is defined, as illustrated
in Fig. 3.14(b).

From the previous considerations, the maximum value for VRgr is limited by the max-
imum area of Mj. As shown by Fig. 3.15(a), for a fixed size of M1, the maximum value
of the voltage reference is 70 mV.

Using the range defined for (W/L), and L; as a starting point, the voltage references
are designed to achieve the lowest possible temperature coefficient (TC) for the minimum
Vx, as illustrated in Fig. 3.15(b). As previously stated, the area o M3 is verified to satisfy
the constraint of (W xL), <230 umz.

The current reference (I oap) for VRegr was designed with one and two series transis-
tors for three different transistors (thin zero-Vy, thick zero-Vy and low-V7). After several
simulations, the thin zero-V7 transistor was chosen based on its capability to provide the
lowest TC and PSR compared with the other transistors. Fig. 3.16 show the schematics
for both implementations. Since for the conventional implementation It oop 1s composed
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Figure 3.14: (a) Vr dependence with respect with W and L and (b) the maximum allow-
able area for a unit transistor Mj.

by only one zero-Vr transistor, the proposed circuit is called a 3-Transistor (3T) voltage
reference. Table 3.2 shows the transistor sizing for the designed circuits. The ratio S» /S
for optimal temperature compensation predicted by (3.23) is around 0.86, while the cho-
sen after simulations is S>/S; = 0.826. The proximity of the predicted and simulated
values for temperature compensation validates the theoretical approach.

As stated before, in weak inversion the transistor is said to be saturated when Vpg >
3 ~ 4¢;. Thus, the minimum supply voltages for the conventional version will be given as
Voomin = Vpss + Vps2 + VREF, resulting in a minimum supply voltage of approximately
300 mV. For the PSR enhancement, the minimum supply voltage is increased in 100 mV
to guarantee saturation for the additional series transistor in the /; oop implementation.

3.3.5 Sub-kT/q Vrger

The output voltage generation of the proposed 3T structure is mainly defined by the
Vr difference of transistors that composed the SCM. And as previously presented, we can
generate any value of voltage reference within the maximum V7 difference for a given
technology. Thus allowing the generation of a voltage reference as low as the thermal
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Figure 3.15: (a) VRer as function of M, ratio (S,) and channel length. (W/L); =1 and n =
1.35 and (b) TC as function of V, and M, area.

Table 3.2: Sizing for the conventional and PSR Enhancement versions.

(W/L) IBM 130nm
2
M, T (LP)
19
M, 11.5“Jnm (LP)

3 3
Maai-Ms [ 3ohim 9 (b ) | @vD

voltage, 1. e., sub-kT/q. The generation of such value of voltage reference, with adequate
temperature stability, can enable the development of area efficient resistor-based voltage-
to-current converters, where the value of the resistor used can be reduced due to the very
small voltage applied to it.

For the circuit analysis, consider the 3T circuit presented in Fig. 3.16(a). The situation
where M| is considered to be in triode and M3 is saturated stays the same as before. The
only thing that needs to be addressed is that, for the case where VRgF is considered to
be much less than 3 ~ 4¢,, the In(1 +x) — In(x) consideration done for the conventional
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VREF

Figure 3.16: Schematics for the 3T voltage reference (a) Conventional and (b) PSR En-
hancement versions

approach is no longer reliable since x > 1 is not satisfied. In this case, the generated
voltage reference will be given by the expression (3.20).

The design methodology of the proposed 3T structure is based on obtaining the S, /S
ratio for optimal temperature compensation. Through (3.20), it is possible to note that
there is no explicit solution to obtain such ratio. Thus, rewriting it, we have

% I Vr1 =V,
In (exp ( REF) - 1) —1In (ﬂ) e (3.29)
O Is) no;
By making a linear approximation of the log function:
% Vi
In <exp( REF) - 1) ~A + BREE (3.30)
O o

where A and B are the fitting parameter which depends on the defined interval of VRgF.
Since we want VRgf < ¢, the chosen range for VRgr is from ¢, /2 to ¢;. With these values
the obtained fitting parameters are A = —1.4 and B = 1.94.

Replacing (3.30) in (3.29)

Vri—=Vra O Iso A
Vi =—————~" 4+ —In|{— | —= 3.31
REF oy + B n(ls1> Bq)’ (3.31)

Including the temperature dependence of Vy through (3.9) in (3.31) and setting OVRgg /9T =
0, the optimal value for the ratio S» /S can be obtained as

(2) _ oty {Z <—°°VT1 - “Vm) +A} (3.32)
S1 OPT ISQ2 k n

Through the optimal S, /S ratio, the sub-kT/q temperature compensated voltage ref-
erence can be expressed as

Vri1(To) — Vra(To)
nB

VREF = (3.33)
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Following the design methodology for the conventional approach, the value of VRgp
is defined by the V7 difference between M| and M, where the upper bound is defined by
Vr1 while the lower bound of this difference is defined by V7,. Meaning that any voltage
reference value between the AVy, ,  can be obtained. Even though optimally temperature
compensated, VREF still presents a temperature variation of 150-200 puV due to the non-
linear behavior of the compensated Adly,. This means that the same variation is expected
for any voltage reference value. Therefore, one can conclude that as the generated voltage
reference reduces its TC is degraded.

By following the same procedure as for the conventional approach, S; = % defines
the V7 upper bound. S is sized considering the trade-off between TC and the output value
for a fixed. The dependence of VRgr and TC with respect to S, for a fixed Ly= 15 um,
which defines the design space, is shown in Fig. 3.17. As it was done for the conventional
approach, the usage of L; as long while L is small implies in a wider voltage reference.
Thus, in the case of the sub-kT/q VRgF the dependence of V7 with respect to the channel
width will play the major role.
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N 50 L 1,500 "g
£ 40 g
= 301 1,000 2
NS O
20+ =
101 - 500
O.
' : . r r 0
0 0.33 0.66 1 1.33 1.66

S (um)

Figure 3.17: Design region for the Sub-kT/q voltage reference.

For this design, a voltage reference of less than 20 mV was set as the objective. Con-
sidering the TC and output voltage trade-off, from Fig. 3.17 we can achieve a 15.9 mV
output voltage with a TC of 240 ppm/°C. The optimal temperature compensation ratio
predicted by (3.32) was around 0.24, while the one obtained from simulation was 0.267.

As previously defined, the minimum supply voltage of the 3T structure is Vppyin =
Vps3 + Vpsz2 + Vrer. This implies that for the sub-kT/q approach Vppyn equally reduces
for a Vrgr reduction with respect to the conventional approach, which would result in
Vopmin =220 mV. But if we consider that the PSR, and consequently LS, specifications
that can be relaxed, the minimum supply voltage will be given just by the voltage drop
across the SCM. Therefore, Vppymin = Vos2 + VrRer =120 mV. At Vppviny M3 will be in
deep triode which will reduce the power consumption substantially.

3.3.6 Bulk-Driven High-Order Compensation of VRgr

In temperature sensors, the main sources of temperature errors raise from temperature
instability of the reference circuits. The previous versions of the 3T voltage reference
present TCs that are greater than 30 ppm/°C. This means that these versions may not
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be suitable for precision temperature sensor applications. For this reason, a bulk-driven
high-orde temperature compensation scheme based on the 3T structure is proposed.

The schematics of the proposed high-order 3T voltage reference is shown in Fig. 3.18.
The three transistors that compose the circuit are operating in weak inversion. Transistors
M, and M are triple-well devices (isolated bulk) and compose the SCM, and M3 is a zero-
Vr transistor which serves as current source biasing the SCM with its leakage current.
High-order temperature compensation is achieved by feeding back Vx and Vrgr voltages
through the bulk terminals of M| and M.

iy [TM3
T oVx + K> Vrer
0—' M,
p—o Vrer + K1 Vx
M;

)

Figure 3.18: Schematic of the proposed high-order compensation scheme.

Vbp

3.3.6.1 High-Order Compensation

Considering that all transistors in Fig. 3.18 operate in weak inversion (iy < 1), are
saturated (i, = 0) and Vpg > 3 ~ 44y, their drain currents are given by

Vy — % 1

Ipy = 2els; exp( X V“Zlql)‘“(”l )) (3.34)

1

Vy — Vs — mVi

IDzzzelszeXp <n2 X rj;q) 2 REF) (335)

1

—mVx —V,

Ips = 2elgyexp (%) (3.36)

1

VREF 1s mainly defined by transistors M; and M». Since Ip| = Ipy and ny =~ ny =~ n,
VREF is given by

Vi — Vra n—1 n Is>
VREF = V; —— O/ In | — 3.37
REF = o0 — 1 +<2n—1> X+2n—1¢’n(151> (3.37)

Transistors M| and M3 form the equivalent of a 2-Transistor voltage reference (SEOK
et al., 2012), which means that the voltage Vx will be given by their gate-to-source voltage

difference. Through Ip| = Ip3:
n3Vr1 —mVrs ny—1 n Is3
Vx = + VREF + In[ — 3.38
X ninz +ns (n1-|—1) REF <n1—|—1)¢t <151) ( )
From (3.37) and (3.38) one can see that the high-order compensation is achieved by
feeding back both VRgr and Vx through the bulk terminals of M| and M;, making possible
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to achieve high-order compensation to either VRgr or Vx voltages. Due their magnitude,
one can conclude that Vxy has more impact on VRgr than the opposite, i.e., K; > K> (Fig.
3.18). In the case of this work, the circuit is designed for the high-order compensation of
VREF, but the same can also be achieved for V.

By replacing (3.38) in (3.37), and defining B = ",:fl ,E= "H ) and @ = (+11)
the voltage reference is now given by

n 8

IS8

5283 (3.39)
l3
ISl

Vi =V, n3Vrp — nV,
T1 T2+ 3VT1 T3+

VREF = B B ¢;In

Thus, the proposed circuit provides at its output the weighted difference between the
Vr of M| and M transistors, as shown by the first term of (3.39). The second term of VrRgr
appears as the high-order compensation coming from Vy, where VRgr is compensated
through the third term by adjusting S1, S, and S5 ratios. It is important to note that since
in the model used the transistor terminals are referenced to the bulk, (3.39) includes the
variation of V7 due to body-effect.

From expressions (3.9) and (3.39), and setting dVgrgr/0T = 0 the optimal ratio, still
dependent on the subthreshold slope factor of the different type transistors, is given by

n n+0
SE I p — —
o =g exp {% ((XVTI(§+”3> Bé e nocvn)] (3.40)

B B 4B
Sy opr  Ispolss
By satisfying (3.40), and neglecting oy, at room temperature, the high-order temperature-
compensated voltage reference is expected to be equal to
Vorr: — Vr1(To) — Vra(To) | n3Vri(To) — nVr3(To)
REF = B + BE

Reiterating, it is important to observe that for expressions (3.23), (3 32) and (3.40) if
[

(3.41)

U1 ~ uy ~ u3z ~ u is considered, the temperature dependent terms (,u ) of the specific

currents (Isp) cancel each other. For this reason, the Isp is considered to be constant
with temperature to provide an easy to extract quantity to size the transistors for optimal
temperature compensation.

The maximum value of VRgr is limited by the maximum M, area as shown by Fig.
3.19(a), which results in a maximum voltage reference value of 95.7 mV. This value is
used to defined the minimum supply voltage for proposed circuit. Since to guarantee
saturation Vpg > 4¢;, Vopyyn = Vps3 + Vbs2 + VREFM AX resulting in a minimum supply
voltage of approximately 300 mV.

Through the range defined to S, and using L; as starting point, the circuit is designed
to achieve the lowest TC as possible. For a fixed value of (W/L);=2um/1 um, the TC is
dependent of both S; and Sj3 ratios. From Fig. 3.14(a), V7 becomes almost independent
of L for values greater than 10 um, thus defining L, = 10 pym. Fig. 3.19(b) shows the TC
dependence with respect to S3 and M, area. In these conditions, S, has the major impact
in the TC where the high-order compensation is achieved through the fine adjustment of
S3. As shown in Fig. 3.19(b), a minimum TC of 1 ppm/°C is achieved with S>,=2 and
S3=0.645. From (3.40) the optimal temperature compensation ratio was 0.95, while the
simulated one was 0.93.
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Figure 3.19: (a) V7 dependence with respect with W and L and (b) the maximum allow-
able area for a unit transistor M».

3.3.6.2 Variability Attenuation

From the previous considerations on the design of the SCM, one can conclude that
M; is the major contributor to the mismatch variability of VrRgr due its small W and L.
With this in mind, the proposed bulk driven scheme also attenuates the variability caused
by M| when compared to the conventional approach.

Suppose a positive (negative) AVr; due to mismatch. This would also cause a positive
(negative) variation of both Vrgr and Vx voltages. But due to the magnitude and the
definition of both voltages, the impact of a given AVr variation is much greater in VRgp
than on Vy, i. e., |AVr|— |AVrer|> |AVx|. The dependence of Vi concerning the source-
to-bulk voltage (Vsp) can be expressed as (SCHNEIDER; GALUP-MONTORO, 2010)

Vr =Vro+ (n — I)VSB (3.42)

where V7 1s the threshold voltage at zero Vsp voltage. This variation can also be seen



63

through Fig. 3.20.
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Figure 3.20: V7 dependence with respect to the bulk voltage (Vs =0 V).

Thus, a positive (negative) AVy| would cause a increase (decrease) on Vg, voltage and
consequently increasing (decreasing) Vzr>. In summary, the proposed scheme attenuates
the mismatch variability of Vrgr by making V7 slightly follow a V7 variation. Therefore,
reducing the variation spread of both Vrgr and TC.

Since the proposed high-order scheme allows a Vrgr about 30 mV larger than that
provided by the conventional approach, the variability attenuation can also be interpreted
as the increasing of the mean Vrgr while using approximately the same S; and S, aspect
ratios. Thus, maintaining the same mismatch spread.
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4 SIMULATION AND MEASUREMENT RESULTS

This chapter presents the simulation and measurements results of the proposed pW
voltage references. The self-biased voltage references were fabricated in 0.18-um, while
the 3T voltage references in 0.13-um CMOS process. Figure 4.1 shows the photos of the
fabricated chips.
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Figure 4.1: Photos of the (a) 0.18-um and (b) 0.13-um CMOS process prototypes.

4.1 Measurement Setup

The measurement results presented in this thesis were performed using a Keysight-
4156 Semiconductor Parameter Analyzer for DC sweep and a Tenney Jr. thermal chamber
for temperature control. The standard measurement setup can be seen in Fig. 4.2. The
parameter analyzer is configured with a large integration time in order to get as many
data as possible for each DC sweep. Triaxial and coaxial cables are used to connect the
parameter analyzer to the test fixture, and coaxial cable from the fixture into the thermal
chamber. A DC sweep from O - Vpp,,,, were performed for each temperature point.
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Coaxial Ce&s

Figure 4.2: Standard measurement setup.

4.2 Self-Biased Voltage References

4.2.1 Simulation and Measurement Results

The proposed self-biased CMOS voltage references were fabricated in a standard
0.18-um CMOS process. The chip photo and the layout of the proposed circuits are shown
in Fig. 4.3. The total occupied areas are 0.0020 mm? and 0.0017 mm? for the SBSCM
and SBNMOS, respectively. A total of 24 chips from the same batch were packaged in
ceramic (SEBASTIANO et al., 2011) and measured.

32.7 ym

Figure 4.3: Chip photo of the proposed voltage references and their layouts.

Fig. 4.4(a) shows the measured results of the supply voltage dependence for average
samples of both proposed circuits at 20 °C. As reported, the SBSCM starts to operate at
0.45 V supply, while the SBNMOS at 0.6 V supply. The average measured line sensi-
tivity (LS) from Vppyn to 3.3 V was 0.15 %/V (SBSCM - Fig. 4.4(b)) and 0.11 %/V

(SBNMOS - Fig. 4.4(c)).
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Figure 4.4: Measured supply voltage dependence of the proposed voltage references.

The spread of Vrgp of the 24 measured samples of both circuits at 20 °C and mini-
mum supply voltage are presented in Fig. 4.5. The Vrgr mean reference voltages for the
SBSCM and SBNMOS are 225.3 mV and 378 mV, respectively, and the Vrgr variation
coefficient (6/u - where ¢ and u are the standard deviation and mean value) are 0.63 %
and 0.8 %, respectively.

The simulated and measured temperature dependence from 0 °C to 120 °C for both
circuits is shown in Fig. 4.6. The temperature coefficient (TC) is evaluated using the
expression (1.1) previously defined. A TC between 68 ppm/°C and 150 ppm/°C, with a
mean of 104 ppm/°C was measured from the 24 samples in the case of the SBSCM, as
shown in Fig. 4.6(a), while for the SBNMOS the mean measured TC was 495 ppm/°C.
The simulated worst case TCs at minimum supply voltage across all corners were 65
ppm/°C and 136 ppm/°C for the SBSCM and SBNMOS, respectively. The difference
between the simulated and measured behaviors may be partially caused due to the inaccu-
racy of the BSIM3v3.2 for the temperature behavior in deep weak inversion (MAGNELLI
et al., 2013).

Fig. 4.7 shows the measured temperature behavior of the power consumption for dif-
ferent values of Vpp for both circuits. Since they are biased with the subthreshold current,
power increases exponentially with temperature. The SBSCM consumes typically 54.8
pW at 0.45 V and 27 °C and reaches a maximum of 8.6 nW at 3.3 V and 120 °C as shown
in Fig. 4.7(a). The SBNMOS measured typical (0.6 V and 27 °C) and maximum (3.3
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V and 120 °C) power consumption are 184 pW and 24.2 nW, respectively, as reported
in Fig. 4.7(b). Simulated results of typical and maximum power consumption were 93
pW and 12.5 nW, respectively, for the SBSCM, while for the SBNMOS they were of 350
pW and 41.6 nW. Some discrepancy between measured and simulated power consump-
tion is expected for both circuits. The SBSCM measured output voltage was around 25
mV less than that from simulation, which means that its current consumption was also
reduced. The measured SBNMOS output voltage presented a CTAT behavior, indicating
that the circuit is not biased with enough current to compensate the NMOS active load
temperature dependence, thus reducing the power consumption.

Power Supply Rejection (PSR) was measured using a Keysight B2961A Low Noise
Power Source and a Keysight MSO9104A scope. Fig. 4.8 presents the measured PSR
for both circuits at minimum supply voltage and 100 Hz resulting -44 dB for the SB-
SCM and -47 dB for the SBNMOS. Worst case PSR from 10 Hz to 10 kHz are -44.5
dB (SBSCM) and -45 dB (SBNMOS). PSR measurements were done with a high input
impedance buffer presenting a total input capacitance of about 4 pF.

- SBSCM
-o- SBNMOS

10! 10 10° 10*
Frequency (Hz)

Figure 4.8: Measured PSR for both proposed circuits @ Vppyn-

4.2.2 Trimming Analysis

It is well known that sensitivity to process variations of circuits with transistors in
subthreshold increases dramatically. Due to the exponential I-V characteristics of MOS
transistor in weak inversion, any small variation in threshold voltage causes an exponen-
tial change in drain current. Voltage references operating at such region are usually hardly
process dependent and present a large spread of both output reference voltage and its TC
(MAGNELLI et al., 2011; OSAKI et al., 2013; SEOK et al., 2012). These variations can
be compensated through trimming techniques. From expressions (3.8) and (3.13), process
variations of the generated reference voltages can be compensated by either increasing or
decreasing the current gains K; and K, through a digital control.

From the corner simulations presented in Fig. 4.10, the SBSCM and SBNMOS are
expected to have a AVRgr at room temperature of approximately +6% and 4+-8%, respec-
tively. As presented in BRITO; BAMPI; KLIMACH (2007), the number of bits of the
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trimming circuit is determined by the following expression

BITS > s 1) <VLSB
- In(2)

where Vysp 1s the least significant bit voltage and Vg is the full-scale voltage.

The trimming circuit must be designed to cover the entire output voltage variation
range while a reasonable V;sp must be chosen in order to reduce the spread of VRgr,
compensating the output voltage for a target TC (SEOK et al., 2012). Therefore, the
trimming circuit is designed to cover the maximum range at room temperature while
having a small Vi ¢p for fine TC compensation. Thus, for SBSCM, by choosing Vps =
6%Vrer: and Visp = 0.25%VRrEer; leads to a 5-bit trimming circuit.

The SBNMOS can be adjusted by increasing or decreasing current gain K, which is
equivalent to adding or sinking current at the reference voltage node. This can be achieved
by using a current-trimming technique ZHU; HU; WANG (2016), where the trimming
circuit can cover all the variation of the output voltage at room temperature. Defining
Vrs = 8%VRrEer2 and using the same 5 bits as for the SBSCM, leads to Vs = 0.3%VRER2.
The schematic of the 5-bit trimming circuit of the proposed voltage references is shown
in Fig. 4.9.
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Figure 4.9: 5-bit trimming scheme for the proposed circuits.

The simulation of the trimming circuit, as well as the variation of the output voltage
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with process corners, is shown in Fig. 4.10. For both circuits, the increase/decrease
of the current gain is defined by the control bits B[4:0], where B[4] is a sign bit that
determines the direction of the resulting trim to the output voltage, and B[3:0] are the
binary codes proportionally controlling the current mirror gains (WANG et al., 2015). As
it is clearly shown by Figures 4.10(a) and 4.10(b), the proposed trimming circuits can
cover all process variations.
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Figure 4.10: Simulated 5-bit trimming range for the proposed circuits.

Even though the trimming circuits were not fabricated due to silicon access restric-
tions, they can be emulated with the assitance of the measurement equipment, since each
DC channel of the Keysight-4156 can perform a precision programmable current source
at the same time it measures the node Vrgp. This emulation can be made by increasing
or decreasing the current at the voltage reference node through the following process:
1) By processing the measured data of a given sample through a mathematical software,
an optimal temperature-compensated VRgropr 1S obtained; 2) Experimentally, at 27 °C
a current (I7) is sunk or applied to the reference node of the processed sample in order
to achieve the same value as Vrgropr in this temperature; 3) The generated currents of
the proposed circuits increases exponentially with temperature, hence the applied/sunk
I7 trimming current must follow this behavior. Using the obtained I from the previous
step as starting point, the current that must be applied to the other temperature points is
obtained by approximating it with a function that increases exponentially.

The CTAT behavior of the measured circuits indicates that there is not enough current
to compensate their output voltages. Therefore, more current must be applied to them.
As an example, Fig. 4.11 presents the measured current consumed by Sample 1 and the
trimming current applied to it to emulate the trimming function, showing that the applied
current follows the temperature behavior of the generated current.

The measured results after the trimming emulation, as explained before, for five ran-
dom selected samples at minimum supply voltage are shown in Fig. 4.12. The measured
TCs with trimming emulation for the 5 samples of the SBSCM were 34, 60.7, 75.4, 100
and 93 ppm/°C, while for the SBNMOS they were 13.2, 16, 7.25, 9 and 12.7 ppm/°C.
The TCs for the SBNMOS were expected to be lower when comparing to those from the
SBSCM since the latter circuit presented a more defined CTAT behavior. The TC and
power consumption were 72.4 ppm/°C and 147 pW for the SBSCM, and 11.6 ppm/°C
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Figure 4.11: Current consumption and applied current to emulate the trimming function
for Sample 1.

and 664 pW for the SBNMOS. Since the trimming circuits were not included in the fab-
ricated references due to silicon access restrictions the presented emulation approach can
help to validate the process compensation trimming scheme that was proposed.

280 - 464
- Sample 1 |
2751 -@-Sample 2 462
Sample 3 460 4 Q—<’ﬁ.:':‘——_’::—_—*:‘j
2704 - Sample 4
- - Sample 5 A Y v o
Z 2651 Z 456+
NS m £ -& Sample 1
% 260 1 & 4541 -@- Sample 2
S n Sample 3
255 1 452 -4 Sample 4
M.\./. 450 4 -w-Sample 5
250 4
888 8 §m g 5 g5 i3] g m———FEm g g o
451 . . . . . . 446 +— . . . . . .
0 20 40 60 80 100 120 0 20 40 60 80 100 120
Temperature (°C) Temperature (°C)
(a) SBSCM (b) SBNMOS

Figure 4.12: Measured temperature dependence of VRgr for five samples after trimming
emulation.

4.3 3-Transistor Voltage References

For the 3T voltage reference 4 versions were designed and fabricated: using the
conventional approach to achieve the lowest TC with the maximum temperature range
(Conv.); a 0.4 V supply with PSR enhancement (PSR Enhanc.); a Sub-kT/q and a high-
order (HO) compensated voltage reference. The following sections present the post-
layout simulation results for each of these versions. Figure 4.13 shows the chip photo
and the respective layout for each version of the 3T voltage reference.
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Figure 4.13: Chip photo of the proposed 3T voltage references and their layouts.

4.3.1 Post-Layout Simulation Results

The following subsections present the post-layout simulation results for the 4 versions
described above. The proposed 3T voltage references were designed in a standard 0.13-
um CMOS process.

4.3.1.1 Conventional and PSR Enhancement

The following results are for post-layout simulation of a standard 0.13-um. The layout
of the Conv. (red) and PSR Enhanc. (blue) versions are shown in Fig. 4.13. The occupied
area of these circuits are and 0.0006 and 0.0012 mm?, respectively. The Conv. version
is expected to start to operate at 0.3 V supply voltage, while the PSR Enhanc. is 0.4 V.
The dependence of the voltage reference generated by these versions with respect to the
supply voltage is shown in Fig. 4.14. The LS of the proposed circuits are 0.07 and 0.006
%IV for the 0.3-1.2 V (Conv.) and 0.4-1.2 V (PSR Enhanc.) supply voltage range. The
PSR Enhanc. presented an LS reduction of more than 11 times when compared with the
conventional approach. This was expected since this version was designed to provide a
voltage reference more independent on supply voltage variations.

The sensitivity of the proposed versions with respect to temperature variations in the
-25 °C to 125 °C temperature range can be evaluated through Fig. 4.15. The voltage
reference at minimum supply voltage is around 62.3 mV for both versions. At the typical
corner, the Conv. version presents a TC of 15 ppm/°C at Vpp=0.3 V and reaches 24.6
ppm/°C at Vpp=1.2 V. Under the same conditions the TC of PSR Enhanc. version is
almost independent of Vpp, presenting a variation of 14.3 to 14.9 ppm/°C from 0.4 to 1.2
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Figure 4.15: Voltage reference temperature dependence of the Conv. (red) and PSR En-
hanc. (blue) versions.

The power consumption temperature dependence for different values of the supply
voltage is shown in Fig. 4.16. At room temperature and minimum supply voltage the
Conv. and PSR Enhanc. versions consume 21 pW and 28 pW, respectively, while they
reach a maximum of 2.1 nW and 1.96 nW at 125 °C and 1.2 V supply voltage.

The PSR of both versions is presented in Fig. 4.17. The Conv. and PSR Enhanc.
presented a PSR of -67.3 dB and -98 dB at the minimum supply voltage, 100 Hz and
without any filtering capacitor, respectively. The results show that we can improve the
PSR by -30 dB by adding another series transistor to compose I oap and at the cost of
100 mV in the minimum supply voltage.

4.3.1.2 Sub-kT/q

Once again, the layout of the Sub-kT/q version is shown in Fig. 4.13, where it occupies
a total silicon area of 0.0009 mm?. As described in the design methodology section, this
version was designed to provide an output voltage reference less than 20 mV. By doing so
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and considering that M3 will operate at deep triode, thus significantly reducing its power
consumption at the minimum supply voltage. This version was designed to provide a 16
mV output voltage. Its sensitivity with respect to supply voltage variations is shown in
Fig. 4.18. As can be seen, the circuit can be considered to operate at a minimum supply
voltage of 120 mV while presenting a reasonable LS of 0.216 %/V.

The generated voltage reference temperature dependence for different values of supply
voltage is presented in Fig. 4.19. At typical corner, the circuit presents a TC of 754
ppm/°C at Vpp = 120 mV, while for Vpp > 500 mV the TC stays at 170 ppm/°C.

The proposed version consumes merely 430 fW at the minimum supply voltage and
room temperature and reaches 535 pW at 1.2 V supply voltage and 125 °C, as shown in
Fig. 4.20. The remarkably fentowatt power consumption is because at 120 mV supply
voltage M3 is in deep triode, thus reducing the power consumption.

As Fig. 4.21 shows, the PSR for the Sub-kT/q version is -120 dB at 100 Hz and Vpp
= 1.2 V and stays less than -90 dB up to 10 MHz. For the minimum supply voltage,
Vpp = 120 mV, the PSR increases to -38.4 dB. The deep triode operation of M3 at such
low supply voltage degrades de PSR because at 120 mV supply the Vpp variations are
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transferred directly to the gate of M and M>.
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4.3.1.3 High-Order Curvature Compensated

Post-layout simulation results for the temperature behavior of high-order temperature-
compensated VRgr is presented by Fig. 4.22, which shows Vrgr and Vx voltages optimized
for the -20 °C to 85 °C range, defined as the conventional approach (Conv.), and its sum,
with K < 1, resulting in the high-order compensation. From typical simulations, the
conventional circuit presented a TC of 8 ppm/°C while the proposed circuit achieves a
minimum TC of 1 ppm/°C at 300 mV of supply voltage with an average value of 90.5

mV.
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Figure 4.22: Temperature behavior of the proposed high-order voltage reference.

The LS obtained from 0.3 V to 1.2 V is 0.4 %/V as presented by Fig. 4.23(a). The
circuit consumes 43.7 pW at 0.3 V supply and 27 °C, and reaches a maximum of 1.3 nW
at 1.2 V and 85 °C, as shown by Fig. 4.23(b). At 0.3 V the circuit achieves a PSR of
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-45.3 dB at 100 Hz and -28.6 dB for higher frequencies, as shown by Fig. 4.23(c). The
dependence of TC with respect to Vpp is presented by Fig. 4.23(d), where it presents a
minimum TC of 1 ppm/°C at 0.3 V and a maximum 16 ppm/°C at 1.2 V.
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Figure 4.23: Post-layout performance for the 3T High-Order (HO) version.

The sensitivity to process and mismatch variability of the conventional and proposed
circuits are presented in Fig. 4.24. The mismatch variability is presented by Fig. 4.24(a),
where for the conventional implementation the circuit presents a 6/u = 2.85 % while the
proposed circuit presented a 6/u = 1.98 %. As the results show, the proposed scheme
makes the spread of the voltage reference stay the same while its mean was increased,
resulting in a 30% attenuation of the mismatch variability coefficient. This was achieved
with approximately the same S and S> ratios as for the conventional approach.

Considering mismatch variations, an average TC of 9.3 ppm/°C is achieved for the
proposed circuit while the conventional reached a mean of 17 ppm/°C. When considering
both process and mismatch variations, once again the proposed circuit presented a lower
mean TC (18 ppm/°C) compared to the conventional approach (26 ppm/°C). In both cases,
the spread of the TC in the proposed circuit was reduced. These results validate the
proposed variability attenuation scheme.
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4.4 Comparison With Other Works

Table 4.1 and Fig. 4.25 summarize the performance of the proposed circuits in com-
parison with published low power CMOS voltage references.

4.4.1 Self-Biased Voltage References

When compared with the non-self-biased works (Non-SB), the SBSCM and SBN-
MOS circuits presented 47.5x and 7.75x of power and area improvement, respectively,
while presenting the best FoM performance. As Fig. 4.25 explicitly shows besides pre-
senting better FoM than Non-SB, the leakage based solutions have the smaller area and
power consumption. The performance of the self-biased circuits concerning power, area,
and FoM is among the best in literature. Although LEE; SYLVESTER; BLAAUW (2017)
presents a higher FoM, when the 3T circuits are not considered, its minimum supply volt-
age is 1.4 V which is not suitable for low voltage applications. The SBSCM 0.45 V
operation is in the range of ultra-low voltage applications.

4.4.2 3T Voltage References

The 3T voltage references presented a FoM more than a decade better than previ-
ous works. The Conv. version presents the smallest area and highest FoM among the
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state-of-the-art. The Sub-kT/q version has the lowest minimum supply voltage and bet-
ter performance, when compared with the only Sub-kT/q voltage reference presented in
literature (ALBANO et al., 2015) while operating at sub-pW power consumption range.
Compared with the lowest power consumption and the smallest area of the voltage ref-
erences published so far, the proposed 3T voltage references presented 68.6x and 2x of
power and area improvement, respectively.

Table 4.1: Performance Summary of the Proposed Circuits and Comparison With Other
Works

Specification [1] [2] [3] [4]¢ [5] [6] [7]¢ [8]¢ [9]¢
Technology (um) 0.35 0.35 0.18 0.13 0.18 0.18 0.18 0.35 0.18
Vbp (V) 0.9-4 1.1-4 0.45-2 0.5-3 0.15-1.8  1.2-22  0.45-1.8 0.9-3 1.4-3.6
VRer (mV) 670 96.6 263.5 176 17.69 986.2 118.41 713 1.25
Temp. Range (°C) 0-80 -20-80 0-120 -20-80 0-120 -40-85 -40-85 -20-80 0-100
TC (ppm/°C) 10 11.4 142 29 1462 124 59.4 26 31
LS (%/V) 0.27 0.09 0.44 0.036 2.03 0.38 0.033 0.3 0.31
PSR @ 100 Hz (dB) -47 -60 -45 -51 -64 -42 -50.3 - -41
Power (pW) 36,000 22,000 2,600 29.5 26.1 114 15,600 2,900 35
Area (mm?) 0.045 0.0189 0.045 0.0093 0.0012 0.0048 0.0132 0.054 0.0025
FoM? (°C3/Wxmm?) | 0.0004 0.002 0.0007 1.25 0.315 0.23 0.0013 0.0025 3.7

Specification SB Voltage References™ 3T Voltage References™*

SBSCM | SBNMOS Conv. [ Sub-kT/q [ PSR | HO
Technology (um) 0.18 0.13
Vop (V) 0.45-3.3 0.6-3.3 0.3-1.2 0.12-1.2 04-1.2 | 0.3-1.2
VRer (mV) 225.3 [ 256.6" | 378 | 457.1° 62.2 15.9 62.3 90.7
Temp. Range (°C) 0-120 -25-125 0-125 -25-125 | -20-85
TC (ppm/°C) 104 | 72.4° [ 495 [ 116" 30.7 240.4 33 18
LS (%/V) 0.15 0.11 0.07 0.216 0.006 0.4
PSR @ 100 Hz (dB) -43.9 -46.8 -67.3 -38.4 -98 -45.3
Power@27°C (pW) 548 [ 147° 184 | 664 21 0.43 28 43.7
Area (mm?) 0.002 0.0017 0.0006 0.0009 0.0012 | 0.0012
FoM? (°C3/W xmm?) 1.26 1.1 58.1 535 203 11.6

*Measurement; *Simulation; *PC + MM (1000 runs); “After Trimming; by 10!,

[1] VITA; IANNACCONE (2007); [2] YAN; LI; LIU (2009); [3] MAGNELLI et al. (2011);
[4] SEOK et al. (2012); [5] ALBANO et al. (2015); [6] DONG et al. (2016);

[7]1 ZHU; HU; WANG (2016); [8] LUONG et al. (2017); [9] LEE; SYLVESTER; BLAAUW
(2017);
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5 CONCLUSION

In this thesis, we discussed the recent developments of ultra-low power voltage refer-
ences operating at very-low supply voltages. Specifically, special attention was given for
those operating at nanowatt/picowatt power consumption range. The main target of such
circuits lies on the Internet of Things (IoT) scope, such as energy harvesting systems and
energy-autonomous platforms. The power budget of these applications is extremely con-
strained, thus leading to the development of voltage references to attend this constraint.

The SCM structure is suitable for such applications since it can operate at very low
current levels. It has been widely used to perform voltage or current generation functions.
But prior works perform these functions separately, which leads to a higher power con-
sumption. Therefore, we explore self-biasing within the voltage reference generation to
further reduce the power consumption of SCM-based voltage references. Based on the
SCM with different V7 transistors, two variants of the same structure were proposed: a
self-biased self-cascode MOSFET (SBSCM) and a self-biased NMOS (SBNMOS) load.
Both circuits are described in detail, and design considerations are discussed. To com-
pensate for after fabrication process variations, trimming techniques for both circuits are
presented. The proposed circuits were fabricated in a standard 0.18-um CMOS process.
Measurement results for 24 samples show that they can operate at 0.45-0.6 V minimum
supply voltages, consuming merely 54.8 and 184 pW at room temperature. Without trim-
ming, from 0 to 120 °C the circuits presented a temperature coefficient of 104 and 495
ppm/°C, while after trimming this values were reduced to 72.4 and 11.6 ppm/°C at the
cost of increasing the power consumption. The variants of the proposed circuit achieve
a line sensitivity of 0.11 and 0.15 %/V and a power supply rejection of -43.9 and -46.8
dB. Also, the occupied silicon of the proposed circuits are 0.002 and 0.0017 mm?, respec-
tively.

Distinct V7 devices have different fabrications processes. Consequently, their process
sensitivity related to one another is large. Which also increases the sensitivity of the gen-
erated voltage/current references to process variations. To attenuate these variations, we
explore the dependence of V7 with the transistor dimension (RSCE and NWE) to obtain
distinct V7 while using devices of the same type. The proposed circuit is also based on
the SCM, and it is biased with the leakage current of a zero-Vr for PSR improvement
and ultra-low power consumption, leading to a 3T voltage reference. A detailed designed
methodology is described. To show its versatility, five different versions of the proposed
circuit were designed: a conventional, PSR enhancement, sub-kT/q, high-order compen-
sation and with reduced power consumption. The 3T voltage references were fabricated
in a standard 0.13-um CMOS process. Post-layout simulation results show that the pro-
posed circuit can operate 0.12 to 0.4 V minimum supply voltages with sub-pW/pW power
consumption.
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The measured (SBSCM and SBNMOS) and simulated (3T) performances were com-
pared with the state-of-the-art. The comparison shows that the SB VRs presented a 47.5 x
and 7.75x power and area improvement, respectively, with the best FOM performance
when compared to non-self-biasing solutions. Besides presenting the highest FoM, the 3T
VRs versions also presented the lowest minimum supply voltage, silicon area, and power
consumption when compared to all works used for comparison purposes. The given per-
formances and ULV and ULP operation make the VRs circuits proposed in this thesis
suitable for extreme power-constrained applications, such as battery voltage supervisors
and ultra-low power temperature sensors for IoT applications.

5.1 Future Works

There are several issues and applications of the circuits proposed in this thesis to be
addressed, such as the measurement of the 3T VRs and the application of theses circuits.
During the MSc studies, several other circuits were developed and were left out of this
thesis. Below, are listed the next steps of the research related to the proposed circuits:

1. Measurement of 3T voltage references fabricated in 0.13-um;
2. Publication of the results of the proposed circuits;
3. Measurement of the current references published in ISCAS’2017;

4. Development of current references using the reverse short-channel and narrow-
width effects;

5. Development of relaxation oscillators and temperature sensors based on the pro-
posed structures.
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