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Abstract

This thesis focuses on designing voltage and current reference circuits keeping high PSRR, low
IQ and low supply voltage operation in mind. These circuits are one of the most critical blocks of a
power management IC as they bias the LDOs and oscillators in any system. High PSRR makes the
reference robust to noise at the supply. Low IQ enables the reference to operate in an energy harvesting
system. Low supply voltage operation enables the reference to act as a voltage reference for crude
power-on-reset comparator. Negative feedback arrangements are put to use to get good PSRR,
subthreshold operation of MOSFETs is chosen to generate low bias current and low supply voltage.
Although CMOS voltage and current references have great area and 1Q specifications but they struggle
when it comes to having good accuracy. Therefore, a hybrid voltage reference consisting of BJTs and
MOSFETs is also proposed to improve the accuracy of the published voltage reference. Furthermore,
having 2 different circuits for generating a reference voltage and a reference current can result in area
overhead. Therefore, a 2-in-1 voltage + current reference circuit is also presented in this thesis.
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CHAPTER 1

INTRODUCTION

1.1 MOTIVATION

In the past decade the demand for low power analog circuits have increased many folds due to rise
in the usage of Internet of Things (IoT) devices which generally work with low power. It is forecasted
that by the year 2030 there will be over 30 billion IoT devices in use. [oT devices are often powered
by energy harvesters. Solar energy, piezoelectric energy and thermal energy are some of the forms of
energy which can be harvested. The energy harvester stores such energy in a rechargeable battery and
provides a small amount of energy for low power applications. This creates a huge opportunity for
analog designers to contribute in the field of low power IC design.

29.42
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Fig. 1.1. Projected market for IoT devices vs Year (Source: www.statista.com)
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Fig. 1.2. Forms of energy that can be harvested [1]
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The analog components used in these IoT devices consume nano-amps of quiescent current and
often work with sub 1V of supply voltage for limiting the power consumption. Furthermore, a duty
cycling technique is used in which the active mode is short-term and sleep more is long term. However,
certain analog components like current reference, voltage reference, sub-regulator etc must work in both
active mode and sleep mode with good accuracy.

" Voltage

Bias current
| reference core

Load

"TVDD ; :
| I
T g
M] M2 T ! M? Mg I
¥l . ' | _ﬂl
Lpias | My jIMH}*'UI My | —LM
:I | | s Ve |30
. 1 | My ; Vee
M; M, JjSkere N il b
- GF 0P | Cke E
L "lkngre | DC | _CL
(2-|— |Mﬁ | MGt Mh\[a:I | MISI
|
I
I

I1H

Sample-and-hold

Fig. 1.3. Example circuit of a duty cycled voltage reference [2]

The controllers used in DC-DC converters like flyback often use a resistor-capacitor based charging
for powering up the Internal Voltage (VINT) block in the start-up process. The value of the resistor is
kept rather high to limit the start-up current of the controller. The quiescent current of the VINT is
limited to few micro-amps to make the start-up process faster. A stable, PVT invariant voltage reference
is one of the most critical analog blocks present inside the VINT block. This voltage reference signal is
used to detect the Under-Voltage-Lock-Out (UVLO) and Power-on-Reset (POR) thresholds of the
controller. Therefore, a sub micro-amp, highly accurate voltage reference is required for fast controller
start-up and accurate UVLO/POR threshold detection.
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Fig. 1.4. An RC start-up based flyback controller (source: Richtek.com)
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Limiting the quiescent current of an analog block increases the on-chip area. Therefore, it becomes
a challenge for analog designers to keep both area and quiescent current specification in mind before
designing any circuit. Going with smaller technologies for area optimization is not always the best way
to design a circuit as accuracy is compromised. Therefore, the designer often tries to design his/her
circuit without high area consuming components like capacitors. resistors, amplifiers. Furthermore,
lowering the operating supply voltage to sub 1V enables the designer to use smaller MOSFETs.

All three factors, Low quiescent current, sub 1V operation and low area are kept in mind in
designing the reference circuits presented in this thesis. A sub 1V CMOS only voltage reference, a
9.5nW current reference are presented. Furthermore, a hybrid circuit consisting of a current reference
and a voltage reference is presented in this thesis.

1.2 WHAT IS A VOLTAGE REFERENCE?

VREF

PTAT

CTAT

Voltage

Temperature

Fig. 1.5. Reference voltage generated using PTAT and CTAT reference voltages
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Fig. 1.6. Generation of PTAT voltage
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Fig. 1.7. Circuit level implementation of a Bandgap reference (uses BJTs, OP-AMP and resistors)

A voltage reference is a widely used analog circuit which provides a constant (DC) voltage across
temperature, process and a wide range of supply voltages. A constant voltage finds many uses in analog
circuits. It can be used to (a) define the common mode levels in op-amps (b) define the LDO’s output
voltage (c) detect supply (VCC) thresholds for UVLO/POR detection (d) generate a reference current
etc.

To generate a quantity which is constant with temperature, two different voltage quantities (Vprar
and Vcrar) which have opposite behaviour with temperature are added proportionately. For example,
VREF = o Verar + a2 Verar. Where, VREF is the required reference voltage; Verar is generated such
that is it complementary to temperature; Vpraris generated such that it is proportional to temperature.
Therefore, a temperature independent voltage VREF is generated. Among various device parameters
present in semiconductor technologies, bipolar transistors are considered ideal to generate Vprar and
Verar. The forward voltage drop of base-emitter junction of a BJT gives a rather process invariant CTAT
voltage. The temperature coefficient of the VBE is approximately equal to -1.5mV/K and the nominal
value of VBE is approximately 700mV. To generate Vprar, the difference of VBE (AVBE) of two
differently sized BJTs (1: n) is considered. Therefore, the constant voltage generated by using bipolar
devices can be mathematically written as: (Fig. 1.7.)

VREF = VBE + AVBE
=VBE + V7 In (n)

To generate a voltage which is invariant to the changes in the supply, a supply invariant current is
generated with a circuit which is self-biased. The bipolar devices are biased with this supply invariant
current. Specifications like temperature coefficient of the reference voltage, ability of the circuit to
reject the noise at supply (PSRR), quiescent current, minimum supply voltage, area consumption are
judged to evaluate the performance of a voltage reference circuit.
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Temperature Coefficient: It is defined as the measure of change in the reference voltage over a
temperature range. Mathematically, it can be defined as:

VREFyax— VREFmin 41 16

" VREF nom * Temperature Range

TC

PSRR (Power Supply Rejection Ratio): PSRR is the ability of the circuit to stay immune to the noise
present at the supply. Mathematically, it’s the ratio of change in VREF to change in supply. It’s defined
in dB.

Minimum Supply Voltage: Nano-watt application require sub-1V operation of the voltage reference.
Therefore, voltage reference circuits which are used for nano-watt application operate with supply
voltage <1V.

Quiescent Current (IQ): IQ is the total steady state current consumed by the voltage reference.

1.3 EVOLUTION OF VOLTAGE REFERENCE (BIPOLAR TO
CMOS)

The Brokaw’s bandgap reference is one of the oldest and still widely used bandgap structures (fig.
1.8.). The original structure uses only bipolar transistors and resistors to generate the reference voltage.
Subsequently, several adaptations of the Brokaw have been published (Fig.1.9 and Fig. 1.10) The
primary advantage of the Brokaw is that it does not require any extra op-amp and the reference voltage
is taken from a high impedance node. The high impedance node allows the architecture to be extended
into a current reference as well.

V+

outr

L

Fig. 1.8. A Brokaw Bandgap Reference [3]

The use of op-amp in bandgap reference circuit is avoided as much as possible to eliminate the DC
offset errors [4]. Although, use of op-amp becomes rather necessary for designing sub 1V bandgap
references [5]. Several bandgap structures use PNP bipolar transistors instead of NPN (Fig. 11-12]. PNP
or NPN bipolar transistor-based architectures are chosen based on their availability in the foundry.

Although, use of bipolar devices give best results accuracy wise, it does have its drawbacks. Firstly,
bipolar devices take significantly larger area than MOSFETs. Secondly, the quiescent current of
bandgap reference circuits is rather large compared to that of CMOS voltage reference circuits. These
factors make the traditional BJT based bandgap reference futile for [oT/low power applications where
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area and quiescent current take precedence over accuracy. Although, research is on-going for improving
the accuracy of modern-day CMOS voltage reference circuits.
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Fig. 1.9. Modified Brokaw Bandgap reference without PNP BJTs [6]
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Fig. 1.10. Modified Brokaw Bandgap reference without using BJT [7]

Recently, many papers have been published on CMOS voltage reference circuits which operate with
nano-amps of current [8-16]. All these papers operate the MOSFETs in subthreshold region instead of
operating the MOSFET in saturation region. Reason being, it is possible to make the MOSFET behave
as a BJT when it is biased in subthreshold region.
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Fig. 1.12. An alternate way to design a sub-1V voltage reference

AVBE characteristics of bipolar can be emulated by AVGS characteristics of two MOSFETs
operating in subthreshold region. Where, AVGS is the difference of gate-source voltage of two
MOSFETs operating in subthreshold region. This has given rise to a whole new range of voltage
reference architectures that operate with nano-watts to pico-watts of power consumption. The Brokaw
which used resistors and BJTs operated with micro-amps of current and consumed a lot of area but it
could give a 6-sigma accuracy of 2% for the reference voltage. Modern day CMOS voltage reference
circuits can operate with few nano-amps of current and consume a fraction of on-chip area which was
consumed by the Brokaw for approximately 20% 6-sigma accuracy for the reference voltage. Therefore,
trimming arrangements are necessary for CMOS voltage references. Although several papers have been
published on pico-watt voltage references (Fig. 1.13) [17-20], its usage is not always possible since the
leakage currents are not always well modelled in many technologies.
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Fig. 1.13. A 2-Transistor, pico-watt voltage reference [17]

1.4 PERFORMANCE REVIEW OF EXISTING CMOS
VOLTAGE REFERENCES

As for the previously designed CVRs, [8-10] have used an amplifier to improve the PSRR. The
amplifier demands excessive current from the supply; therefore, the voltage reference circuits with
amplifier are more power-hungry. Guo et al [11] have stacked MOSFETs to ameliorate the line
sensitivity of the reference voltage. Such technique compels the designer to go for a higher supply
voltage (> 1V). Wang et al [12] have used a resistor to generate a temperature and supply independent
current but a large resistor is used to scale the current to nA range. Huang et a/ [13] have used different
Vth NMOS transistors. This requires an additional fabrication mask which results in extra
manufacturing cost. Parisi et a/ [14] have used a loop to generate supply independent current but the
circuit suffers from poor line sensitivity of 2%/V. Zhou et al [15] have achieved an excellent PSRR of
75 dB at DC without using any amplifier but the design uses BJTs which makes it power inefficient.

1.5 OP-AMP FREE VOLTAGE REFERENCE CIRCUITS

As for Recently, various types of op-amp free voltage reference circuits have been published (Fig.
14-16). The primary advantage of eliminating the op-amp is that it eliminates the offset introduced by
the op-amp. Also, removing the op-amp makes circuit power and area efficient.
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Fig. 1.14. OP-AMP free, negative feedback-based voltage reference implementation [7]
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Fig. 1.16. OP-AMP free, negative feedback-based voltage reference implementation [22]

Although, the recent works on op-amp free voltage reference deliver reasonable performance, they
use BITs, resistors. These components consume a significant power on the chip which defeats the

purpose of not using an op-amp.

1.6 WHAT IS A CURRENT REFERENCE?

A current reference is a widely used analog circuit which either sources or sinks a constant (DC)
current to bias subsequent modules on the chip like amplifiers, voltage references, regulators, oscillators
etc. Current reference finds its application in oscillators as well where the reference current is used to

Current

. IREF -

PTAT

CTAT

Temperature
Fig. 1.17. Reference Current Generated using PTAT and CTAT Reference Currents
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charge the capacitor in a relaxation oscillator. Essentially, the reference current needs to be (a) supply
voltage independent (b) temperature independent (c) process independent.

Although, it is possible to generate a sinking current with an arrangement as shown in Fig. 1.18.
But the generated current will vary with changes in the supply. Therefore, for a supply independent
current generation, it is ensured that the circuit must bias itself. The goal is to ensure, IREF is
independent of VDD. This kind of circuits are known as self-biased circuits (Fig. 1.19).

’out

My J=—[, M

Fig. 1.18. A crude current reference circuit

Fig. 1.19. Self-Biased current source example circuits

1.7 EVOLUTION OF CURRENT REFERENCE

Traditionally, there are 4 different types of current references: (1) AVBE based current reference
[23-26] (2) Beta-multiplier based current reference [27-31] (3) Zero Temperature coefficient (ZTC)
based current reference [32-34] (4) Division based current reference [35-40].

In AVBE based current reference, the PTAT current is generated by dropping AVBE across a
resistor (Fig. 1.20.). The CTAT current is generated by dropping VBE across a resistor. The PTAT and
CTAT currents are added proportionately to generate a reference current. Such architecture has similar
drawbacks as the bandgap reference. That is, it consumes large area and quiescent current. A large
resistor, often 10s of Mega-Ohms is required to limit the CTAT current to nano-amps.

-10-
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Fig. 1.20. PTAT current generation using AVBE and CTAT current generation using VBE

Beta-multiplier based current reference circuits (Fig. 1.21.) operate the MOSFETSs in subthreshold
region. In such circuits, the AVBE characteristics of NPN or PNP is emulated by the NMOS or PMOS
in subthreshold to generate AVGS. The generated PTAT voltage (AVGS) is dropped across a resistor to
generate a PTAT current. The CTAT current is generated by dropping VGS across a resistor and the
reference current is generated by adding the PTAT and CTAT current proportionately. This method has
two major disadvantages. Firstly, the CTAT voltage varies significantly with process. Secondly, a large
resistor (in the order of 10s of Mega-Ohms) is required to limit the CTAT current to nano-amps.

VDD r
T WAL

1) s 3 5 3 1) ‘Msg

50 s

L1y 5 0
ias3
S2 - .+
1y rim

Fig. 1.21. PTAT current generation using AVGS and CTAT current generation using VGS [41]

In ZTC based current reference (Fig. 1.22.), the gate voltage of a source follower NMOS is biased
such that the drain current of the NMOS has minimum variation with respect to temperature. This
method also has 2 drawbacks. The process variation in the generated reference current is rather large.
Also, a large length has to be chosen for the source-follower NMOS to limit the reference current.
Finally, reference current can be reliably generated by dropping a constant voltage across a constant
(Fig. 1.23). The resistor used is rather large to limit the reference current to the order of nano-amps.

-11-
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Fig .1.22. ZTC based current reference Fig 1.23. VREF/R based current reference

1.8 PERFORMANCE REVIEW OF EXISTING CURRENT
REFERENCES

The most recently reported current reference uses the sum of CTAT and PTAT currents [41], [42],
[43]. For instance, design introduced in [41] used curvature compensated technique to achieve low TC,
but the power consumption and minimum supply voltage are considerably high (>1V). Authors in [44]
proposed a resistor-less CMOS current reference but has a poor TC. Authors in [32] proposed zero
temperature coefficient (ZTC) biasing to generate temperature compensated current reference but has a
limited minimum supply voltage (>1.5V), and the line regulation is also influenced due to second-order
effects. One of the possible designs for current reference circuits is based on peaking current source
[45]. Authors in [46] proposed a modification in the conventional peaking current source for
temperature compensation by adding an n-well resistor but has a poor TC and the line regulation which
is unacceptable in some applications due to short channel effects. in [35] process insensitive temperature
compensation is achieved by taking the ratio of compensated voltage and on-chip resistance, but at the
cost of higher supply voltage and power consumption.

1.9 SUB-BANDGAP REFERENCE

Traditional Bandgap reference circuits (BGR) use BJTs and resistors for providing a constant
voltage with +/- 2% six sigma trim-free accuracy. Despite their excellent accuracy, these BGR circuits
have the following disadvantages:

The power consumption is rather large (in 10s of micro-watts).

The use of 1:8 BJTs (9 BJTs) for the PTAT current generation takes up significant on-chip area.
They tend to require an op-amp to achieve proper operation at low supply voltage.

The op-amp takes up extra on-chip area and quiescent current.

Furthermore, it adds inaccuracy to the reference voltage due to its DC offset.

nhk L=

Existing CMOS based voltage references (which use threshold voltage of a MOSFET for CTAT
voltage generation) are highly inaccurate (+/- 20% six sigma trim-free accuracy) due to the process
variations in the threshold voltage. These voltage references are still widely used for low area
applications.

-12 -
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Fig. 1.25. A sub-BGR architecture published in [4]

In the recent years, a new category of voltage reference circuits has emerged. Such circuits generate
the PTAT characteristics using CMOS transistors and the CTAT characteristics using BJT (vice versa).
Such hybrid structure is known as sub-Bandgap reference. They are power efficient as well as area
efficient.

1.10 THESIS ORGANIZATION

This thesis is organized as follows: Chapter 2 explains the CMOS only voltage reference. Chapter
3 explains the CMOS current reference. Chapter 4 explains the sub-bandgap reference circuit. Chapter
4 explains the hybrid reference circuit consisting of both voltage and current reference. Conclusion and
future scope are explained in chapter 5.
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CHAPTER 2

ULTRA LOW POWER CMOS VOLTAGE REFERENCE

A novel CMOS voltage reference (CVR) is presented in this chapter. The CVR architecture (Fig. 2.1)
consists of a current generator circuit and a temperature compensation circuit. The current generator
circuit provides a supply independent current to bias the active load in the temperature compensation

circuit. The active load generates a PTAT voltage and a CTAT voltage.

> High PSRR Current

Source
Ihias Ihias
PTAT CTAT
S'EI\:E# i voltage voltage
generator generator
VeTaT Verar

Biasing for MOSFET operating in Triode 4
region

Fig. 2.1. Concept of the designed CVR

p
Vref

2.1 SCHEMATIC AND WORKING OF THE CMOS
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Fig. 2.2. Schematic of the CMOS voltage reference

Current through a MOSFET biased in the subthreshold region is given by:

o =15 ) exp (Z12) {1 - exp (129))

For Vps> 4V, Ip is almost independent of Vps and is given by:
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Ip=1Is (—) exp (VGS V”’) (2.2)

From (2.2), gate-source voltage (Vs) can be written as:

Ves =V +nVrin <1_W> (2.3)

ST

Where, Is = piu(n - 1)CoxV7?; Va is the threshold voltage of the transistor which has a CTAT nature, Vr
is the thermal voltage which has a linear temperature dependency, u, is mobility, # is the subthreshold
slope factor. As per Fig. 2.2, drain-source voltage (Vz) of transistor MNR can be written as:

Ve=Ves' - VEs” (2.4)

nggv " and V%fg\/z are the gate-source voltages of MN1 and MN2. Using (2.3) and (2.4), V' can be written
as:

Vi =nVrin (220302) 2.5)

Iyn2 Suni

Iun: and Iy are the currents in transistors MN1 and MN2, Syw; and Sy are the aspect ratios of MN1
and MN2, Current (/pius) through the MOSFET MNR is given by:

VR

Tyias = R_dy (26)
_nr Tvni Synz
R In (1MN2 SMNI) 27

Ry is the resistance of the MOSFET MNR which operates in deep triode region. MNR is biased with the
reference voltage. Ry, is mathematically written as:

1

Ry = (2.8)
Hy COX(WR)( s =V
Substituting (2.8) in (2.7), upon simplification, we get the current (/bias) as:
4 Tt S,
Iws= 1V pbn Cox () (V= Vi) x I (P2£22) 2.9)
Diasar p, T (2.10)

Without the feedback, due to asymmetry in the circuit, the drain-source voltage of MOSFETs MP1 and
MP2 vary unequally with change in supply voltage. Therefore, currents in MP1 and MP2 are not exactly
equal due to short channel effects. As a result of this, /s varies with supply. Therefore, the drain-source
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voltage of MP1 and MP2 must be made equal to accurately match the currents /yw; and Iyw:. Traditional
voltage reference circuits use an amplifier to equate the drain-source voltages, which results in excessive
power consumption. A feedback circuit consisting of MNO and MPO is used to equate the drain-source
voltages in the proposed CVR. From Fig. 2.2, the feedback can be mathematically explained as
following:

ibias = & (Vg — Vi) @2.11)
ve''= = & Rups (Vg = Vaa) (2.12)
VIV R gMIR, v (2.13)
VI R @R (2.14)

In 2.11-2.14, ipiwsis the small signal current. g", g'*' and g"'™ are the transconductance of MNO, MNI,

MP2. v,q is the small signal supply voltage. vy", vy"' and vy” are the small signal gate voltage of

MOSFETs. R,,,, R,,,,; and R,,,, are the resistance seen at the drain of MOSFETs MNO, MN 1, MP2. From
(2.12), (2.13), (2.14), v;™ can be written as:

P2 & Rup2 €0 Runt 25y Ruvo v 2.15)
€ T I Rue g Rt 8 Ruvo - ‘
Loop Gain.ve feeavack = &, Rugp2 &, Runi 5y Rvno (2.16)

The gain achieved by the negative feedback formed by MNO, MP0O, MP2, MN2, R4, MN1 is much
larger than the gain achieved by the positive feedback formed by MNO, MPO, MP1, MN1 due to
common-source amplification. Therefore, (2.11-2.15) are approximated and VQ,/IP 2 can be written as

follows:
VP2 = v (2.17)

From (2.11) and (2.17), it can be concluded that the current is insensitive to change in supply voltage
This results in an excellent PSRR of —75dB at DC for the reference voltage. A MOSFET (MC1) is used
as a capacitor to ensure the stability of the generated current. Temperature compensation is achieved
with the help of the CTAT nature of gate-source voltage of MN7 and PTAT nature of 4Vss of MN3-
MN4 and MN5-MN6 (Fig. 2.2). MN3-MN7 are operated in the subthreshold region. Temperature
compensation is mathematically explained below:

From (2.3), Gfgv 7can be written as:

Iius
yuN7 =V%N7+17Vrln(1m) (2.18)

The temperature dependency of Vi can be approximated as:

-16 -



Vi = Va(Ty) — ar (T — Ty) (2.19)

Vi(Ty) is the threshold voltage of the MOSFET at room temperature and aris the first derivative of

threshold voltage with respect to temperature. The first term in (2.18) is dominant. Therefore, Gfgv 7
provides a CTAT voltage. From Fig. 2.2, the reference voltage (V) can be written as:

Vig=Ves +A4Vas ™ + Aves™* (2.20)
=VMN7 4 pVil Shans Sy 221
GS hrTi (SMNO SMN4) ( )

The temperature dependency of V7 can be written as:
Vr=— (2.22)

In (2.20), 4 G§V3’4 is the difference between gate-source voltage of MN3 and MN4, 4 Gé\”ﬁ is the
difference between gate-source voltage of MN5 and MNG6, k is Boltzmann’s constant. The first term in
(2.21) has a CTAT nature and the second term has a PTAT nature. Therefore, the reference voltage (V)
is temperature compensated.

2.2 RESULTS AND DISCUSSION

The proposed CVR is designed in TSMC 180nm technology. The variation of reference voltage
with respect to supply voltage is plotted in Fig. 2.4. A line sensitivity of 0.02%/V is achieved for the
reference voltage for a supply voltage range of 0.9V to 2.3V. The variation of reference voltage with
respect to temperature is shown in Fig. 2.5. A TC of 84 ppm/°C is noted at the typical corner for a
temperature range of -20 °C to 80 °C. The proposed circuit can deliver a reference voltage around
680mV from a supply as low as 0.85 V. The feedback consumes 11nW of power. A decent phase margin
of 55 degrees is noted for the feedback in the simulation. The branch consisting of MP1 consumes 13nA
of current and 5.2nA of current flows through MP3-MP5. Monte-Carlo simulations for TC and reference
voltage are performed to test the circuit for mismatch and process variations (Fig. 2.6). The reference
voltage has a mean of 681mV and a standard deviation of 16mV. A spread (o/p) of 2.3% is noted for
the proposed CVR which is better than [8] which has a spread of about 5%. TC takes a maximum value
of 184 ppm/°C and a minimum value of 69 ppm/°C in the Monte-Carlo simulation. An average TC of
100 ppm/°C is noted. An excellent PSRR of -75dB is noted for the circuit at 10Hz (Fig. 2.7).
Furthermore, the included CMOS LPF [16] improves the PSRR at higher frequencies. A PSRR of -46
dB is noted at 10MHz. The power consumption of the CVR across the temperature range is plotted in
Fig. 2.8. The circuit consumes less than 50nW of power across the temperature range in typical corner.
Layout for the CVR occupies an area of 0.065mm? (Fig. 2.9). The proposed CVR is compared with the
state of the art in Table 1.
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No. of Samples

Table 1: Performance summary and comparison

SPECIFICATIONS This Work | [8] [14] [15] [16]
Technology (nm) 180 65 130 180 180
Vs (mV) 681 460 800 630 893
Vaa (V) 0.85-2.3 0.9-2.6 1.1-2.4 1.35-1.8 | 1.1-2
Temperature Range ("C) | -20 to 80 -40 to100 -40 to 85 -20to 80 | -30to 80
Power (nW) 46 480 27.5 1188 550
TC (max) 184 55 450 44.4 NA
TC (min) (ppm/ °C) 69 4.2 30 14 NA
TC (avg) 100 13.9 100 14.1 19
LS (%/V) 0.02 2.29 2 0.105 0.09
PSRR (dB) @10Hz -75 -38 -36 -75.6 -75
@10MHz -46 -61 NA NA -50

N
o
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Fig. 2.6. Monte-Carlo for Vs and TC

PSRR (dB)

Frequency (Hz)

Fig. 2.7. PSRR of the Proposed Circuit
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Fig. 2.9. layout of the proposed CMOS voltage reference

2.3 CONCLUSION

A CVR is presented in this chapter which delivers a reference voltage around 680mV. The
proposed CVR works from a supply voltage as low as 0.85V and achieves a high PSRR of -75dB at 10
Hertz and -46 dB at 10 Mega Hertz. A line sensitivity of 0.02%/V is noted for the proposed CVR. The
circuit consumes only 46nW of power at 0.85V supply, which makes it suitable for ultra-low power

applications.
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CHAPTER 3
ULTRA LOW POWER CMOS CURRENT REFERENCE

A highly stable CMOS current reference using a peaking current source is proposed in this chapter.
The advantage of the proposed work is that the temperature compensation of reference current is
achieved by taking the ratio of compensated voltage (Vcomp) and on-chip resistance without using an
opamp. Where Vcomp is a temperature compensated voltage. The minimum supply voltage achieved is
0.55V, which makes it suitable for low voltage applications. The proposed architecture uses a similar
VTH MOSFET to avoid additional masks. The conceived CMOS current reference uses PD-AMP to
suppress second order effects such as channel length modulation (CLM) and drain induced-barrier-
lowering (DIBL) and achieves remarkably low line sensitivity of 0.022%/V. Additionally, the results
shows the power consumption is remarkably reduced to 9.5nW.

3.1 SCHEMATIC AND WORKING OF THE CMOS
CURRENT REFERENCE

The proposed current reference is illustrated in Fig. 3.1. The PTAT voltage is generated from the
supply independent peaking current block by taking the difference of the gate to source voltage of the
MOSFET. The CTAT voltage is generated by exploiting the dependence of threshold voltage on the
body to source voltage of MOSFET. Transistors MR1 and MCI1 are used for frequency compensation.
All the MOSFETs operate in the sub-threshold region, which results in low power consumption.
Transistors M1-M4 consist of the start-up circuit that brings out the core circuit from a dead operating
point (zero current) to its normal operating point. When the circuit reaches the desired operating point,
the start-up operation gets over.

Considering the supply independent peaking current block shown in Fig. 3.1:

VGSmp3—VGSmps
Lin = —HE 3.1

When the drain-source voltage of a transistor (VDS) is more than 4VT , the well-known subthreshold
current equation can be written as: (well-illustrated in [7])

w. Vos=Vi
Ip=1Is (f) exp (%) 3.2)

Where, Is = pn(7 - 1)CoxV7’; (W/L) is the ratio of transistor’s width and length, VGS is the gate to source
voltage of the MOSFET, Vth is the threshold voltage of the transistor, VT = KT/q is the thermal voltage

which has a linear temperature dependency, W, is mobility and 1 is the subthreshold slope factor. From
Eq. (3.1) and Eq. (3.2), Ii» can be written as shown in Eq. (3.3):

Vthyps— Vthypa+ VT In ( lin K4 )

[in - Iref K3 (33)

where, K4/K3 = (W/L)mpa/(W/L)mps. MP3 and MP4 being similar Vth MOSFET, Iref can be written as:
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K4

-IinR
L = I = exp(

nvT )

(3.4)

Considering the current mirror, and assuming m = (W/L)uns/(W/L)mnz and MP3 and MP4 being similar
Vth MOSFET, Eq. (4) can be written as shown in Eq. (5):

K4
mK3

nmvVT
R

Ly = In(

) (3.5)

From Eq. (5) temperature coefficient of the output current is derived as:

Olref

TCIref =

In which, TCr and TCyr are temperature coefficients of thermal voltage and R, respectively. From Eq.
(3.6), the reference current of a peaking current source cannot be made temperature independent (well-
illustrated in [13]). The proposed architecture of peaking current source is made supply independent by
pseudo-differential amplifier shown in Fig. 1. For VDS >4VT the drain current of a MOSFET becomes
almost independent of drain voltage Eq. (3.2). Such current saturation is observed in long channel
MOSFET where DIBL effect is negligible. In short channel MOSFET due to DIBL, drain current
depends on VDS since the threshold voltage becomes a function of VDS (well-illustrated in [14]).
Therefore, currents in MP3 and MP4 are not exactly equal and vary with supply. A PD-AMP is used
instead of a traditional op-amp to make the node voltage at VX and VY equal so that the effects of DIBL
is compensated. A MOSFET MCI1 is used as a capacitor and MR1 is used as a resistor for frequency
compensation. The PD-AMP consumes a current of 0.62nA which makes it suitable for ultra-low power
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applications. A phase margin of 37.50° is achieved for the feedback and loop gain of feedback is 39.5dB
Fig. 3.2 which is good enough to ensure low line regulation of 0.022%/V.

CTAT voltage generator block is depicted in Fig. 3.1. MP1 and MP2 are similar Vth MOSFET. MP1,
MP2 and MN1 are kept in subthreshold region. Since the current through MP1 and MP2 is equal, Vioay
can be expressed as:

Vo= Vthypy — Vthypy + VT In (32) + VDD (3.7)

AVthl,z = VthMPl - Vth,Mpz (38)

The term VDD — VT InK2/K1 in Eq. (8) generates a CTAT voltage. AVth,is a very small value and
MP1 and MP?2 are similar type of MOSFET, so it can be neglected. By proper sizing of MP1 and MP2,
the CTAT term can be controlled. The generated Vioay can track VDD making a constant Viposy —VDD
with respect to supply. As shown in Fig. 3.1, we use Vpoqy to bias the body terminal of MOSFET MP3.
Since Viody— VDD is constant, [VBS| of MP3 is supply insensitive as shown in Fig. 3.3.

The key idea of the architecture is to generate temperature independent current reference by taking the
ratio of compensated voltage (Vcomp) and on-chip resistance R as shown in Eq. (3.9)

_VYcomp _ Vcompo(1+ acomp AT)

Ire R RO (1+ ag AT) (39
where, Veompo and Ry are the voltage and the resistance at nominal temperature TO, and Ocomp, Or are
their TCs, respectively. By making the TC of Veomp equal to the TC of the resistance, I.r can be made
temperature independent. As MP3 and MP4 are the same type of MOSFET, the CTAT voltage is
generated from the body bias effect on the Vth of MP3. From Eq. (3.3), Lr can be expressed as:

m —V2er+nVTin (1?:;;43) (3.10)

R

Ly =

The term 2¢F — VT In(K2/K1) in Eq. (3.10) generates a CTAT voltage, where K2/K1 =
(W/L)mp2/(W/L)me1 and the second term generates a PTAT voltage. Taking derivative of Eq. (3.10) with
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Device Width (um) | Length (um) | Multiplier
MN1-MN3 1 10 50
MP1 1 10 16
MP2 1 10 60
MP3 1 10 15
MP4 1 10 27
M5-M8 0.5 10 3

Table. 3.1. Design values

2.00] LA .
—> Constant|Vgs| 0.05 - P
173 = e
150 0.04 = g | |
S 125 2 ="
> 003 8 Y 1o ——d___,_——,,__,,,,——
T 1.00{ > c
=] ©
£ 0.75{ 002 | + 0.9
g 8
0.504 0.8
: 0.01 > (-3
0.251 o7 /
0.00 L 0.00 v v v v v
00 05 10 15 20 -20 o 20 40 60
Supply Voltage (V) Temperature (°C)
Fig. 3.3. Vioay tracks VDD change and creates Fig. 3.4. R at different process comers.

constant [VBS| for MP3.

respect to temperature and equating it with zero, we come to a relation between the TC of on-chip
resistance (or) and the aspect ratio of MOSFETs MP1-MP4. The TC of on-chip resistance can be written
as shown in Eq. (11):

OR

TCR:W

(3.11)
Temperature independence of I.r can be achieved by proper choice of on-chip resistance and proper
sizing of the aspect ratio of MOSFET MP1-MP4. The process dependence of the on-chip resistance
depends upon how R and or are related to process variation. Fig. 4 illustrates the value of R in various
process corner (TT, FF, SS). The plot of I.r at different process corners is shown in Fig. 9. The
component parameters used in the proposed circuit is shown in Table 1.

3.2 RESULTS AND DISCUSSION

The proposed current reference is designed in TSMC 180nm technology, and the simulation results
are demonstrated. The resistor is implemented using a p-poly resistor. Al MOSFETSs operate in sub-
threshold region. The circuit consumes only 9.5nW of power from a 0.55V supply. This current
reference reduces the power in orders of 3 compared to the existing low power designs at typical
conditions (minimum supply voltage and room temperature). A line sensitivity of 0.022%/V is achieved
for a supply voltage range of 0.55V to 1.9V, as shown in Fig. 3.5. The variation of Iref with respect to
temperature is shown in Fig. 3.6. A TC of 162ppm/°C is achieved at typical corner for the temperature
range of -30°C to 70-C. Fig. 3.7 shows the dependence of I.r on supply and temperature variation.
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Fig. 3.11. Layout of the proposed design

In order to look into the effect of process variations on reference current and its TC, Monte-Carlo
simulations are performed Fig. 3.8 for 1000 samples. The reference current has a mean (p) of 5.6nA
and the standard deviation (o) is 580.5pA. An average TC of 256.07ppm/°C and standard deviation (o)
of 109.1ppm/~C is noted. To prove the property of the circuit for ultra-low-power applications, Monte
Carlo simulations is performed for power consumption on 1000 samples and the obtained plot with a
mean (9.58nW) and standard deviation (996.2pW) is shown in Fig. 3.10. Layout for the circuit is done
and occupies an active area of 0.0326mm?2 as shown in Fig. 3.11. It can be seen that the proposed current
reference achieves the lowest supply voltage of 0.55V and lowest line sensitivity of 0.022%/V. All
results are shown for post layout simulations.

3.3 CONCLUSION

Low power and low voltage CMOS current reference with a 0.55V supply and is herein presented.
A peaking current source is proposed which cancels out the ratio of the compensated voltage and on-
chip resistance by employing a CTAT voltage generator which exploits the threshold voltage
dependence on the body to source voltage of the MOSFET, while consuming only 9.5nW of power and
generating 5.6nA of reference current. The design enhances the performance of line regulation with the
adopted PD-AMP which consumes only 0.62nA of current. The performance of the proposed circuit
makes it suitable for biomedical applications that require low-supply voltage and power consumption.
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CHAPTER 4
SUB-BANDGAP VOLTAGE REFERENCE

The Proposed sub-BGR (Fig. 4.1.) consists of a supply independent current source, a voltage divider, cascaded
PTAT voltage generator blocks and a low pass filter. The emitter-base voltage of a BIT present in the current source
generates a CTAT voltage. The slope of the CTAT voltage is adjusted with the voltage divider circuit and PTAT
voltage generators are cascaded to generate the PTAT voltage for temperature compensation of the reference
voltage. A low pass filter is included to improve the PSRR at higher frequencies.

Feedback Based Current Source
START-UP |—p (Ib)

lVCTAT =Vgg ilb

Voltage Divider —>?4— PI;AT Voltage
enerator

Low Pass Filter — VREF

Fig. 4.1. Concept of the sub-Bandgap Reference

Fig. 4.2. Schematic of the proposed Sub-Bandgap Reference

4.1 WORKING OF THE PROPOSED SUB-BGR

Current through a MOSFET biased in the subthreshold region is given by:

Ip=1Is (VZV) exp (%) {1 —exp (_;fs)} (4.1)
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For Vps> 4Vr, Ip is almost independent of Vps and is given by:

Ip=1Is (VIV) exp (%) 4.2)

From (2), gate-source voltage (Vgs) can be written as:

Vas =V + yVrin <IILW> 4.3)

ST

Where, Is = pin(n - 1)CoxV7’; Va is the threshold voltage of the transistor which has a CTAT nature, Vr
is the thermal voltage which has a linear temperature dependency, u, is mobility, # is the subthreshold
slope factor. As per Fig. 4.2, keeping the emitter areas of Q2 and Q3 same, the voltage across the resistor
(V&) can be written as:

Ve =Vesunz — Vesuns 4.4

Vasmnz and Visiyns are the gate-source voltages of MN2 and MN3. Using (4.3) and (4.4), Vz can be
written as:

Vi = yVrin (L2202 4.5)

Iy Sunz

Tunz and Iyws are the currents in transistors MN2 and MN3, Sy and Syws are the aspect ratios of MN2
and MN3, current (/) through the resistor (R) is given by:

I, = 3 (46)

Iy =1y (B2 @.7)
R 1Nz Sunz
-— Vdd

v (va-v")

r
I/ g,r;,:P’ § MP2

MN1

& (va-vy") l)

’__

MP3
v Cl

Ve

) r MN2
MNI ( (MNI
& (v

-v)

V: ¢—

Ri

7 (7 -0)

V2

_‘ V;l\'}

R3

-
gnd

Fig. 4.3. Small Signal model for Feedback Analysis
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Without the feedback (MP1, MN1, Q1), the drain-source voltage of MP2 and MP3 vary unequally with supply due
to asymmetry in the circuit. Therefore, currents /iy and Iyns are not exactly equal due to short channel effects. The
drain-source voltage of MP2 and MP3 must be made equal to ensure good line regulation of the generated current
(1»). The core of the current source circuit consists of a negative feedback loop (MP3, MN3, MN2, MN1, MPI) and
a positive feedback loop (MP2, MN2, MN1, MPI). From Fig. 4.2, the feedback can be mathematically explained
as following:

P~ MP3 MP3
Ip~ gm (Vdd - ‘/g ) (48)
N2~ P3 P3
Vg ® =g "Ry (Ve = Vaa) (4.9)
VIV g:y,,mrMpzr MN2 PN ( 4 10)
g Ry + 1y eyt m'zg%WRZ g ’
PRGN
VIR - S 4.11
£ 7T iRy gy @11

In 4.8-4.11, iy is the small signal current. g, g""* and g are the transconductance of MN1, MN2,
MP3. vy, is the small signal supply voltage. vy"', vy" and vy” are the small signal gate voltage of
MOSFETs. R, = 1/go1; R2= 1/gg2; R3= 1/ g + 1/ gos + R; gm an go are the transconductance of the

MOSFET and BJT respectively. From (4.8-4.11), v™ can be written as:

VP = v (4.12)

1
Dominant Pole = ’ 4.13
2m{(R> + 1yt ng:f{wR_’)‘ |72t Ce ( )

The gain of the negative feedback is larger than the gain of the positive feedback due to the common-source
(degenerated) amplification at MN2. From (4.12), it can be noted that the gate of MP 3 closely tracks any change
in supply. This ensures the stability of the current generator circuit and a supply independent current (/;) is generated
(Fig. 4.5). A capacitor Ccis used for frequency compensation. A decent phase margin of 56 degrees is achieved for
the feedback and the loop gain of the feedback is 35dB (Fig. 4.4) which is good enough to accurately match the
drain-source voltage of MOSFETs MP2 and MP3.

Zain (dB)
e
2
|
Phase (deg)

‘u“
3
o

| A |

-60.0

-80.0 —

10! 10° 10! 10* 10” 10* 10° 10°
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Fig. 4.4. Loop Gain of the Current Source Feedback loop
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The generated reference voltage is the sum of the CTAT emitter-base voltage of the BJT (Q3) and the
PTAT voltage generated by the differential cell (M1-M4, MNS5). For nanoamps of bias current, the
absolute value of the TC of the emitter-base voltage is very high. Therefore, a voltage divider [9]
consisting of PMOS transistors (MD1-MDN) is used for adjusting the slope of the CTAT voltage. Vo
can be written as:

Vo= % Verr (4.14)

Where, Verr = Ves of Q3; N is the total number of PMOS transistors present in the voltage divider
circuit. The voltage divider draws negligible current (gmpi.py << gps3). Differential cell-based PTAT
voltage generators are used instead of NMOS composite pairs [10] since the differential cell offers high
input impedance, thus, the operating point of the MOSFETSs present in the voltage divider circuit are
not disturbed. The reference voltage (VREF) can be written as:

_k Suz Suz
VREF= % Verr+ 3y Vrln (S ) (4.15)

M1 Shd

The temperature dependency of V7 can be written as:
Vp=— (4.16)

The first term in equation (4.15) is CTAT in nature and the second term is PTAT in nature. Sizes of M1-M4, k and
N are adjusted such that the reference voltage is temperature compensated. Although, temperature compensation
can be achieved with a single stage of the differential cell by having short channel devices for M, 3; such approach
leads to excessive size ratio between Mz 3 and M, 4. Therefore, three such differential stages are used for reducing
the area at the cost of increased power dissipation.

Process variations in the generated PTAT current (/;) due to the resistor (R) introduce process variations in the
CTAT voltage (Ves). The current (/) varies from 3.86nA (resistor in slow corner) to 5.2nA (resistor in fast corner),
thereby, varying the CTAT voltage from 564mV to 572mV which translates to a o/p of 0.32% for the reference
voltage in the Monte-Carlo simulation for process variations. A LPF is included in the proposed sub-BGR to
improve the PSRR at higher frequencies. The resistor is implemented with a PMOS transistor in cut-off, thereby,
making the LPF area efficient. The LPF’s cut-off frequency (fz) can be written as:

1

- 4.1
rasmr (Ceamr + Crari + C1) ( 7)
. =Vl —Vas
rav = Is (9),,, exp (L) exp (S£) (418)

4.2 Results and Discussion

The proposed voltage reference is designed in TSMC 180nm technology. The reference voltage
achieves a line sensitivity of 1%/V in the supply range of 1.2V to 2.2V (Fig. 4.7). The behavior of the
generated PTAT current with respect to temperature for various process corners of resistor (R) is shown
in Fig. 4.8. The process variations in the PTAT current are due to the “rphripoly” resistor R (20um x
200um). The behavior of the reference voltage with respect to temperature (when R is in TT, SS and
FF) is shown in Fig.4.9. The reference voltage achieves a TC of 10ppm/°C in the typical corner. The
proposed voltage reference consumes a total of 31nA of current from supply at room temperature. A
PSRR of 40dB is noted at DC for the reference voltage (Fig. 4.10). The reference voltage takes an
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average value of 839mV and the standard deviation is 2.68mV in the Monte-Carlo simulation for 1000
samples resulting in a spread o/p of 0.32% (Fig. 4.11). An average TC of 16 ppm/°C is noted in the
Monte-Carlo simulation for process variations (Fig. 4.11).
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Supply Voltage (VDD)

Fig. 4.5. T, vs supply VDD
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Fig. 4.6. Drain Voltage of MP2 and MP3 vs supply VDD
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Fig. 4.8. I, vs Temperature when R is in TT, SS, FF
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Fig. 4.11. Monte-Carlo simulation for 1000 samples for VREF and TC at 1.8V Supply

4.3 CONCLUSION

A low power sub-BGR without operational amplifier is presented in this chapter. The proposed
circuit achieves an average TC of 16 ppm/°C and a spread (o/p) of 0.35% for the reference voltage. A
voltage divider is used to reduce the slope of the CTAT voltage, thus, allowing the designer to scale
down the bias current to few nanoamps.
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CHAPTER 5

VOLTAGE AND CURRENT REFERENCE IN ONE CIRCUIT

vDD

M2

—_ m e

Rx

=

¥l

Mmj}—‘ Mpzj}’_—nlijmpa ’_¢ MP4

—|E MDA

_|E MD2

—||: MD3

VSS
Fig. 5.1. Schematic of the proposed all-in-one reference circuit

The CTAT voltage required for the reference voltage is generated with the gate-source voltage
of a MOSFET. To generate the required PTAT voltage, either a NMOS composite pair is used or the
AVgs/R PTAT current of a beta- multiplier is allowed to flow through a larger resistor which is a scaled
version of the resistor used in the beta-multiplier circuit. Furthermore, there are two mainstream
methods to generate a reference current for low power applications. In the first method, an OTA is used
to generate a voltage drop across a resistor. In the second method, PTAT currents and CTAT currents
are generated separately and then added up to generate a temperature independent current. The former
method results in a wider variance of the reference current due to OTA’s offset and the latter method is
power hungry. The proposed circuit uses the second method to generate the PTAT voltage while
avoiding the mentioned mainstream methods of generating the reference current. Instead, the circuit
uses a negative feedback loop inside the circuit’s core to generate the reference current. Therefore, the
reference current achieves low variance and low power operation. For improving the supply regulation,
the proposed circuit makes use of native NMOS transistors. One significant benefit of using native
MOSFET is its zero-threshold voltage which enables the circuit to always start. The proposed reference
circuit (Fig. 5.1) consists of a PSRR enhancement circuit and the reference core. The operating principle
of the circuit is explained as follows:
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5.1 WORKING OF THE PROPOSED 2-IN-1 VOLTAGE AND
CURRENT REFERENCE CIRCUIT

In subthreshold region, a MOSFET can work analogously to a BJT and its current in the subthreshold
region is given by:

_ W Vos—Vin _ —Vps
Ip=1Is (L) exp ( - ){1 exp ( 7 )} 5.1
For Vps> 4Vr, Ip is almost independent of Vps and is given by:.

w. Vas—V,
Ip=1Is (7) exp (%) (5.2)

From (2), gate-source voltage (Vss) can be written as:

Vas =V +nVrin <]ILW> (5.3)

ST.

where, Is = a(n - 1)CoVr’; Vi is the threshold voltage of the transistor which has a CTAT nature, Vris
the thermal voltage , w1, is mobility, # is the subthreshold slope factor. The proposed voltage reference
circuit is a modified Brokaw cell where the BJTs have been replaced with the MOSFETs (MN2 and
MN3). All the MOSFETs in the circuit operate in the subthreshold region. From Fig.5.1, the voltage
across the resistor R1 is given by:

Vir =Vis” = Ves” (5.4)

VN2 and V5 are the gate-source voltage of MN2 and MN3. Using (5.3) and (5.4), Vs can be written
as:

Vs = nVrin (1MN2 SMN3) (5.5)

I3 Sunz

Vr=— (5.6)

From equation (5.5-5.6) it can be noted that the voltage across the resistor R1 is PTAT in nature. Also,
the voltage (Vr2) across the resistor R2 can be written as:

VRI
Var=2—~R2 (5.7)
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Fig. 5.2. Equivalent small signal circuit for the biasing circuit

The required reference voltage (VREF) is the sum of VR2 and the gate-source voltage of the MOSFET

MN?2. VR2 is PTAT in nature and I/Z\G/IfgV ? is CTAT in nature. The size of the resistor R2 is adjusted such
that VREF is temperature independent (Fig. 5.3).

>

v2 v2

The proposed all-in-one reference circuit does not follow the mainstream method of using an OTA to generate the
reference current. Instead, it employs a feedback loop consisting of MN1 to drop the reference voltage across a
resistor (R3). Such technique is power and area efficient. Furthermore, one can avoid the variation of generated
current due to offset which comes with the usage of an OTA. The working of the feedback loops can be explained
as follows: the circuit (Fig. 5.2.) consists of a positive feedback loop (L2) and a negative feedback loop (L1). The
gain of the positive feedback loop is rather small compared to the gain of the negative feedback loop due to
degeneration at the source of MN3. Also, there is only one high impedance node (drain of MN2). Therefore, a small
capacitor (C1) at the drain of MN2 is good enough to ensure the stability of the loop.

PSRR is one of the most critical specs for a voltage reference since it provides the reference signal to a low drop-
out regulator under which many critical blocks operate in a power management IC. If the supply of the voltage
reference is connected directly to the source of MP2 and MP3, any disturbance at the supply will directly affect the
reference voltage. Therefore, it is necessary to isolate the supply from the source of PMOS transistors. A native
MOSFET (M2) is used to isolate the supply in the proposed architecture.

In our proposed circuit, the gate of the native MOSFET (M2) is biased with an auxiliary circuit consisting of a
native MOSFET (M1) and the diode connected devices (MD1-MD3). The native MOSFET M1 acts as a current
source when a resistor is connected between its gate and source. The biasing circuit provides a voltage which is
equal to 3Vgs. In order for the reference core to have good PSRR, the biasing circuit has to be robust to changes in
supply. Since the gate of the MOSFET M1 is isolated from the supply, the biasing circuit has a high PSRR of 50dB.
The DC PSRR (ratio of v2 and supply) of the biasing circuit can be derived from its small signal equivalent circuit
(Fig. 5.2.) as follows:

B R,
PSRR =20 log (Rx+ Ry+rds+ gm*rds*Rx) ©-8)

Where, Ry is the resistance offered by the diode connected MOSFETs (MD1-MD3). The primary advantage of
using a native device (M2) is that it does not incur the unnecessary gate-source voltage drop like that of a higher
threshold voltage device [13]. Therefore, the reference circuit can work closer to the supply. The minimum supply
voltage required for proper operation of the proposed circuit can be expressed as:

VDD,min = Vggr + Vgs +2*Vgsat (5.9

From equation (5.7), it can be seen that the reference voltage does not vary with mismatch and process variations
in the resistors. Furthermore, it can be noted that the reference voltage is a strong function of the gate-source voltage
of the MOSFET MN2. Therefore, process variations in the threshold voltage of the MOSFET MN2 introduce
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process variations in the reference voltage. Mismatch error in the reference voltage is due to the mismatch in the
PMOS current mirrors, which is minimized with choosing large dimensions for the current mirror. The reference
current is affected by the process variation in resistor (R3) and the VGS of MN2. A trimming arrangement [4] could
be used for the resistor R3 to minimize the spread in the reference current.

5.2 RESULTS AND DISCUSSION

The proposed all-in-one reference is designed in 130nm technology. Monte-Carlo simulation was performed
for the proposed circuit to check its robustness with respect to process and mismatch variations. The reference
voltage has a mean value of 706.62mV and a spread (sigma/mean) of 1.6% (Fig. 5.5). The reference current has a
mean value of 95.74nA and a spread of 3.6% (Fig. 5.6). Furthermore, the reference voltage as an average TC of
100ppm/C and the reference current has an average TC of 108 ppm/C (Fig. 5.7 and Fig. 5.8). The proposed circuit
achieves a PSRR of 70dB at DC (Fig. 5.9). The feedback loop is frequency compensated by placing a 1pF capacitor
at the high impedance node. The DC loop gain is 35dB and the phase margin for the feedback is 90 degrees (Fig.
5.10.). The branch consisting of MP1 consumes 96nA of current.

2 45.86379C 702.4832mV_

&' dx:79.13266C dy:6.8986925mV = 87,178822V/C

400 50 00 50 100 150 200 250 300 350 400 450 500 S50 60.0 650 700 750 80.0 850 900 950 1000 1050 110.0 1150 1200 1250
temp (C)

b

Fig. 5.3. Reference voltage (VREF) across temperature in nominal corner
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94.0

T T T
100 50 00 50 100 150 200 250 300 350 400 450 50.0 S50 60.0 650 70.0 750 80.0 8.0 90.0 950 1000 1050 1100 1150 1200 1250
temp (C)

Fig. 5.4. Reference current (IREF) across temperature in nominal corner
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Fig. 5.5. Reference voltage (VREF) as noted in the Monte-Carlo simulations
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5.3 CONCLUSION

An all-in-one current and voltage reference circuit is presented in this chapter which achieves a high
PSRR of 83dB at DC. The proposed circuit avoids the usage of OTA. A feedback arrangement is used
instead of a traditional OTA to generate the temperature independent reference current. The circuit uses
an auxiliary circuit consisting of native MOSFET for isolating the supply from the core. The circuit
consumes only 240nW of power at 1.2V supply, therefore, making it suitable for low power
applications.
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CHAPTER 6

CONCLUSION AND FUTURE WORK

Various types of voltage references such as bandgap references, nano-watt CMOS voltage
references, pico-watt voltage references, sub-bandgap references, op-amp free nano-watt voltage
references and current references were studied during the architecture survey of the course. Although
each type of architecture has its own merits and demerits, the primary focus was to come up with novel
architectures which stood out in their respective category. For example, we were able to publish circuits
which could operate from sub-1V onwards.

The voltage reference [A], uses all similar Vth MOSFETSs, it does not use any op-amp, it does
not use any design component other than MOSFETs. The current reference [B] is designed based on a
novel method of generating a temperature independent voltage. Furthermore, the current reference work
from 0.55V on-wards. A sub-bandgap is also proposed which mitigates the rather low 6-sigma accuracy
of [A]. In area critical applications, it is often not possible to have both voltage reference and current
reference circuits in the power management. Therefore, keeping this in mind, we were able to integrate
the current reference into the voltage reference in the 2-in-1 reference generator circuit.

Future works include improving the accuracy of the published current reference circuit [B].
The proposed 2-in-1 voltage-current reference generator circuit needs 2 trimming arrangements for the
reference voltage trimming and the reference current trimming. The voltage reference [A] can be
extended into an accurate VCC threshold detection circuit to detect UVLO and POR thresholds during
a controller’s start-up operation.
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