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Chapter 1

Introduction

The voltage reference is one of the key building blocks in electronic circuit design. A voltage
reference is a circuit that provides a fixed output voltage. A voltage reference is often used to
compare input or output voltages to a certain level. The voltage reference is widely used in sensors,
data converters, biomedical circuits, and power supplies [1]. A simple application where a voltage
reference is used to compare the voltage of a system to a safe level is shown in Figure 1.1. This

paper details the design, fabrication, and measurement of a voltage reference in CMOS technology.

I If Output is
Output greater than safe
value, turn off

system.

Voltage
Reference

Figure 1.1: Safety Detector
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The voltage reference has three main figures of merit: the output voltage’s dependence on tem-
perature, voltage supply, and the circuit’s power consumption. Other factors, such as area, are
important, but these three are the dominant design criteria. Unfortunately, the criteria often work
against each other. For example, achieving low dependence on temperature and voltage supply can
easily lead to increased power consumption [2]. Current publisfiedsare summarized in the

following table.

Leung [2] Jiang [3] Annema [4] | Malcovati [5]
Technology 6um CMOS | 1.2um CMOS | .35um CMOS | .8 um CMOS
Minimum Supply Voltage 98V 1.2V .85V 95V
Supply Current 18 uA 500uA 1.2uA 92 uA
Tempco 15 ppmi°C 100 ppni°cC 57 ppmi°C 19 ppm°C

Table 1.1: Comparison of Band-Gap References

For reasons to be discussed later, voltage references have historically been integrated in bipolar
or BiCMOS processes [5]. This presents a challenge for designers using CMOS fabrication pro-
cess. Recently CMOS technology has emerged as a dominant technology due largely to CMOS’s
benefits in digital circuits. CMOS transistors exhibit far greater scaling properties than comparable
technologies. This allows circuits to occupy less space and operate at higher speeds due to the de-
creased parasitics (parasitic capacitance is a function of area). Also, digital CMOS circuits benefit
from very small static power dissipation [6]. But since the voltage reference is such an important
element, circuit designers must find new methods of achieving success in the CMOS process. More
information on the CMOS process is included in @&OS Reviewchapter.

The voltage reference is implemented as follows. Two quantities that are predictable with tem-
perature are formed. These two values are used to cancel each other or another quantity to produce
a output voltage that is independent of temperature. The dependence of the output voltage to the
power supply is largely set by the topology (which is usually optimized for temperature perfor-
mance), but several steps can be taken to ensure a constant output voltage for a wide range of

supply values. These include using large transistors, which typically operate better than minimum
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geometry devices, and using feedback to stabilize the circuit [3]. As mentioffieds ¢o decrease
the dependence of the output voltage on temperature and supply voltage can increase the power
consumption. Adding complexity to the temperature compensation scheme will undoubtedly lead
to more power required. Obviously, one would wish to have the voltage reference operate on a
small as power supply as possible. This becomes even more important as voltage supplies shrink
with scaling. As devices become smaller, the power-per-area increases. This value can approach
values where the devices operate at unsafe levels [7]. Thus, compromises have to be considered
when designing the voltage reference. The design process of the voltage reference is discussed in
the chapteBand-Gap Voltage Reference

Historically, the majority of voltage references have been implemented in a bipolar process. The
reason for this is the ability to fabricate a diode. Diodes can be used to establish both a current and a
voltage that are proportional to temperature. This class of voltage references idealtkdapref-
erences, due to the band-gap diode employed in the circuit [6]. Unfortunately, in a CMOS process,
diodes are not readily available. To circumvent this shortcoming, CMOS circuit designers typically
use either a parasitic CMOS diode or a gated-diode structure to establish predictable voltages and
currents. Both the parasitic CMOS diode and the gated-diode have advantages and disadvantages
over the other, and the designer must choose the suitable device for the application. The choice and
implementation of the band-gap device is discussed further in Chaand;Gap Core

As with many circuits, an amplifier is often used in voltage references. Amplifiers can be used
to provide gain or can be used in feedback to stabilize a circuit. An amplifier can be used in the
voltage reference to decrease the output sensitivity to temperature, supply, and process variations
[2]. Adding an amplifier to the circuit will obviously add more power to the design and more area
required at the IC level. So a compromise must be made when using an amplifier in the voltage
reference to determine the performance versus power and area. The design and implementation of
the amplifier used in the voltage reference is provided in Chaptemplifier Design.

Two voltage references was designed, simulated, and fabricated in the Peregrine SOS CMOS

process. One reference employed an amplifier biased in the saturation region, while the other ref-
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erence consists of an amplifier biased in the subthreshold region. The saturation design achieved
simulation results of temperature dependence of 144/fprand a voltage supply dependence of

40 ppmV. With a three volt supply, the voltage reference draws 4B At the minimum supply

of 1.75V, the reference draws 948V. The subthreshold version achieved simulation results of a
temperature dependence of 182 p3@, voltage supply dependence of 123 ppvhand consumes

180 uW of power. After fabrication, the two circuits were measured for comparison to simulated
results. While the subthreshold reference performed as expected, the saturation version did not
function properly. The measurements of the IC indicate a temperature dependence of 120 ppm
°C, voltage supply dependence of 975 ppmand a power consumption of 3LW. The design
occupies 1.21&n? of area. The dference between the simulation and measurement are explained

in Chapter 6 Measurements and ConclusionsThe details of the design of the voltage reference

are discussed in this paper.



Chapter 2

CMOS Review

2.1 Introduction

The section is a review of CMOS theory. Nomenclature used throughout this thesis is explained
here. The sources of error, such as noise, mismatch, and thermal degradation are discussed in this

section.

2.2 SOl Fabrication

A layout schematic of a bulk silicon transistor is shown in Figure 2.1.
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Gate

Substrate

Figure 2.1: MOS Transistor

This type of transistor is known as a NMOS transistor. The device consists of a p-type (holes are
major carrier) substrate (body) with two n-type implants. One implant is referred to as the source
and the other the drain. The MOS device is a symmetrical device, as a result the source is defined
as the terminal at the lower potential. On the surface of the silicon, a oxide layer is formed. To
provide a electrical path to the oxide, a gate layer is formed using metal or polysilicon. If a potential
is applied to the gate with respect to the source, the free electrons in the body will be attracted to the
positive voltage, forming an induced n-type channel (hence the name NMOS). Thus, electrons can
flow from the n-type source through the n-type induced channel to the n-type drain (a voltage drop
must be present to induce the current flow). A PMOS device can be formed replacing the p-type
substrate with a n-type substrate and the n-type implants with p-type. Often in bulk processes, a
PMOS transistor is formed by implanting a n-tygell in the p-type substrate or a p-typell in
the n-type substrate [7].

Several problems exist with this fabrication process. First, the large substrate results in large par-
asitic junction capacitances. The capacitances result in both higher delay and increased power dis-
sipation. To alleviate this problem, the SOI (Silicon-On-Insulator) device was introduced. Silicon-

on-Insulator was first introduced to improve scaling and radiation hardening of transistors. The SOI
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Gate

Substrate

Figure 2.2: SOl MOS Transistor

transistor replaces the large substrate with a sislaihd, greatly reducing the parasiti¢fects [8].
The SOl transistor is shown in Figure 2.2. Due to lower capacitance and other beneficial properties,
SOl transistors have emerged as a leading fabrication process for high performance devices. The

band-gap voltage reference was fabricated in the Peregrine SOI process.

2.3 DC Characteristics

The symbol for a MOS transistor is shown in Figure 2.3.

If voltages are applied to the transistor’s terminals, the following relations are realized:

YoXDinpeeXl(iE) : Ves < Vr
Ips =1 u-Cox- Y- (2-(Ves—Vr)-Vbs —V3g) : Ves>Vr& Vps < (Ves—Vr) (2.1)
$-u-Cox W (Ves—Vr)?-(1+4-Vps) : Vs> Vr& Vps> (Ves - Vr)

whereVr is the device threshold voltage (positive for a NMOS device, negative for a PMOS device),
u is carrier mobility (typically NMOS transistors have two times greater mobility than PMQyy),

is the oxide capacitanc®/ andL are the width and length, andis the channel length modulation
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Drain

Gate

Source

Figure 2.3: MOS Transistor Symbol

parameter og- [7].

If the gate-to-source voltage is below the device threshold voltage, only subthreshold (or leak-
age) current flows from source-to-drain. When the gate-to-source voltage is approaching the value
of V1, the transistor begins to ent#wersion As the gate potential rises, it attracts the minor-
ity carriers to the surface of the substrate toward the gate voltage. Thus a n-type channel (in a
p-type substrate) is created to allow current to flow from the two n-type implants at the source
and drain. This state is known as weak inversion. If the gate-to-source voltage is greater than the
threshold voltage, the channel becomes more inverted and enters the moderate inversion. As the
gate-to-source voltage increases the channel becomes greatly inverted and the transistor is in strong
inversion. The value of gate-to-source voltage required to operate a device in strong inversion is
typically 200 milli-volts beyond the threshold voltage. Only in the moderate and strong inversion
states does non-leakage currents flow [9].

The diference in the gate-to-source voltage and the threshold is defined as the overdrive voltage

or

VoverbriVE= VEFF = AV = Vgs -Vt (2.2)

If the device is conducting and the drain-to-source voltage is less than the overdrive voltage, the
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transistor is operating in the triode region. Likewise, if the drain-to-source voltage is greater than

the overdrive voltage, the transistor is operating in the saturation region. The requirements for each

operating region are shown below.

The resulting transfer characteristics are shown in Figure 2.4. The current is plotted versus the

VerF | Vbs - VEFF Region
<0 X Subthreshold
>0 <0 Triode
>0 >0 Saturation

Table 2.1: Operating Regions

drain-to-source voltage for several gate-to-source voltages.

Drain Current (A)

12

0.8

0.6

0.4

0.2

x 10

5 MOS Transfer Characteristics

Triode

Saturation

\Slope =1/Rout

‘ ‘ Cut—qﬁ

0.5 1 1.5 2 25
Drain—to—-Source Voltage (V)

Figure 2.4: MOS Voltage-Current Relationships
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2.4 Small-Signal Analysis

If the device is biased in the saturation region, voltage gain is possible. The gain of an amplifier can

be expressed as a product of its transconductagend output impedance, or

A=0m-rouT (2.3)

Transconductance is defined as the change in output current with respect to a change in input volt-
age. For a MOS transistor, this results in
_dlps W

“es LM Cox - (Ves — V1) =-AV (2.4)

m

whereg =¥ . ;- Cox
The output impedance of a device is defined as the change in output voltage with respect to

change in output current, or

oV,
lout = ouT (2.5)
Olout
For a MOS transistor, this evolves into
aV V 1
fout = o = — = (2.6)

dlps  lps A-lps
whereV, is the Early voltage. Early voltage is a quantity which describes the output impedance of
a transistor. Typically, the longer the channel length of transistor, the larger the Early voltage (this
trend slows greatly as the channel length reaches very large values, typica)ly930

Finally, the theoretical maximum voltage gain, or self-gain is defined as

2-Va
AV

/,[ = gm . rout = (27)
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2.5 Temperature Hfects

All of the MOS parameters are temperature dependent. As it will be shown, several of these param-
eters will lead to a degradation of performance at elevated temperatures. The two major temperature
dependent terms are threshold voltage and mobility.

Threshold voltage is commonly known to decrease linearly with temperature. Current literature

approximates the shift as

Vr =Vro—a- (T -To) (2.8)

whereq is parameter specific to a fabrication process. Typically the valuei®between -0.5 and
1.5 mVv/°C.
The current literature suggests mobility degrades with temperature in an power s&ies e

The trend is approximated as

K

H= T8 (2.9)

with K andpg again being dependent on the fabrication process. The valu€saige from 20 to

200uA/V?. Both threshold and mobility shifts are modelled as shown in current SPICE decks [10].

2.6 Noise Characteristics

The two major noise sources of MOS drer flicker noise and thermal noise. Flicker noise is due

to random trappings of carriers in the oxide channel, while thermal noise is due to the excitation of
carriers in the channel. The resultant noise voltage is approximated by a Gaussian distribution with
a mean of zero. While both of the noise voltages have a random value, their probability functions do
fit known functions. The flicker noise is modelled as a spectral density with constant amplitude over
all frequencies. The flicker noise is approximated by a density function that is inversely proportional

to frequency, hence the ter%nnoise. Figure 2.5 shows the equivalent noise voltages referred to the
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Drain

Gate : \

Figure 2.5: MOS Noise Voltage

Source

input of a MOS transistor.
where the equivalent input voltage has a spectrum given by
2 1 K

(2.10)

Several design decisions can be made to keep the noise voltage low, including using long channel
transistors and large transconductances. Figure 2.6 plots the frequency of the noise voltage. At
lower frequencies, the noise is dominated by %heoise, and at higher frequencies the noise is

dominated by thermal contribution.

(F)

Fknee

Figure 2.6: MOS Noise Spectrum
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It should be noted that since noise voltage is a integral function of frequency, the higher the

bandwidth of the circuit, the higher the input referred voltage [9].

2.7 Transistor Mismatch

Another source of error in MOS circuits is mismatch. Area mismatch occurs when the device is not
properly etched, resulting in a geometry error occurs. The other major type of mismatch is threshold
voltage. Threshold voltage is determined by the doping in gate. Variations in the doping result in
shifts in the threshold voltage. As expected, these variations increase as transistor size decreases.
Although the area and threshold mismatch are random values, their probability does form a
Gaussian distribution. The first order expected value of these mismatch can be found by the follow-

ing distributions

AwL

VERRAreg = WL (2.11)
Av.
VERRVr) = \/Vﬁ (2.12)

Thus, the larger the area of the transistor, the smaller the error [11]. The quaptityas a

value of 3.5t0 4.2 mVY um

2.8 Conclusion

As shown, designing analog circuits can be a challenging endeavor. Manyftsagieopresented in
determining the optimal solution. For example, steps in achieving high bandwidth in a circuit often
decrease the gain and increase the power budget. Thesefiisaate compromises will ultimately

play a large roll in designing the voltage reference.



Chapter 3

Band-Gap Reference Circuit

3.1 Introduction

This section details the design of the band-gap voltage reference. The design process included selec-
tion of a band-gap core and reference topology. Based on measurement results, the gated-diode was
chosen as the band-gap device. The reference architecture chosen was the improved bipolar voltage
reference. Two references were designed and simulated. The first reference consists of an amplifier
biased in the saturation region, the other with an amplifier biased in the subthreshold region. The
design of the reference with a saturation amplifier would result in simulation performance of 144
ppny °C temperature dependence and 40 pproltage dependence with a minimum supply of 1.8

V. The subthreshold design would simulate temperature dependence of 18Zmaitage supply
dependence of 123 ppfV, and operate on a 1.7 V supply.

3.2 Goals

\oltage references are a class of electronic circuits in which the circuit is designed to provide a
constant output voltage. Voltage references are largely graded on three figures-of-merit: temperature

behavior, voltage supply dependence, and power consumption.

14
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e Temperature Behavior - A voltage reference would ideally provide a constant voltage re-
gardless of temperature. Obviously, this is physically not feasible. The goal of the voltage
reference is to supply the nominal output voltage over the largest temperature range possible.
Temperature dependence is often quantified by a term called the temperattieraegor
tempco. Tempco is determined by dividing the output voltage deviation by the allowable op-
erating range. This quantity is often divided by the nominal voltage and multiplied by one

million to express the value in parts-per-million (ppm).

_ AVnowm pp
TC_—AT‘VNOM 108 & (3.1)

Current literature report results of voltage references achieving temperatiffieients of

200 ppm [2].

¢ \oltage Dependence -The voltage dependence of a voltage reference is graded in two ar-
eas: minimal supply and supplyfect on the output voltage. With supply voltages steadily
decreasing, voltage references must be designed to operate accordingly. Fortunately, for this
application, the band-gap reference is required to operate on a modest three volt supply. But,
the reference should be made to function on a low as supply as possible to avoid errors from
supply deviation and ease scalinfioets. Reducing theffect of supply variation is a major
concern. If the reference is powered by a noisy or wavering supply, the output voltage can not
deviate. This dependence of supply voltage is often expressed as Power-Supply-Rejection-

Ration (PSSR). Currentierts have reported PSSR values of 200 ppm [2].

e Power Consumption - Obviously, the voltage reference would be preferred to operate with
very little power consumption. Power consumption is becoming more critical as voltage sup-
plies and area requirements shrink to meet high speed and portable application requirements

requirements. Current voltage references draw less thap\80J@].
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3.3 Architecture Selection

The vast majority of voltage references fall into two categories: CMOS and Bipolar. The advantages
and disadvantages of each type are discussed in this section.
3.3.1 CMOS Voltage Reference

The block diagram of the CMOS voltage reference (often referred tggamuatiplier) is shown in

Figure 3.1.

Figure 3.1: CMOS Voltage Reference

A current mirror is used to keep the currents in both legs equal. A voltage drop is developed
from the scaling the width of transistor M2. Solving for the output voltage provides the following

relation

2 1
V, =V +V, =V 1-— 2
ouT T+ VEFF1 T+ R-,Bz( K) (3.2)

In order to achieve temperature independence, the derivative of the output voltage with respect to
temperature must be zero. Unfortunately, this circuit falls well short. If the classical temperature
dependence of the transistor's mobility degradation is used (Equation 2.9), the derivative of the

output voltage (ignoring the smalffect of the resistor) is
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Nour _ dVr 2 (1 1)( 3 ) (3.3)

aT — aT R-p \" KJ\2-T
In order to force this derivative to zero, the resistor and vari&bfaust be set to match the tem-
perature dependence of the threshold voltage. Since the threshold varies directly proportional to
temperature, matching the derivative is only possible at one temperature. Although the derivative
can not be set to zero at all temperatures, the temperature dependence can be set to a relatively small
value. Publishedféorts report temperature dependence of 1000 ppm.

The voltage supply dependence of the CMOS voltage reference is also relatively praise-worthy.
The minimum supply voltage required is the threshold voltage, the overdrive voltage, plus the supply
needed for the current mirror. The power-supply-rejection-ratio can also be increased by using
a current mirror with a large output impedance. A high performance current mirror will also be
needed to ensure the analysis shown before is valid.

The power consumption of the CMOS voltage reference is also beneficial. Since there are
only two legs to the circuit, the current drawn from the supply will be at a minimum. Obviously, the
values of the resistor and scaling constant will have an impact on the power consumption. Although,
to achieve a high performance current mirror, more circuitry may be required, resulting in higher
power consumption.

There are several properties of the CMOS voltage reference that are not desirable. First, the
output voltage can not be selected. The value of the output voltage is set ffodrt@minimize
the derivative. In fact, the output voltage will actually vary from production to production. The
threshold voltage of transistors varies from devices, typically with a Gaussian distribution. Since
the output voltage is dependent on the threshold voltage, the output voltage will vary with the error
of the threshold voltage. Also, the temperature dependence is highly dependent on the temperature
effects of the transistor. This translates to a critical dependence on the simulation model. Unfortu-
nately, the temperature parameters are often modelled incorrectly. In fact, réoetstindicate the

temperature models used in SPICE simulations are inaccurate [13].
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To summarize, the CMOS voltage reference is a relatively inexpensive design choice. The
circuit consists entirely of resistors and transistors, operates at low voltage and power, and is very
simple. Unfortunately, the simplicity of the circuit results in a sacrifice for performance. The
temperature dependence is fair and the output voltage cannot be set. To achieve higher accuracy,

other alternatives should be investigated.

3.3.2 Bipolar Voltage Reference

A circuit often employed in bipolar and BiCMOS (bipolar and CMOS) process is shown in Figure
3.2.

el
i |

R2

Figure 3.2: Bipolar Voltage Reference

By assuming the current mirror is ideal, the output voltage can be found as

R
V()|“|'|'=VD;|_+|-R=V|:);|_+n'V'|'-|I’](|\/|)-E2 (34)
1
wherevy is the thermal voltage of diode. The derivative of this equation with respect to temperature

is

Nout _ Vo1  Re- n-kxIn(M)
aT T Ri-q

(3.5)

wherek is Boltzmann'’s constant is the charge of an electron, ands the emission cdgcient or
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ideality factor.

The quantity‘% is very nearly constant over a large range of temperatures. Also, the quantity
is a negative value. Thus, by adjusting the valudvbfind the rationg—i, the derivative can be
minimized resulting in small temperature dependence. This is a tremendous improvement from the
previous voltage reference [12].

Like the CMOS voltage reference, the power supply rejection ratio depends on the current mir-
ror. The higher the output impedance of the mirror, the larger the PSSR. The bipolar voltage refer-
ence can be expected to consume more power than the CMOS circuit due to the added third branch
of current.

Unfortunately, the bipolar voltage reference is not ideal. Like the CMOS voltage reference, the
output voltage cannot be selected by the designer; it is a result of trying to minimize the temperature

derivative. And again the designer is dependent on the diode paramigten} for an expected

output voltage.

3.3.3 Improved Bipolar Voltage Reference

To alleviate the last problem, a slight variation of the bipolar voltage reference circuit is shown in

Figure 3.3.

J R}

Figure 3.3: Improved Bipolar Voltage Reference
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Again assuming the current mirror is ideal, the output voltage can now be found as

3
VOUT=EZ'

Vp + (& -In(M) - VT)] (3.6)
Ry

By adding the two resistoR; andRy, the designer is now equipped with ability to scale the
output voltage to any desired value. This cost in area and power is far less than adding an amplifier
to scale the output to a needed value. Also, since the oufifget® of the resistors is seen as a ration,
the temperature behavior of the resistors is essentially cancelled [2]. Although the matching of the
resistors is still a major concern.

Due to the large performance improvements of the bipolar circuit over the CMOS voltage refer-
ence, the bipolar voltage reference was chosen as the preferred solution. The small increase in power
is a small sacrifice for the improved temperature behavior and the ability to adjust the output volt-
age. Finally, the bipolar voltage reference is often referred to as a band-gap voltage reference due
to the presence of the diode voltadg. This voltage is dependent on the band-gap semiconductor
material used ( silicon, gallium-arsenide, etc.), which leads to the name band-gap voltage reference.

Further analysis and information on diode implementation is provided in chBaiet-Gap Core

3.4 Current Mirror Design

Both major categories of voltage references employ a current mirror to keep the currents in the two
main branches equal. In fact, in solving for the output equations, the analysis above assumed the
currents were perfectly equal. Unfortunately, this is an unrealistic goal. All current sources have
some finite output impedance, which will cause deviation from the expected results. Obviously, by
creating a current mirror with extremely high output impedanc&é@ MQ), the dfects of the finite

output impedance will be greatly reduced. There are several methods to achieving a current mirror

with high output impedance, these methods are discussed in the next sections.
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3.4.1 Basic Current Mirror

A basic current mirror is shown in Figure 3.4.

ol

Figure 3.4: Basic Current Mirror

The circuit works as follows: A current source is provided in the left branch. The transistor in
the left branch igliode connectedneaning a short is placed from the transistor’s gate to drain. This
keeps the gate-to-source and drain-to-source voltages at constant value for that current. Since the
device is operating in the saturation region, the voltages are equal to (background information on

CMOS devices is provided in Chapter 3)

2-1-L

Ves = Vps = m+

Vr (3.7)

Since the two transistors share common gate and source connections, the two transistors will
have the same gate-to-source potential. Using a more exact current model, the current in the second

branch can be found as

W - - Cox

3 - (Ves = V1)? - (L + 1+ Vps) (3.8)

louT =

which equates to

lout = lin-(1+ - Vps) (3.9)
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Sincexis equal to the current divided by the outputimpedance, the ratio of the two currents becomes

[9]

| NN/
ouT _ (1+ IN DS) (3.10)
N rout

Thus, there are three ways to reduce the error between the two branches. One, minimize the
drain-to-source voltage of the second transistor. Unfortunately, by referring to the schematic of the
band-gap voltage reference, it is clear that the drain-to-source voltage is equal to the supply voltage
minus the diode voltage. The diode voltage is usually set at a value between two-tenths and eight-
tenths of a volt. This voltage is setup to establish the correct temperature behavior of the circuit.
Thus, minimizing the drain-to-source voltage is not a possibility.

Likewise, minimizing the currenk;y is not a valued solution. Since the diode’s voltage is
related to its current, by establishing a range of voltage to operate the diode, the current is fixed.
This leaves the only possible way to reduce the error between the two devices is increasing the

output impedance of the current mirror. Methods to accomplish this are discussed next.

3.5 Improving the Output Impedance

As discussed, a current mirror with large output impedance is needed to keep the currents in both
diodes equal. If the currents are not equal, a large error will be seen at the output due to the
diodes exponential current vs. voltage relationship. Thus, a current mirror with the highest output

impedance and current balance should be implemented. The most common ways to achieve high
output impedance are increasing the channel length of the mirroring devices, cascoding, and gain-

enhancing.

3.5.1 Large Length Current Mirror

It has been shown that the output impedance of the basic current mirror is equal to
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1

|-/1 (3.11)

frout =

where the current is essentially fixed by the circuit. Fortunately, the designer of the current mirror
has some control over the quantity The value ofi is dependent on the channel length based on

the following relation

K 9Xp
"L dVps

(3.12)

whereXp is the depletion depth.

Unfortunately, this relationship does have a limit. There exists a range in L where the designer
sees diminished returns in increasing the channel length. As mentioned@MB& Review, by
increasing the channel length, one slows down the device. In this case, the complex component
of zoyt begins to become a factor. This decreases the bandwidth of the circuit and increases the
settling time of the circuit [9]. While bandwidth is not a critical requirement of the band-gap circuit
(it is essentially a DC circuit), ghicient settling time is required in the event of a sudden increase
in voltage. Also, increasing the channel length will also cost more area. Therefore, increasing the
channel length indefinitely is not an useful solution. A realistic value ofitOwas set for the
current mirror.

Figure 3.5 and 3.6 show the temperature and power supply dependence of the band-gap circuit.
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Figure 3.6: Basic Band-Gap Reference Power Supply Dependence

While these resultsfter a promising start, a more advanced solution should be considered.
While the temperature dependence is respectable, the output voltage displays very high dependence

on the supply voltage.
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3.5.2 Cascode Current Mirror

Another method in increasing the output impedance is to use cascoding. Cascoding is employing
a common gate amplifier to increase the output impedance of the current mirror by the self gain of

the common gate stage [9]. This concept is shown in Figure 3.7.

Figure 3.7: Cascode Current Mirror

While the output impedance is greatly increased, the gain is not achieved without cost. First,
there will obviously be an increase in area. Since the increase is only two transistors, the increase is
small. Also, the minimum supply voltage is increased. The supply voltage must now accommodate
the diode voltage and two drain-to-source voltages. Fortunately, with a three volt supply, there is no
harm in adding this stage.

The temperature and power supply dependence are shown in Figures 3.8 and 3.9 respectively.
The result of the cascodingdters a large increase in performance for no increase in power.

The cascoding stage has decreased the tempco to and the PSSR to 250 and 560 ppm. Modest
improvements from the basic current mirror. Although the minimum supply voltage is now larger

to accommodate the extra transistor.
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Figure 3.9: Cascode Band-Gap Reference Power Supply Dependence
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3.5.3 Gain Enhanced Current Mirror

The last solution to increase the output impedance of the current mirror investigated is the gain
enhanced of a gain boosted current mirror. Similar to the cascode current mirror, the gain enhanced
mirror uses a full amplifier to achieve an even higher multiplication of the output impedance. A

gain boosted cascode mirror is shown in Figure 3.10.

o«

[
3

Figure 3.10: Gain Enhanced Cascode Current Mirror

By employing a full amplifier, the output impedance of the current mirror can be increased by
a factor of 1 million. This is obviously greater than the increase on stage of cascoding can achieve
(typically self-gain of one stage is less than 100) [12]. Again the designer sees the improvements
have not come without cost. The added amplifier can be a very large area and power concern if
not designed properly. Also, the addition of the amplifier greatly increases the complexity of the
voltage reference, which could decrease its yield. These disadvantages will have to be considered
when determining the preferred solution.

Figures 3.11 and 3.12 illustrate the temperature and supply dependence of the gain enhanced

voltage reference.
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Figure 3.12: Gain Enhanced Band-Gap Reference Power Supply Dependence
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3.6 Conclusion

Of the three voltage references designed and simulated, the band-gap reference employing an ampli-
fier to increase the output resistance of the current mirror achieved the greatest results. Although the
circuit is more complex and will require more power and area, the tfaohgeerformance is accept-

able for the cost in area and power. The following table demonstrates the temperature and voltage
supply dependence of each topology. The best performance is achieved with the boosted band-gap
voltage reference. Therefore, it was chosen as the circuit topology. The final topology is shown in
Figure 3.13. Two versions of the band-gap reference were simulated and prepared for layout. The
first consists of an amplifier biased in the saturation region, the other biased in subthreshold. More

information on the amplifier design is provided in Chapter 5.

Topology TC PSSR Power Consumption
Basic Woltage Reference 260 ppm| 99000 ppm 56 W)
Cascode \oltage Reference 170 ppm| 58000 ppm 56 W)
Amplifier (Saturation) Reference | 144 ppm| 40 ppm 945 W)
Amplifier (Subthreshold) Referencel82 ppm| 123 ppm 180 W)

Table 3.1: Comparison of Band-Gap Topologies

A Jé N
ST
A

Figure 3.13: Gain Enhanced Band-Gap Reference



Chapter 4

Band-Gap Core: Background,

Measurement, and Model Extraction

4.1 Background

This section discusses the selection process for band-gap core for the voltage reference circuit. The
band-gap core is used to establish a current that is predictably proportional to temperature. The
two choices available in CMOS technology are a parasitic diode and a gated-diode structure. Both
devices were measured to determine the optimal solution. Due to area and biasing constraints, the

gated-diode was chosen as the band-gap core.

4.1.1 Bipolar Technology

Bipolar technology is currently the workhorse for temperature insensitive voltage and current refer-
ences. One can understand this by examining the temperature dependence of the diode. The current

equation of the diode is commonly known to be

qVp V_D
|D=|5~(em_]-):IS'(enMT _1) (4'1)

30



31

4.1. Background
I.."’Cl‘fl.

o
¥

2

Figure 4.1: Forward Biased Diode

wherels is the reverse-bias or saturation currery,is the forward-bias diode voltagk s Boltz-

mann’s constanty is the charge of an electroif, is temperature in Kelvin, and is the ideality
4.2)

factor or emission cdicient. The product
v k-T
T
q

is referred to as the thermal voltage of the diode junction.

The thermal contributions are found in the quantitieandvr. As shown from equation 4.2,
the thermal voltage is directly proportional to temperature. The temperature dependence of the

saturation currentg, is far more complicated.

Despite the diode’s exponential relationship with temperature, diodes can be used to develop
voltages and currents approximately linear to temperature. An example of this is the circuit shown

in Figure 4.1. The diode is forward-biased by a constant current source.
Simple analysis of this circuit shows the diode voltage is approximately linear with temperature.

The diode voltage is equal to
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Figure 4.2: PTAT Circuit
(4.3)

I
Vp=n-vr- In(E)

The diode’s voltage temperature dependence can be found by taken the derivative with respect

to temperature.
|
Vp k-T 9dIn(y) k | k-a |
— =n-—- n-—-In(—)= —-In(— 4.4
aT q ar q (|s) q (lso) (*.4)
Thus, the diode voltage is approximately linear with temperature with a negative slope.
Consider the circuit shown in Figure 4.2. The diode current is mirrored by the ideal current
mirror. The integeM is the number of diodes placed in parallel. Simple analysis of this circuit
(4.5)

| = vr - In(M)
B R

produces the following relationship:
By choosing a resistor with small temperature dependence, a currentis produced that is proportional

to-absolute-temperature or PTAT.
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Figure 4.3: BJT Diode

Finally, it should be noted that in processes where pn junction diodes are not readily available,
such as CMOS, a diode can be constructed from a BJT as shown in Figure 4.3. The base-collector
diode is shorted, leaving only the base-emitter diode. Ignoring the small base current, the current

reduces to Equation 4.1. This configuration is commonly known as a Widlar diode [12].

4.1.2 CMOS Technology

To fully understand why bipolar technology is so popular for voltage references, one should analyze
the temperature dependence of the other dominant process, CMOS. To do this, consider the circuit
shown in Figure 4.4. This circuit is the similar to the circuit shown in Figure 4.1; the ofigreince
is the diode is replaced with a CMOS transistor. This configuration is commonly known as a MOS
diode.
Using simple circuit analysis, the diode voltage can be found as
2-1-L

Vp=,4]——+V 4.6
D W-,u-Cox+ T (4.6)

wherep is mobility, Cox is the oxide capacitanc¥y is the threshold voltage, and W and L are the
width and length, respectively.
The temperature dependent terms in Equation 4.6 are the mobility and threshold voltage. By

substituting classical models for these terms, Equation 4.6 evolves to

[2.T-C |15
VD = W- Cox . K + VTO . (1 + a/(T — To)) (4.7)
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Figure 4.4: MOS Diode

where K angu are parameters specific to the fabrication process. Again taking the derivative of

the diode voltage with respect to temperature yields

3
0\ 2-1-L Ta
D ’ +a/-VT0 (48)

T~ \VW-Cox o2.k3

Analysis of Equations 4.7 and 4.8 illustrate several problems using this type of circuit for a band-
gap core. First, the diode voltage in Equation 4.7 is very dependent on fabrication parameters. For
example, the threshold voltage varies linearly with temperature. This change alone would produce a
shiftin voltage that is undesirable in many high precision applications. Similar challenges arise from
Equation 4.8. Instead of a nearly constant derivative with temperature as with the bipolar devices,
the derivative of the CMOS device changes with temperature dramatically. These downfalls are

the major reasons bipolar technology is used nearly exclusively in discrete high-precision voltage

references [12].
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Figure 4.5: Parasitic BJT
4.2 Diode Implementation

After selecting the diode as the preferred core for the voltage reference, correct implementation of
the diode is required. As mentioned, in a purely CMOS technology a BJT or diode is not readily
available. Few options are available, and these options are discussed in this section. These choices

are a parasitic BJT and a gated-diode structure.

4.2.1 Parasitic Bipolar-Junction-Transistor (BJT)

A common choice for implementing a diode in CMOS processes is to take advantage of the par-
asitic BJT in parallel with a CMOS transistor. The BJT is formed by the npn arrangement of the
drain, body, source. The draiffectively becomes the collector, source becomes emitter, and the
body becomes the base. The gate must be biased to avoid operating the transistor in the linear or
saturation regions. This is usually accomplished by biasing the gate voltage at the one of the power
supplies (negative supply for NMOS, positive for PMOS). If the threshold voltage of the transistor

is suficiently large [Vr| > .5V), the gate can be tied to the source. The equivalent circuit for the
parasitic BJT is shown in Figure 4.5. A diode can be formed by simply shorting the body to the

source of the transistor [7].
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Figure 4.6: Gated-diode

4.2.2 Gated-Diode

Another alternative for a diode solution is the gated-diode. The gated-diode structure is a popular
choice for electrostatic discharge (ESD) protection circuits. The gated-diode is formed by placing
a p implant in the source or drain of a NMOS transistor, or a placing a n implant in the source or
drain of a PMOS transistor. Thus a pn junction is formed through the source, substrate, and drain.
The gate voltage must be biased to keep the transistor from operating in the conductive region. A

fabrication level drawing of the gated-diode is shown in Figure 4.6 [14].

4.3 Diode Measurement and Selection

The two options where then measured to determine which would be used as the band-gap de-
vice. The devices would be selected on matching, temperature performance, and bias compatibility.
Twenty of each device was measured to determine the preferred solution. The gated-diode emerged

as the only feasible solution.

4.3.1 Measurement

A common method to determine the voltage-current characteristics are to simply vary the voltage

across the diode and measure the current. This is done easily with the HP4156 Parameter Analyzer.
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Figure 4.7: Ideal Diode

Parametera andls can determining by examining the natural logarithm of Equation 4.1

In(lp) =

Vb
o+ In(ls) (4.9)

Figure 4.7 shows an ideal plot natural logarithm of diode current vs. diode voltage30TC).
where the slope is equal tﬁ; and the y-intercept is equal to(ls). Thus, if the temperature is
known, the ideality factom, and saturation currenis, can be found. Figure 4.8 shows the natural

logarithm of the diode current for the parasitic BJT and gated-diode, respectively.
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Figure 4.8: Natural Logarithms of Diode Currents
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Figure 4.9: Diode Parasitic Resistances

Interestingly, both diodes deviate from the expected trend. At the lower and upper regions of
the curve, the curve flattens with a slope of approximately zero. Only in center region do the diodes
perform as desired. This behavior can be explained by the parasitic resistances present from the
substrate and contacts. These distributed resistances can be approximated by a shunt and series
resistor as shown in Figure 4.9 [7].

At low voltages where the actual diode current (Equation 4.1) is essentially zero, but the shunt
resistor contributes a current. Conversely, at higher voltages, the series resistor becomes a consid-
erable voltage drop, reducing the exponential relationship. Only in the middle region is the current
dominated by the diode. Thus, the total current of the diode circuit can be found by

V-Vp

Flg-emr (4.10)

Ip =
RS hunt
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whereVp is given by Equation 4.3. Analysis of this transidental equation requires iteration, there-

fore is use not straight-forward.

4.3.2 Selection

As mentioned above, the diode chosen as the band-gap device was selected on three criterion: bias

feasibility, temperature behavior, and matching.

e Bias Compatibility - As shown in Equation 4.5, the current produced in the diode PTAT
circuit in Figure 4.2 is proportional to the thermal voltage and log of the number of diodes in
parallel. Unfortunately, the current is not a free parameter. The current must be biased in the
log-linear range as shown in Figure 4.8. Since the thermal voltage is set by temperature, the
only free parameters al andR. The value oM would ideally be set as large as possible to
increase matching, but will ultimately be limited by area restraints. Obviously, the larger the
log-linear range in Figure 4.8, the larger the valu®lotan be. Based on this, the gated-diode
is a better choice. The log-linear range of the parasitic diode is approximately 280 milli-Volts,
while the gated-diode is only 250 milli-Volts (log-linear range was defined by the portion of

the data with a 99.9 percent correlation with a straight line).

The value of the resistor is also set by the log-linear properties of the diode. The value of
the resistor can be found by choosikigbased on the above statement, and solving for the
resistor value that provides the current in the middle of the log-linear region of Figure 4.8.
A problem arises when completing this process with the parasitic diode: the value of the
resistor becomes very large. Even in the unrealistic case i@ = 1 , Ris over 20MQ!
Unfortunately, this size of a resistor is not pleasable on integrated circuits. The area consumed
would simply be too large. For the gated-diode, a resistor of one k246 required (with a

M of two to ten). Since the gated-diode is operating a higher culkémbust be kept small

to prevent a large voltage drop across the resistor. A conservative value of four was selected.

Although the parasitic diode operates at a lower power (a goal of voltage references) and has
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a larger log-linear range, the device can not be biased at a desirable operating point due to its
large parasitic resistance. The gated-diode was the only option despite its DC shortcomings

compared to the parasitic diode.

It should be noted that the problem discussed above for the parasitic diode can be solved by
adding multiple copies of the parasitic diode in parallelffeetively increase the saturation.
Although, to make up the fference between the actual saturation current and saturation
current needed for successful bias would require scaling the parasitic diode by more than 100

times! This cost in area is obviously unacceptable.

e Temperature Performance - With the first criterion investigated, the next property to be
examined is the temperature performance. As mentioned, the diode’s current relation consists
of two temperature dependent terms: saturation cudreind thermal voltager. Thus,
the saturation current and ideality factor can be easily be determined by measuring the diode
current versus voltage a several temperatures. This process was completed for the gated-diode
for temperatures 25 to 18% at ten degree intervals. To ensure the devices reached thermal
equilibrium, the wafer was allowed to soak three minutes before measurement. The extraction
of the temperature dependence of the saturation current produced a very interesting results.
The temperature dependence did not fit the expected trend. A far more accurate model is the

following

Is(T) = 1s(To) - €T+ T) (4.11)

wherea andg are constantdg(Tp) is the saturation current at the nominal temperature (T

30°C was selected).

An even more interesting phenomenon was observed when extracting the idealitynfactor

By taking the natural logarithm of the diode current versus voltage, the slope now becomes

%. The ideality factor can be found through simple division. The ideality factor should
=
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be a temperature independent quantity. In fact, SPICE models do not have a temperature
dependent term for the ideality factor. But contrary to expectations, the ideality factor for the

gated-diode exhibited the temperature dependence shown in Figure 4.10.
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Figure 4.10: Diode Ideality Factor

Not only does the ideality factor seem to vary with temperature, it produces a nonlinear curve
that is very sporadic. The same testing was completed on the parasitic diode to investigate
this finding. A very similar curve was found for the parasitic diode: a nonlinear relation with
no simple dependence with temperature. This barrier is a serious problem in the design of
the voltage reference. If the diode’s temperature behavior cannot be modelled accurately, the

voltage reference’s performance will degrade.

As shown before, by taking the natural logarithm of the diode’s current, the exponential term
can be determined as the slope of the log-linear portion of Figure 4.8. Current literature
suggests this term should simply ﬁ%,; or its inverse i1 - vy Thus, plotting the exponential
term’s inverse versus temperature should result in a straight line with constant sl%be of
and y-intercept of zero where k is Boltzman’s constant and g is the charge of an electron.
Interestingly, the exponential term did not fit a straight line or have a zero y-intercept. The
plots of the inverse of the exponential terms of the gated-diode and parasitic diode are shown

in Figure 4.11.
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Figure 4.11: Inverse of Exponential Terms

Simple curve fitting shows these curves have a high correlation with a second order polyno-

mial. Thus, the curves shown can be fit to a model of

a-T?2+B8-T+C (4.12)

This yields the actual exponential contribution as

1

2
Kono-T+(8)"-m-T2+nm

(4.13)

n. - T2 + +ny are the unexpected contributiong is unitless,ny has units oft, andn, has

units of T.

Table 4.1 shows the values of the fogents of Equation 4.13 for both the parasitic diode

and the gated-diode.

Device No n(1) N (T)
Parasitic Diode| 3.87304E-6 6.1305E-6 5.741213E-1
Gated Diode | 5.3199239E-6 9.481423E-8 1.97479233513E-2

Table 4.1: Cofficients of Exponential Term



4.3. Diode Measurement and Selection 43

Again the parasitic diode’s performance is preferred. The unexpectéitemgs 6, andn;
for the parasitic diode are far less than those of the gated-diode. But due to the incompatibility
with the chosen band-gap architecture, the gated-diode must be chosen. The cause of the

higher temperature dependence is not currently known.

To summarize, both band-gap options showed unexpected higher order temperature depen-
dence than expected. These contributions can be taken into account using the following equa-
tion

cdot\p
T248. Ko To(Ky2n T2
|D: |SO'eaT +ﬁT‘eanT+(q) ny-T2+ny (4_14)

Although the parasitic diode’s temperature was more as expected, the bias-area compatibility
does not allow use of the parasitic diode. Since the temperature dependence of the diode is
not modelled in SPICE decks, a Verilog-A module was created for simulation purposes. The

Verilog-A code is provided in Appendix A.

e Matching -Device matching is a very critical parameter in the design of the band-gap voltage
reference. Matching is especially important for the diode. Since the diode current-voltage
relation is exponential, the smallest deviation results in large swings in currents. Since the log-
linear region shown in Figure 4.8 is relatively small, the mismatch could push the operating

point beyond the acceptable region.

Mismatch is a result of several non-ideal properties of the device process. Mismatch is a
largely random phenomenon. Studies have shown that the mismatch of devices is highly
Gaussian, and can be minimized by including multiple copies, or fingers of devices. Since
the transistors that make-up the gated-diode are not being biased in the triode or saturation
regions, the threshold mismatch is of no concern. The largest source of error is the area

mismatch [11].

Direct comparison of the matching properties of the two devices is not straightforward. The
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dominant matching terms for each device af€edént. The dominant term for matching for

the parasitic diode is doping in the channel, while the matching for the gated-diode is area
mismatch. While the sources of mismatch ardetlent, a general guideline is that matching
increases with area and channel length. This trend benefits the gated-diode. The gated-diode
consists of four transistors of width of 6n and length Sum for a total area of 25@n?.

While the parasitic diode is formed with a transistor of widthdf and length lum for a

total area of 1Qun?.

The measurements proved the gated-diode matching was higher. All devices measured fit the
relation provided in Equation 4.12 and Table 4.1 to within half a percent over all temperatures
measured. The error for the parasitic diode was beyond a percent. This ensures an accurate

model was constructed and simulation data can be used with confidence.

4.4 Conclusion

Two band-gap devices, the parasitic bipolar-junction-transistor and gated-diode, were proposed and
measured for possible solutions for the voltage reference. Due to bias constraints, the gated-diode
was chosen as the preferred solution. The gated-diode DC and temperature behavior does not fit the

established SPICE diode model; therefore, a Verilog-A model was created for simulation purposes.



Chapter 5
Amplifier Design

5.1 Introduction

This chapter details the design process of the amplifier used to improve the performance of thr band-
gap voltage reference. As explained in Bend-Gap Voltage Referencechapter, the amplifier is

used to keep the currents in reference equal. The amplifier was designed to achieve high gain using
low power and a low inputféiset voltage. The amplifier also must have high performance at elevated

temperature. These design criterion would lead to selection of a boosted cascode amplifier.

5.2 Motivation

To illustrate the importance of the amplifier in the reference, refer to Figure 5.1. The amplifier is
used to keep the diode voltages approximately equal. The output of an amplifier is equal to the
voltage diference of its input terminals multiplied by the gain or

Vour= (V4 = V) - A (5.1)

If the output voltage is relatively small and the gain is large, the voltafferdhce between the

two input terminals becomes very small. In the case of the band-gap circuit of Figure 5.1, this

45
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vdd
T

Figure 5.1: Band-Gap Voltage Reference

translates to keeping the diodes at approximately the same voltage. This is extremely important due
to the exponential relationship of diode current with voltage [5]. A sméiédence in voltage will
produce a large swing in current. From this point on tiféedénce between the input terminals of

the amplifier will be referred to as voltagéset, orVos.

The amplifier is also used to increase the performance of the current mirror. Since the drain
voltages of both transistors are held at approximately the same voltage, the currents in the current
mirror will track perfectly. Only the mismatch in the two transistors will cause a deviation in
current. The use of an amplifier also increases the output impedance of the current mirror. Small
signal analysis can be used to show that the output impedance increases by a factoApf &h
high output impedance current mirror is important in the event the supply voltage changes. In small
signal terms, the change of drain current is equal to the change of drain-to-source voltage divided

by the output impedance or in the case of the band-gap circuit

AV, AV
| = DS _ SUPPLY (5.2)
lout rout

A

Thus, by employing a current mirror with high output impedance, the currents in the voltage refer-

ence can become nearly insensitive to supply voltage [2].
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5.3 Design Criteria

Many design variables must be considered in designing an amplifier. For this application, several

considerations emerged as most important. These include

e Gain - Gain of the amplifier is the most critical characteristic for the band-gap circuit. As
mentioned, the amplifier’s gain increases the balance of the currents in the voltage reference.

The amplifier will also have to be designed to achieve high gain at elevated temperatures.

e Offset - Amplifier offset is the major contributor to fiierence in diode voltage. Amplifier
offset also creates an error at the output of the band-gap circuit. There are three main con-
tributors to amplifier €set: systematicftset, noise, and device mismatch. Systemdftissd
refers to the input referrediset due to the architecture of the amplifier. The noiSseb is
also an input referred voltage due to the noise voltage of the amplifier. Noise voltage has two
major sources: thermal and flicker noise. The mismaftsebis a result of the inaccuracy of

the transistors’ expected sizes and actual sizes in the amplifier.

e Power Consumption -One figure-of-merit of a voltage reference is its power consumption.
Obviously keeping the power down in the amplifier is a step in the right direction. The power

consumed by the amplifier is determined by the topology of the design and transistor size.

e Frequency Response -Every amplifier must have fiicient bandwidth for the application.
Although the band-gap circuit is a DC application, some bandwidth for settling proper settling

time. Frequency response is a product of architecture and transistor size.

Unfortunately, these design criteria often oppose one another. For example, a low power ampli-
fier often has poor bandwidth. But a lower bandwidth amplifier often has lower noise voltage and
can achieve high gain. As with most amplifier design, a suitable compromise is required to optimize

as many requirements as possible.



5.4. Amplifier Design 48

5.4 Amplifier Design

This section outlines the steps taken in selecting an amplifier for the band-gap reference. The
amplifier architecture was selected based on the criteria listed in Section 5.3. These criteria would
lead to selection and design of a boosted-cascode amplifier.

By analyzing the requirements listed in Section 5.3, several results can be concluded. First, the
amplifier topology should be relatively uncomplicated. While many more advanced topologies are
aimed at achieving elevated bandwidth, a large bandwidth is not required for the band-gap voltage
reference. In fact, larger bandwidth than is required leads to higher input referred noise. Also,
since the band-gap reference is a precision circuit, a reliable, high yield design should be used.
This again points to a more elementary as opposed to an advanced architecture. Last, the amplifier
should achieve the largest voltage gain possible. Unfortunately, most basic amplifier designs do not
achieve large voltage gains. This leads to the goal of achieving large gain with a low power, reliable
design.

Several architectures of amplifiers were considered before selection. These amplifiers include
the two-stage amplifier, cascode amplifier, and boosted cascode amplifier. The benefits and draw-

backs of each are listed here.

5.4.1 Bias Generator

Before discussing the design of the amplifier, an understanding of the bias generator is needed. As
shown in theCMOS Review, to achieve voltage gain, a transistor must be biased in the saturation
region. To do this, a bias generator must be constructed. A constant transconductance bias generator
is shown in Figure 5.2. A voltage drop is developed across the bias resistor due to the imbalance in
transistor sizes, and the current is mirrored by transistors M7 and M8.

Solving for the transconductance of device M1 yields the following equation

_2 /(W/L)l oK
ot = RB[ (W/L)2 1] " Re (®-3)
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Figure 5.2: Bias Generator

As evident from the equation, the transconductance is set simply by the device geometry and bias
resistor. Also, the transconductances can be set simply mirroring the current of bias generator to

another leg of a circuit. The resultant transconductance is [9]

o |t (WL
Omi = Im1 [ ,Ll—l s (W/L)l] (5.4)

An interesting property of this bias generator is the thermal properties. As evident from Equation
5.14, the only temperature dependent term in the transconductance is the bias resistor. Resistors
typically have a positive linear temperature, resulting in an increase in impedance as temperature

increases. The increase in resistance is approximated by [10]

R(T) =Rro-(1+a- (T -Tp)) (5.5)

whereq is a parameter specific to the type of material used to construct the resistor.ghwid,
actually decrease as the temperature increases. But, if the temperatfiiceraeof the resistor

is quite small, than thefiect is negligible. This gives rise to the name constant transconductance
circuit [9].

Unfortunately, this is not a perfect solution. As presented earlier, transconductance is a function
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of parameters that are temperature dependent. Equation 5.6 can be rearranged to form the following

Om= V2 p-Cox-(W/L)Ip (5.6)

The only parameters in this equation that can deviate with temperature are the mobility and current.
Equation 5.11 illustrates that mobility decreases with temperature with temperature. To keep the
transconductance constant, the current must perform the inverse of the mobility’s shift. For example,
if mobility degrades 50 percent, the current must double to compensate. This increase in current
will obviously increase power, and from Equations 5.8 and 5.9, cause a reduction in self gain. In
fact, the self gain will reduce at the same rate as mobility [9].

A circuit that attempts to keep self gain constant is shown in Figure 5.3.

Figure 5.3: Constant Gain Bias Generator

The only diference between this circuit and the constant transconductance bias generator is resistor
Rs is replaced by a transistor. The transiskdgk is operating in the triode region. By operating
in the triode region, the transistor behaves as a voltage controlled resistor. The resistance of the

transistor is simply

B B - Verr S
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Unfortunately, this type of bias generator is not feasible choice. The band-gap circuit must be
designed to perform over a wide range of supply voltages. If the supply voltage is allowed to
vary, the bias arrangement will shift. This will result in large swings in power consumption, gain,
frequency response, and many others. This is not a acceptable circumstance, resulting in elimination
of the constant gain bias generator shown in Figure 5.3.

Finally, the roles of transistors M5 and M6 need explanation. These transistors are used to
cascode, or multiply the output impedance of the current mirror formed by M7 and M8. The output
impedance of the current mirror is multiplied by the self gain of transistors M6 and M6. The output
impedance boost greatly increases the power-supply-rejection-ration, making the bias generator less
sensitive to supply variations. M3 and M4 serve a similar purpose [9]. Also, the increase output
impedances results in a stronger match between the currents in both legs of the circuit. If the currents
in the legs to setup equal, deviations from the transconductance expected will result.

As with all improvements in electronic design, the increase in performance is not without cost.
The addition of the transistors increases the minimal supply voltage. The supply voltage must now
accommodate the drain-to-source voltages of transistors M3 and M5, or and M4 and M6, which

ever is the largest.

5.4.2 Subthreshold Bias Generator

Another bias generator configuration can be achieved by simply keeping the scaling term K very
small. This keeps the transistors in the weak inversion region. By further increasing the resistor, the
transistors can be biased into subthreshold. Subthreshold operfigon\e@ry large voltage gains

at low power [12]. Unfortunately, due to the exponential relationship of the current, any mismatch

in the transistors will have a very large impact [11].

5.4.3 Two-Stage Amplifier

The first amplifier analyzed was a two-stage amplifier. The two-stage amplifier is one of the most

common OTAs (Operational Transconductance Amplifier). In fact, the two-stage amplifier is the
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Whios

Figure 5.4: Two-Stage Amplifier

most popular choice in reported band-gap circuits. A basic two stage amplifier is shown in Figure
5.4.
The two-stage amplifier is simply two single stage amplifiers multiplied together. Simple small

signal analysis finds the gain to be

. Vas 7 Vas
(Va1 +Vas) * " (Va7 + Vas)

Av = (gm1 - RpsilIRbss) - (Gm7 - Ros7lIRpss) = ¢ (5.8)

This equation shows that a relatively large gain can be achieved by using a two-stage amplifier.
If a long channel length is selected, a self gain of 200 can be achieved. Assuming the PMOS and
NMOS Early voltages are identical, the voltage gain of the two-stage amplifier can approach 10000
[9]. While these may not approach the gain of commercial operational amplifiers, it is a respectable
guantity in CMOS integrated circuits.

Another benefit of the two-stage design in the relatively small supply voltage needed. The
minimum supply voltage required is the largest of the drain-to-source voltages of M1, M5, and M3,
or M2, M4, and M3. The output stage is also very convenient. Only one transistor on each supply
side needs to stay in saturation. This can result in achieving large gain even when the output is close
to the rails.

Also, the systematicftset can be made very small. If the sizes of the input stage and output

stage are properly sized, the output voltage will setupVagbpLy. — VsuppLy.)/2. Minimizing the
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total ofset is one of the major design goals.

Unfortunately, the temperature behavior of the two-stage amplifier does not meet the tempera-
ture criteria. The gain of the amplifier is proportional to the self-gain of the input stage multiplied
by the self-gain of the output stage. Since self-gain is proportional to mobility, the total gain is pro-
portional to the temperature degradation of the first stage multiplied by the second stage, or using

Equation 5.11 [10]

KN Kp
AV o ﬁ TQ/P (59)
ap anday are often nearly identical, resulting in
Kn - Kp
Ay Toao (5.10)

This is an alarming conclusion. The gain of the amplifier decreases at the square of the rate
of the mobility degradation! This circumstance is unacceptable since the amplifier is required to

operate at elevated temperatures. Other alternatives will have to be considered.

5.4.4 Cascode Amplifier

Another common amplifier is the cascode amplifier. The cascode amplifier consists of a low gain

first stage, followed by an output stage of very high gain.

vdd Vdd vdd
T T T

Vbias4 Jl# M3 MllIF"_ o Jl# M12
" Jq M1 hl_v\m gbliblasjq " Vout

SHEE

Ms I[Z“_Vb‘aleq M4

a

Figure 5.5: Cascode Amplifier
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The output stage’s gain can be made very high by using a cascode current mirror. Small signal

analysis of the cascode amplifier results in an expected gain of

_Hi10- IDs12

5 (5.11)

Av = OmL

Typical voltage gains of this amplifier type are around 5000 [9].

Several factors suggest this amplifier is not better choice than the two-stage amplifier. First, the
gain is not as high as the two-stage amplifier. Since voltage gain is the main objective in the design
of the amplifier, the cascode design does not look promising.

Also, thermal properties of the cascode amplifier are identical to the two-stage. The gain can

again be found proportional to self-gain squared resulting in the following temperature dependence

Kn - Kp
T2-(1/N

Ay (5.12)

Not only will the cascode have less gain than the two-stage, but will decrease with temperature at
the same rate.

But several characteristics of the cascode are superior to the two-stage. One of these is these is
frequency response. Since the amplifier consists mainly of one high gain stage, the gain-bandwidth-

product (GBP) of the amplifier can be found through small signal analysis to be

GBP= _Im_ (5.13)
CLoaD

This is a very attractable feature. To a first order, the GBP product can be set simply by adjusting
the load capacitor. This process is far easier than the lead compensation required for the two-stage
amplifier. The GBP can be set easily to maximize settling time and noise voltage [9].

The most important feature of the two-stage amplifier is the ability to boost the amplifier. In
the same fashion a current mirror's output impedance can be elevated by cascoding, gain can be

farther increased by multiplying the output impedance by a amplifier. Where a current mirror’s
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output impedance can be increased:which typically is somewhere between 50 to 200, a boosted
current mirror is multiplied by values of up to 5000. This concept is discussed further in the next

section [9].

5.4.5 Boosted-cascode Amplifier

A common method to achieve very high gain is using a concept called boosting. Boosting uses
an amplifier to increase the output impedance of current mirror by a the gain of an amplifier. The

output stage of a boosted-cascode amplifier is shown in Figure 5.6.

Voul

Figure 5.6: Boosted Cascode Amplifier

Small signal analysis can be used to show the output impedance to be

rouTBoost= (1 + A) - fout (5.14)

If the cascoding transistors are boosted, the gain of the cascode stage is increased by the gain of
the amplifier. Thus, by boosting both rail sides of the amplifier, the can be increased by a factor of
more thanA? [9]!

Ideally the gain of the boost amplifiers would be selected as large as possible. Unfortunately,
there are constraints on the gain and bandwidth of boosting amplifiers. The bandwidth of the boost-

ing amplifiers must be selected to ensure proper frequency response and stability [15].
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To satisfy these constraints, the boosted amplifiers’ transconductance are usually scaled back
by a factor of four. This can be done using the same bias generator and reducing the widths of the
devices by four.

As with all advances in electronics, the benefits of boosting are not achieved without cost. Obvi-
ously, the total power of the amplifier is increased. Although this goes against the goal of operating
at the lowest power possible, the boosted amplifiers are scaled by a factor of four, thus reducing the
power consumed by four. Thus, adding the boost amplifiers has the same (fi@geas doubling
the widths on the main amplifier. The small power increase results in very large benefits in gain.
Also, common-mode feedback circuits must be added for each boosting amplifier to ensure stability
and correct DC biasing. This adds to the already growing power budget and area requirement [16].

Of course, the gain of the boost amplifiers will be temperature independent. Since the boost
amplifiers use cascode topology, they wilffen the same degradation seen earlier. Although, even
seriously degraded boosted amplifiers will be beneficial. For example, even if the gain of the boosts
drop down to ten, the results gain increase will be over one hundred [15].

Due to the superior voltage gain and temperature performance of the boosted-cascode amplifier,
it was chosen as the topology of the amplifier for the band-gap voltage reference. Although it is a
more complex circuit and draws more power than other amplifiers analyzed, the need for high gain
and strong temperature performance out-weigh this problems. The design and simulation results of

the amplifier are discussed in the next section.

5.5 Amplifier Implementation and Simulation Results

5.5.1 Bias Generator Design (Saturation)

After selecting an architecture for the amplifier, the amplifier was designed to meet the requirements.
The performance of the amplifier is largely set by the bias arrangement. Thus, the bias generator
was developed first. The first design choice to be made was the selection of the transistor length.

The transistor’s channel length is directly proportional to gain and a large channel length also drives
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down dfset [9],[11]. But increasing L lowers transconductance, which in turn lowers bandwidth.
Fortunately, high bandwidth is not a large requirement. With this in mind, a relatively conservative
value of 5umwas chosen for channel length.

The next parameter to set is the value of the overdrive voltagépg. Selecting overdrive
voltage is a critical design choice. A small overdrive voltage increases self gain (Equation 5.12)
and transconductance, but also increasesftisetosoltage. Also, the smaller the overdrive voltage,
the higher the probability of a transistor dropping out of saturation, resulting in large degradation.
Again a conservative choice, a value of approximately 250 milli-Volts was selected. While this
value does not maximize gain, it does reduce the overall power (Equation 5.5 (c)) by keeping the
current small.

Finally, the choice of the bias resistor and the nominal width must be chosen to set transcon-
ductance. A value of 2pm and a resistor of 18Q were selected for the nominal width and bias
resistor, respectively. These values biased the transistors at an overdrive voltage of approximately
250 milli-volts to insure operation in the saturation region. The resulting in a bias transconductance
for the NMOS transistors was approximately 103(V) and 92 tA/V) for the PMOS transistors.

This bias generator used in this circuit had to be modified from the bias generator shown in
Figure 5.2. Due to the goal of operating the circuit at as low supply voltage as possible, the NMOS
cascode stage was removed. This saves the voltage of the threshold voltage and the overdrive
voltage of the NMOS, easily over a volt ( the threshold voltage alone is 700 milli-Volts). To create
the second bias point for the NMOS cascode amplifier, a third leg of the bias generator was added.
The overdrive voltage can be easily set by adjusting the current through the device and its width.
Also, M5 and M6 were sized to allow for the second bias point for the PMOS cascode. With these

adjustments, the bias generator was designed as shown in Figure 5.7.

5.5.2 Bias Generator Design (Subthreshold)

As mentioned before, a bias generator can become a subthreshold bias generator by decreasing the

scaling term K or increasing the resistor. A subthreshold bias generator was developed by selecting
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Figure 5.7: Bias Generator

a scaling term of two in Figure 5.7.

This allowed an overdrive voltage of -65 milli-volts and a transconductance of 83A7%)
in the NMOS transistors. The PMOS transistors setup at an overdrive of -50 milli-volts and a
transconductance of 86.33A/V).

Notice how despite the transistors are biased in the subthreshold region, the transconductances
are nearly equal to saturation bias generator. This is due to the exponential relationship of the
subthreshold region. Also, the subthreshold bias generator only draw8 28d operates on a

minimum supply of 1.5 V! This is a big improvement of the saturation bias generator which requires

a 2 volt supply.

5.5.3 Main Amplifier Design

With the bias generator designed, the main amplifier can be created. The first decision is to use a
NMOS or PMOS input stage. The decision to use a NMOS or PMOS input stage is based on the
expected input DC voltage. If the input voltage is expected to be close to the upper supply voltage,
a NMOS input stage is preferred. This is due to the voltage needed to operate a transistor in the

saturation region. If the input voltage is not less than the upper supply by at least a threshold voltage,
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the input stage can not be in saturation. Since the input voltage of the amplifier is the diode voltage,
a PMOS stage is preferred ( the diode voltage must be biased lower than one volt) [9]. The size of
the PMOS input transistors were also increased to drive down the iffiget goltage.

The current of all legs of the amplifier were biased to be equal to the current of the bias generator.
Transistors M4 and M5 have double the width to allow the current of both the input and output stage.
Since the band-gap reference requires only a single ended amplifier, the output stage is converted
from a diferential gain stage to a single ended gain stage by tying the gate of M11 to the drain of

M9. The resulting amplifier is shown in Figure 5.8 with transistor sizes shown in Table 5.1.

vdd vdd vdd
T T T

Vbias4 Jl# M3 Muhl_ . Jlg' M12
Vin- Jq hLvar Q?I_blasjﬁ M10 vout

g,

M5 hLvmaleq M4

a

Figure 5.8: Cascode Amplifier
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Transistor | W (um) | L (um) | Fingers
M1 10 5 32
M2 10 5 32
M3 10 5 64
M4 5 5 64
M5 5 5 64
M6 5 5 32
M7 5 5 32
M8 10 5 32
M9 10 5 32

M10 10 5 32
M11 10 5 32

Table 5.1: Amplifier Transistor Sizes

Figures 5.9 and 5.10 show the Cadence AC simulation results of the main amplifier with the two
biasing arrangements. The saturation amplifier has a DC gain of approximately 52 dB (400) and a
GBP of 2 MHz. The subthreshold amplifier achieves a gain of 67 dB (2200) and a GBP of 175 kHz.

The small gain of the amplifier illustrates the need of boosting stages.

Figure 5.9: Amplifier simulation results (saturation)
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Figure 5.10: Amplifier simulation results (subthreshold)

5.5.4 Boosting Amplifiers

To maximize the ffects of boosting, the gain enhancing amplifiers consist of entire cascode ampli-
fiers. Since the application requires only a single sided amplifier, the boosted stages are of the same
topology as the main amplifier. As discussed earlier, the transconductances are scaled down by a
factor of four to avoid stability problems [15]. This was done simply by reducing the nominal width

to 5umfrom 20um. The lower boost amplifier consists of a PMOS input stage, and a NMOS input

stage was chosen for the upper boost.

5.6 Boosted Amplifier

5.6.1 Saturation Bias

Figure 5.11 demonstrates the simulated gain and frequency response of the boosted amplifier. As
shown, the DC gain is approximately 110 dB (316000) and a GBP of 1.67 MHz. To maximize

stability, the phase margin is approximately 80 degrees.
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Figure 5.11: Amplifier simulation results (Saturation)

Figure 5.12 shows the simulated temperature dependence on the gain. As expected, the gain
does decrease with temperature. But, the boosting keeps the gain very large at temperatures past

150°C.

Figure 5.12: Amplifier simulation results (Saturation)
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5.6.2 Subthreshold Bias

Figure 5.13 shows the simulated gain and frequency response of the boosted amplifier with sub-
threshold bias. As expected the amplifier achieves tremendous gain. The DC gain is approximately

136 dB (5.6 million) and the GBP is approximately 500 kHz.

Figure 5.13: Amplifier simulation results (Subthreshold)

Figure 5.14 illustrates the simulated temperature performance of the boosted amplifier. The

amplifier achieves elevated gain at high temperatures.
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Figure 5.14: Amplifier simulation results (Subthreshold)

While these figures are very encouraging, it is worth mentioning that they are extremely de-
pendent on the transistor models. These estimates should be considered a best case situation. Fab-
rication parasitics not modelled ( resistance of metal contacts, variance in geometry) will have a
negative &ect on performance.

The simulation also predicts encouraging results for the goal of reducing the minimum supply

voltage and power consumption. Table 5.2 shows the breakdown of the power budget for the boosted

amplifier.
Saturation Amplifier | Subthreshold Amplifier
Total Power 121uW 900uW
Bias Generator 46.3 % 57%
Main Amplifier 33.38 % 42.6 %
Lower Boost 8.3% 21.6%
Upper Boost 84 % 20.1%
CMFB 4% 10 %

Table 5.2: Power Distribution

One might be surprised by the power consumed by the bias generator. But since the generator
is biased in solid saturation using relatively large transistors, the large power contribution helps

ensure the amplifier will setup at proper voltages. Designing the bias generator correctly goes far



5.6. Boosted Amplifier 65

in increasing the yield of the amplifier. The power breakdown also shows another advantage of the
subthreshold design. The boosting amplifiers only contributed 17 percent of the power consumption,

or only a 21uW increase in power. This is a small price for an increase in gain of over 60 dB!



Chapter 6

Measurements and Conclusions

6.1 Introduction

This chapter summarizes the simulation and measurement results of the band-gap reference. The
chosen architecture for the reference was a CMOS band-gap topology with a feedback amplifier.
Also, the current mirror was casocoded to keep the currents in each branch equal. The complete

design is shown in Figure 6.1.

A, g ]
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A

Figure 6.1: Gain Enhanced Band-Gap Reference
The design was simulated using the Cadence Design Suite. Finally, the circuit was fabricated in

66



6.2. Simulation Results 67

the Peregrine SOS process. The simulation and measurement results are presented here.

6.2 Simulation Results

As described in thémplifier Design chapter, two versions of the band-gap referenced were de-
signed. The designs are identical, except one version uses an amplifier biased in the saturation

region, the other with an amplifier biased in the subthreshold region.

6.2.1 Band-gap Reference with Saturation Amplifier

The reference was designed to achieve an output voltage of .5 V. The simulated reference consumes
945 uW with a three volt supply. The reference operates with a minimum supply of 1.75 V. The
reference achieves a temperature dependence of 14£#@pover a 150°range) and a voltage
supply dependence of 40 ppvh The temperature and voltage supply dependence are illustrated in

the following plots.

Figure 6.2: Gain Enhanced Band-Gap Reference Temperature Dependence with Saturation Ampli-
fier

6.2.2 Band-gap Reference with Subthreshold Amplifier

A second band-gap reference was designed and simulated. The design is identical to the first with

the exception that the amplifier is biased in the subthreshold region. The subthreshold amplifier
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Figure 6.3: Gain Enhanced Band-Gap Reference Power Supply Dependence with Saturation Am-
plifier

achieved elevated gain with significantly less power.

The simulated reference consumes @48 with a three volt supply. The reference operates
with a minimum supply of 1.75 V. The reference achieves a temperature dependence of 142 ppm
(over a 150°range) and a voltage supply dependence of 40/gpirhe temperature and voltage

supply dependence are illustrated in the following plots.

Figure 6.4: Gain Enhanced Band-Gap Reference Temperature Dependence with Subthreshold Am-
plifier
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Figure 6.5: Gain Enhanced Band-Gap Reference Power Supply Dependence with Subthreshold
Amplifier

6.3 Measurement Results

The two designs were prepared for fabrication using the Cadence Design Suite. The circuit was
fabricated in the Peregrine SOS process. The circuit was measured using the HP4155 Semicon-
ductor Analyzer to determine voltage supply dependence. The circuit was analyzed at elevated
temperatures using the Cascade probe station and MSVLSI GPBI Controller Ver. 1.4 software for

automated measurements.

6.3.1 Band-gap Reference with Saturation Amplifier

Unfortunately, the band-gap reference with a saturation amplifier did not function properly. Sev-
eral possible explanations exist for the reference not functioning. These include device deviations
from expected values. For example, the PMOS devices displaykmtedit mobility and output
impedances than modelled. The most probable reason for the circuit not functioning is the com-

plexity of the layout.
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6.3.2 Band-gap Reference with Subthreshold Amplifier

Unlike the band-gap reference with a saturation amplifier, the version with a subthreshold amplifier

achieved good results. The reference achieved an average output voltage of .503 V (at room temper-

ature) while drawing only 31QW from a three volt supply. The average temperature dependence

was 120 ppm°C (over a 12Crange), while the average voltage supply dependence was 975 ppm

V. The following plots summarize the performance of the reference.
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Figure 6.6: Gain Enhanced Band-Gap Reference Temperature Dependence with Subthreshold Am-

plifier
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Average Output Voltage vs. Temperature
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Figure 6.7: Gain Enhanced Band-Gap Reference Temperature Dependence with Subthreshold Am-
plifier (Average)
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Power Supply Dependence vs. Temperature
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Figure 6.9: Gain Enhanced Band-Gap Reference Power Supply Dependence with Subthreshold
Amplifier

%10 Power Consumption vs. Temperature
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Figure 6.10: Gain Enhanced Band-Gap Reference Power Consumption with Subthreshold Amplifier
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Minimum Supply Voltage vs. Temperature
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Figure 6.11: Gain Enhanced Band-Gap Reference Minimum Power Supply with Subthreshold Am-
plifier

6.4 Conclusion

While the results of the saturation design were not pleasing, the first run success of the subthreshold
design was a modest achievement. The cause of the saturation reference incorrect performance is
not fully understood at this time. Although, several factors could contribute to its failure. First, the
design and layout are fairly complex. The layout was verified to be identical against the schematic,
but layout parasitics could result in degraded performanceficulty in testing the device. Also,
several interesting characteristics were observed in both the NMOS and PMOS in testing the de-
vices. Both transistors exhibited large degradation when the devices were biased at large overdrive
and drain-to-source voltages. Although these problems cannot fully explain the failure at this time.
The most interesting fact about the references is the layout for the saturation version was completed
first, the modified only by changing the bias generator. Otherwise, the layouts are identical.
Fortunately, the results for the subthreshold voltage reference were very good. The average out-
put voltage deviating only three milli-volts from the expected value. This displays the matching ef-
forts in the amplifier, resistors, current mirror, and diodes was done properly. Also, the temperature

dependence accurately following the simulated results shows the Verilog-A model for the gated-
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diode was very accurate. A tempco of 55 gpthover a range of 106C is comparable to current
published work. Plus, the reference was able to achieve a tempco of 2080pppto 185°C. The

power supply dependence was not as expected at a modest 97V, darnthis is more-than-likely
related to the drain-to-source voltage problem seen in the saturation version (as the power supply
increases, the drain-to-source voltage increases). Tioid eonclude that subthreshold design can

be used fectively in high temperature circuit applications. The following table is a comparison

between simulated performance and measured performance of the circuit. The results match very

well.
Simulation | Measuremeni
Power Consumption 180uW 310uW
Minimum Supply Voltage 1.7V 22V
Tempco 182 ppni°C | 133 ppni°C
PSRR 123 ppnyV | 975 ppmi V

Table 6.1: Comparison of Band-Gap References
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Appendix A

// VerilogA for Verilog, Gateddiode, veriloga

‘include "constants.h" ‘include "discipline.h"

module gateddiode(anode,cathode);
inout anode,cathode;

electrical anode,cathode;

parameter real area = 1 from (0:inf);

parameter real is=2.0019079135444e-33 from (0:inf);
parameter real n=1 from (0:inf);

parameter real cjo=0 from [0:inf);

parameter real m=0.5 from [0:inf);

parameter real phi=0.7 exclude 0;

parameter real fc=0.5 from (0:1];

parameter real tt=1p from [0:inf);

7
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parameter real rs=0 from [0:inf);
parameter real gq=1.60217733e-19 from [0:inf);

parameter real k=1.380658e-23 from [0:inf);

real vd, Id, Qd;
real f1, £f2, £f3, fcp;

real ibv;

analog
begin
@(initial_step)
begin

f1l

(phi/(1 - m))*(1 - pow((1l - fc), m));
pow((l - fc), (1 + m));

f3 =1 - fc*(1 + m);

f2

fcp = fc*phi;

end

vd

V(anode, cathode);

Id = I(anode);

// intrinsic diode.
I(anode) <+ is*exp(Vd/((5.3199239e-6*$vt*q/k) + // exponential terms
(9.481423e-8*$vt*$vt*q*q/(k*k)) + // exponential terms
(1.97479233513e-2)))* // exponential terms

exp(1.6938487052531e-1*$vt*q/k)* // saturation terms
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exp(-1.11860604344e-4*$vt*$vt*q*q/(k*k)); // saturation terms

end

endmodule
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