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Abstract

This thesis introduces a new curvature-compensation technique for bandgap voltage
reference. This technique utilizes a new idea to linearize the temperature dependence
of base-emitter voltage of the bipolar transistor in bandgap reference design. The
linearization is obtained by supplying the collector current which dependence on
absolute temperature is described by a polynomial AT® + BT*. The temperature
dependence of the current is realized via a special translinear circuit fed by two
currents (rom an auxiliary bandgap reference. One of this current is independent on
temperature, and another is proportional to the absolute temperature (PTAT). The
theoretical derivation shows that the new technique can reduce the overall error of a
bandgap reference to be within 60 i1V for the temperature range of -35 °C to 180 °C.

The basic circuit topology of the new bandgap reference design is presented. Two
bandgap reference designs are derived from this topology. One of them is designed
for use with a 5 V supply voltage while the other for a 3 V supply voltage. The
simulation results show that the 5 V design can produce a reference with 3 ppm/°C
and the 3 V design can produce a 9 ppm/°C reference in the same temperature
range of -55 °C to 180 °C. The layouts for the two designs were done and the
physical effects in the layouts were back-annotated. The simulation results of the
two layouts also demonstrated a similar performance as those in the transistor level.
All of these results suggest that the new technique can produce a highly accurate

bandgap reference design which can be used in many electronic systems.
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Chapter 1

Introduction

A voltage reference can be defined as an electronic circuit that produces a temperature-
stable output voltage. An important feature of a voltage reference is its temperature-
invariant property. However, the term voltage reference is often used with another
commonly-used term in electronics, namely, voltage source which has a different em-
phasis. A voltage source focuses on providing an output voltage with an extremely
low output impedance such that its voltage level is not affected by the type of loading.
The design objective of a voltage source is to produce zero output impedance. In ad-
dition to voltage source, a voltage regulator is yet another term commonly confused
with voltage reference. A voltage regulator is a circuit that provides a stable output
voltage from a potentially noisy input supply voltage. It is normally used to power
up other circuitry in a given application. Being so, a voltage regulator is required
to have a high output current (iriving capability as opposed to voltage reference that
cannot drive a heavy load. Given that the main objective of a voltage regulator is
to provide power to other circuits, it does not have the same stringent requirement
as does a voltage reference to provide a highly temperature-stable output voltage. In

this thesis, the above distinctions between a voltage reference and the other two cir-

cuits is followed. When a voltage reference is mentioned, it is referred to an electronic



circuit that provides a highly temperature-stable voltage output.

Voltage reference is used in many electronic systems. It is needed whenever
an application requires a certain reference for other voltage levels in a circuit to
compare with. For instance, systems like voltage regulators, analog-to-digital con-
verters, digital-to-analog converters, voltage-to-frequency converters, frequency-to-
voltage converters, multimeters, transducer circuits. voltage-controlled oscillators,
logarithmic amplifiers and other instrumentation and measurement circuits all re-
quire a reference voltage to function. In fact, the ultimate accuracy of these systems
is limited by the precision of the voltage reference implemented within them. There-
fore, the desire to have an accurate voltage reference is evident.

In order to characterize the performance of a voltage reference. a number of mea-
surement parameters are used. These parameters Lelp to describe the performance
of a given reference. The commonly used parameters are line regulation, load regu-
lation, temperature coefficient, ripple rejection ratio. long-term stability and output
noise. Line regulation is defined as the ratio of the output voltage variation Alj to
the input voltage variation AV:. It is a measure of a reference’s ability to maintain
a given voltage level under varying input conditions. Load regulation, on the other
hand, is defined as the ratio of output voltage change AV, to load current change
AlL. It is a means to measure the ability of a reference to sustain its output level
over changing load condition. Temperature coefficient is an important parameter de-
scribing the performance of a voltage reference in terms of its capability to keep its

voltage level over a given temperature range. It is defined as

TCV,) = i;‘j (L1)
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in mV/°C. Yet, another commonly used form is

INAAZ

9
AT (12)

TC(V,) = 10°-

in ppm/°C. The ripple rejection ratio tells a reference’s ability to reject a ripple
occurring in the supply voltage. It is 2 measure of how much ripple can pass through

a reference from its supply to its output and is defined as

RRR = 20-log (‘——) (1.3)

Vo
where V.; and V;, are the ripple magnitudes of the reference’s input and output.
respectively. Long-term stability is a measure of a reference’s ability to maintain a
given value over time. It has a similar form as temperature coefficient. The main
difference is that AT is now replaced with ATime. which is the time change. Qutput
noise is a measure which gives the fluctuation of the output voltage over a given range
of frequency. All of these parameters help to describe a reference’s performance
and help a designer to choose an appropriate reference for a given application. [n
this thesis, the work focuses on improving the temperature coefficient of a voltage
reference. This is the primary design objective of a voltage reference. The other

parameters are also important but they are not considered in this thesis.

1.1 Voltage Reference Implementation

In order to implement a voltage reference, an electronic element such as a Zener diode
can provide a well-defined voltage level. However, a Zener diode has difficulties in
maintaining the voltage level over varying thermal environment because the behaviors
of electronic elements are temperature-dependent in nature. Therefore, some effort

must be put to eliminate the effects of temperature fluctuations in order to achieve




a temperature-stable voltage reference. There are two main approaches commonly
used to remove or at least minimize the effect of temperature variations in voltage
reference design. The first approach is called temperature-requlated while the second
called temperature-compensated.

As the name implies, 2 temperature-regulated reference design is trying to main-
tain a constant thermal environment for a reference to operate (1, 2, 3]. In order to
guarantee this environment, the substrate of the reference is regulated at a temper-
ature above the maximum expected ambient temperature. It is done by a thermal
feedback svstem which monitors the temperature of the substrate and uses a heat-
generating device to maintain the temperature. The temperature of the substrate is
usually sensed by exploiting the -2 mV /°C temperature coefficient of a base-emitter
voltage drop [4]. The clevated temperature of the substrate is kept by means of an on-
chip power dissipating transistor. The reason for holding the substrate temperature
above the maximum operating ambient temperature is that only power dissipating
devices are available in integrated circuits. T herefore, the only way to achieve a
constant thermal environment is to raise the temperature above the reference’s high-
est expected operating ambient temperature. Because of this fact, a lot of power
is consumed just for keeping a constant thermal environment. In a power-critical
application, this approach becomes unacceptable. This approach also decreases the
lifetime of the reference as it always dissipates a lot of heat. Because of these. the
temperature-compensated approach provides a viable alternative.

A temperature-compensated reference is achieved by using two temperature-chang-
ing voltage sources with opposite temperature coefficients to compensate the varia-
tions of each other. This compensation is usually done with a scale factor to pro-

vide the proper matching between the two sources. This scale factor is normally
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implemented with a resistance ratio in a monolithic circuit. The resistors in a mono-
lithic circuit provide excellent matching and tracking characteristics which make them
the perfect choice to implement a scale factor of any value. Since the temperature-
compensated approach does not operate at a higher temperature than required, it
consumes less power in general than the temperature-regulated one. However, ref-
erences implemented by this approach do not usually have the same performance as
those by temperat;tire-regula.ted. Even with the help of a scale factor, it is difficult
to match two drift sources. The two commonly used approaches for implementing
a temperature-compensated voltage reference are a Zener reference and a handgap
voltage reference. While both of them have the same difficulty in matching two drift
sources perfectly, the bandgap reference has the advantage of requiring a lower supply
voltage. In this thesis, it is discussed why a bandgap voltage reference has this match-

ing problem and propose a new compensation scheme to improve the performarnce of

a bandgap reference design.
1.2 Monolithic Circuit Technologies

The two design approaches for a voltage reference can only be implemented in mono-
lithic circuit technology. For the temperature-regulated approach, it is because the
constant thermal environment cannot be achjeved without the substrate temperatare
control. This control mechanism can only be possible with a monolithic circuit in
which all circuit elements are sitting in the same substrate. For the temperature-
compensated approach, the reason is that the scale factor must be as temperature-
independent as possible and this depends on the matching and tracking of resistors
which implement the scale factor. Monolithic circuit technology has the advantages

of good matching and tracking characteristics. Because of these reasons, voltage




reference designs are always implemented in monolithic circuit.

In monolithic circuit technology, the types of circuit elements can be put together
are always limited by the compatibility of the fabrication processes required for each
type of circuit elements. Especially for active devices, it is often the case that only
one kind of active device can be implemented in a single fabrication technology. For
this reason, monolithic circuit technology is usually classified by the active devices it
can make. The commonly available technologies are categorized as bipolar, N MOS,
CMOS, JFET, BiCMOS and GaAs. Within each category. there are many variations
exist. The variations can be the minimum feature size, the speed of transistor. the
types of passive clements achievable, etc. For monolithic circuits, the kinds of feasi-
ble passive elements are resistors and capacitors due to the limitation of fabrication
processes. In general, no inductor can be possible in monolithic technology. For this
reason, circuits designed for monolithic implementation must be accommodated for
this deficiency. It is also true that some technologies are targeted for digital circuit
implementations while some for analog. There are also technologies which allow for
both. The BiCMOS technology that this thesis is based on circuit element models is
one example. This technology isa 0.8 pm BiCMOS technology provided by Northern
Telecom through Canadian Microelectronic Corporation [3]. The models provided
with this BICMOS technology are used for simulating the bandgap voltage reference

designs of the proposed approach.

1.3 Thesis Content

The rest of this thesis is organized as follows. In chapter two, two types of temperature-
compensated voltage references are reviewed. They are Zener voltage reference and

bandgap voltage reference. The merits of each of them are discussed. The the-
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ory of first-order compensation technique in bandgap reference is explained and the
reason for their poorer performance compared to temperature-regulated reference is
described. Some practical circuit implementations in bipolar technology are given.
Voltage references implemented in other technologies such as NMOS and CMOS are
also studied. After that, the curvature-compensation techniques for bandgap reference
proposed in the literature are discussed. These are followed by a brief presentation
of the new curvature-compensation technique.

Chapter three formulates the bipolar translinear principle which is applied in this
thesis to design part of a circuit required by the proposed compensation technique.
Some practical bipolar translinear circuits are given. Two circuits that are used in the
implementation of the new curvature-compensation technique are designed based on
the bipolar translinear principle. Then, the non-ideal behaviors of translinear circuits
are discussed. The MOS translinear principle which is an extension of the bipolar
translinear principle is also formulated in this chapter.

[n chapter four, the proposed compensation technique is described in detail. The
theoretical derivation of the proposed technique is given. The circuit topology de-
signed based upon the proposed compensation technique is provided. After that. two

circuits designed for two different power supply applications based on this topology

.

are given.

A short description of the circuit simulator, Spectre, used in this thesis is given in
chapter five. The simulation results of the two circuits designed in chapter four are
presented in this chapter. These circuits are simulated with the model parameters
given in the 0.8 pm BiCMOS process from Northern Telecom. The performance of
each circuit is discussed.

Chapter six discusses the layout tools and some of the precaution steps a designer

~]




will follow to minimize the effect of parasitics. Specifically, the layout issues relative
to bandgap voltage reference are explored. After that, the simulation results of the
two circuits based on layout back-annotation are given and discussed. These results
include the effect of parasitics extracted from the circuit layout.

A conclusion of this thesis is provided in chapter seven. Some future works ex-

tendable from the proposed compensation technique are also discussed in this chapter.




Chapter 2

An Overview of
Temperature-compensated Voltage

References

2.1 Introduction

[n this chapter, both Zener voltage reference and bandgap voltage reference designs
are reviewed. It is followed by the theory of first-order compensated bandgap volt-
age reference. The error resulted from first-order compensation is discussed. Three
frst-order compensated bandgap references in bipolar technology proposed in the lit-
erature are studied. Voltage references implemented in other technologies are also
discussed. The ideas for curvature-compensation found in the literature are reviewed.
It is followed by the introduction of the new curvature-compensation technique.
The basic idea behind the design of a temperature-stable voltage reference is to
compensate the negative temperature drift of one voltage drop by the positive tem-
perature coefficient of another voltage drop. Then. with proper scaling of the second
voltage drop by a temperature-independent scale factor, the temperature variations
of the combined output will be cancelled out. This gives a voltage reference with a
nominally zero temperature coefficient. In monolithic integrated circuit design, there

are three well-known temperature drift sources which can be exploited in voltage




reference applications. The first voltage source is the base-emitter voltage Vg of
bipolar junction transistor which has a negative temperature coefficient, typical of
about —2 mV/°C [4]. The second voltage source is the thermal voltage V7 which
is linearly proportional to absolute temperature (PTAT). This voltage is obtained
from the voltage difference between two base-emitter junctions, namely, AVpE. The
third voltage source is the reverse breakdown voltage Vz of a Zener diode which also
exhibits a positive temperature coefficient, typical of +2.5 mV/°C. Based on these
three sources, the two obvious choices one can have is either the combination of Vgg
and V3 or that of Vgg and Vr.

The scale factor can be implemented by the use of monolithic resistors. How-
ever, the temperature coefficient of easily available resistors is usually very high and
demonstrates nonlinear temperature dependency. Therefore, it is generally not an
adequate candidate for scale factor implementation. On the other hand, the ratio
of two resistors made by the same materials in monolithic circuits exhibits excellent
tracking over temperature, usually with a temperature coefficient of the order of a
few ppm/°C. [t follows that the ratio between two resistors. hereby referred to as
the "resistor ratio” technique. is frequently used as a temperature-independent scale

factor for voltage reference design.

2.2 Zener Voltage Reference

The approach exploiting the opposite-polarity drift of Ve and V7 to design a tem-
perature -stable voltage reference is commonly called Zener reference. Fig. 2.1 shows
a simple circuit design utilizing this approach. The Zener diode Dz is supplied by
a constant current [o and produces a reverse breakdown voltage Vz with positive

temperature coefficient. Traversing across the loop, one can obtain the following

10
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Ry

+
W
v, ZX D, Vrer

Figure 2.1: A Zener Voltage Reference Circuit

hE

Vy = Vg + Vag: + [(Ri+ R2) + VBEs (2.1)

Assuming all the transistors are matched, one can obtain

Vz —3VsE
[ - - 2.2
Therefore, the reference voltage Veer will be
R R, —2R, .
Vagr = ————=Vz+ ——5VBE (2.3)

Ry + R> mz_
This result shows that the temperature dependency of Vg can be compensated by
that of Vz if proper resistor ratio is chosen. One can find the requirement for zero
temperature coefficient by differentiating eqn.(2.3) with respect to temperature T and

set the resulting equation to zero. The result is

R=2R _ _VliT o.4)
R, oVgg/eT -
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Therefore, a voltage reference with nominally zero temperature drift can be achieved.

There are a number of drawbacks with using a Zener reference. First, since the
breakdown voltage of a Zener is typically 7 V, it requires a power supply voltage of
around 10 V to bring the Zener diode to its breakdown region. Therefore, a higher
voltage supply is necessary. Second, a substantial amount of noise is introduced to the
circuit by the Zener diode due to its avalanche breakdown operation. Finally, there is
a long-term stability problem associated with the reference output voltage level due
to the Zener diode. Thus, the absolute voltage level of the reference will change over
time. Due to the introduction of the buried-Zener structures which have the diode
operating well below the silicon surface, the long-term stability problem has been
largely alleviated. The amount of noise is also reduced by the use of these structures.
In spite of these improvements, the high supply voltage requirement still persists
which often makes Zener references inapplicable in modern electronic circuits which
frequently operate with a much lower supply voltage (usually 5 or 3 7). Therefore.
another design approach which can operate with a lower supply voltage is essential

for low voltage applications.
2.3 Bandgap Voltage Reference

The second approach for a temperature-stable voltage reference design is to compen-
sate the negative temperature coefficient of Vgg by the thermal voltage Vr which
has a positive coefficient. Voltage references of this kind are commonly referred to as
a bandgap voltage reference. Fig. 2.2 gives a symbolic representation of a bandgap
voltage reference. The base-emitter voltage Vg with a negative temperature drift is
established by the bias current [;. Then, a positive drift due to the thermal voltage

Vo = kT/q is derived by the Vr generator. This voltage is further incremented i

12




times before it is added to Vgg. The output voltage Vrer is given as
Veer = Vee+ K1 (2.5)

This equation illustrates that with an appropriate gain, I, the negative temperature

coefficient of Vg can be eliminated by the positive temperature coefficient of V7.

(Z) —— Veer = Ve + KV

Figure 2.2: A Symbolic Representation of Bandgap Voltage Reference

Vo Generator K

The lower supply voltage requirement of the bandgap voltage reference can be
seen through the following approximate analysis. The variation of V7 with respect to

temperature can be found by differentiating the expression Vr = kT/q and results in

SV
§T

k

= (2.6}
q

TC(Vr) =

By substituting &k = 1.38 X 10~% J/°K and ¢ = 1.60 x 107 C, the temperature

coefficient of Vr is equal to

N
=1
~

TC(Vy) = 8.625x107° V/°K (2.

The temperature coefficient of VaE is approximately equal to [6]

N
(0]
f——

TC(Veg) = —2mV/°K 2.
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In order to compensate the negative coefficient of Vg, the value of I in eqn.(2.5)

must be equal to

TC(VsE)
TC(Vy)

93.188 (2.9)

KN =

At a temperature of 27 °C, the base-emitter voltage is approximately equal to 0.65
¥ and the thermal voltage is equal to 25.875 mV. Therefore, the reference voltage

from eqn.(2.5) will be equal to

VREF(@i27oc) = Vi E(at 27 ec) + DN Vr(at 27 2¢)

1.25 V (2.10)

Since this voltage level is maintained throughout the temperature range of interest
(except for the small error introduced by the nonlinearity explained later), the power
supply voltage only need to have this value plus the headroom required for other
circuitry in a bandgap reference circuit. Therelore. this approach is better for low
power supply voltage applications.

In order to accurately compensate the drift, the value of A" must be chosen in
accordance to the negative drift of VgE. Therefore, the temperature characteristics of
Vg must be studied more carefully. The base-emitter voltage of a bipolar transistor

s related to its collector current by the equation [4]

q(VBE — Vgo) (2.11)

[c = CT"exp T

where C is a temperature-independent constant; T is the absolute temperature in
°K; n is a fabrication technology dependent parameter related to doping level; and

V,, is the bandgap voltage of silicon extrapolated to 0 °K.
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If the bias current [; in Fig. 2.2isa temperature-dependent current with the form
L = AT™ (2.12)

where A is a constant and m is the temperature dependency of [, then assuming
negligible base current, one can substitute [; into [c in eqn. (2.11). Then considering

two temperatures: an arbitrary temperature T and a reference temperature T,, one

can easily derive the following equation

Vee(T) = Vae(Tr) (%) + Vo (1 - %) —(p—m) (%—) [n (%) (2.13)

where Vag(T,) is the value of Vgg at the reference temperature T.. If Vge(T) is
written in the form of a constant term, a term proportional to 7', and a higher-order

term in such a way that the linear term represents the tangent to the Vze(T) at T,

the following results

kT k .
Vee(T) = {Y-;a +(n—m) } AT +(n—-m)— {T —T. = Tin( Z—)}(‘Z.H)
q q T,
where
;o KTl ) — Vs
y = Vgo + 5500 m) — Vge(Tr) (2.15)

T.

The second term in eqn.(2.14) is proportional to T which can be compensated by
proper choice of K in eqn.(2.5). The third term is the nonlinearity and can be
negligible in most applications. Fig. 2.3 shows the plot of this nonlinearity with
n = 3.54 [4] and T, = 55 °C (328 oK) for various values of m in the temperature range
_559°C to 180 °C. As can be seen from the plot, the nonlinearity only introduces a
few millivolts variations in the output voltage and is negligible in many applications.

Therefore, after the compensation, the output voltage of the bandgap reference is
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equal to the bandgap voltage Vj, plus a constant term. That is why a reference done

by this approach is called bandgap voltage reference.

In the design of a bandgap voltage reference, the values of various constants in
eqn.(2.14) are unknown to the designer and vary for different technologies in use.
These values are usually determined experimentally. Therefore, it would be more
convenient to determine the value of K by observing the variation of Vgg to temper-

ature through simulation or measurement.

1

~1pF
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-4

_.7 1 I I l
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Tt

Figure 2.3: The Nonlinearity (n—m)(k/){T -T-—-T In(T/T.)} of Vge(T') vs. T[T,

2.4 First-order Compensated Designs

In this section, some practical bandgap reference designs are discussed. The first
design considered was proposed by Widlar [7] and is the first practical circuit that

implemented the bandgap reference concept. The second circuit is proposed by Kuijk
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[8] which eliminates some of the shortcomings in Widlar’s design. The last one is
the one by Brokaw [9] which is the most commonly used basic bandgap cell in many
practical circuits (e.g. ADS80, AD581, AD584, REF-01, AD573 and AD539). All
these three designs are referred to as first-order compensated designs because they
compensate for the linear temperature dependency of Vg regardless of the nonlinear
temperature variations. They are also the classical implementation of the bandgap

reference concept that are described in many electronics textbooks.

2.4.1 Widlar Bandgap Reference

Fig. 2.4 shows a simplified form of the bandgap reference designed by Widlar [7].
This circuit utilizes a negative feedback by Q3 to establish a nominal operating point
such that the output voltage Vrer is equal to VBE(n) plus a voltage proportional
to the difference between two base-emitter voltages. The operation of the feedback
can be explained as follows. When the voltage level of V4 is higher than the value
‘1 stable condition, more current will flow into the transistor Q3 which causes less
current going into the branch of Ry: thus reducing the current drive to the base of
Q3. V3 will eventually decrease and restore to its stable value. On the other hand. if
I/, decreases, less current will low into @3; thus more current will pass through R
and the voltage level of V; will be ‘ncreased and eventually the nominal operating
point is restored. When the nominal operating point is established, 5 will be equal
to Vag(on) of Qa- At this point, @, has a higher current density than Q2 due to the
lower value of Ry. This creates a voltage difference between the base-emitter voltages
of Q, and @2 and this differential voltage AVpg appears across the resistor Ra. If

the transistors have high current gain 5, the emitter current [g of Q2 will be almost




Ql

VREF

R, =600
R,=06k

Figure 2.4: Widlar Bandgap Voltage Reference

equal to its collector current /c.

LR

Thus,

= Ve — VBE2

= L‘Hn-—[—l-—\"rlu!i
fSl 52
— Vrln=
T n[2

(2.106)

In eqn. (2.16), [s; and [s; are the reverse saturation currents of bipolar transistors

Q, and Q,. The reverse saturation current [s of a bipolar transistor is equal to

where
n?

1

and

[s = ATTL?/.Trl

= BT3ezp(—qV/kT)

g, = CT™
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Since matched transistors are assumed, Is, should be equal to Is5. Therefore, the

voltage across resistor R, will be equal to

Ve = LRy
R L
= —W —_ ) )
Vrln 7 (2.20)

The output voltage Vrer is then

Vagr = Vot Vre

. 2. N ,
= Vggn) + = Vrln — 2.2
BE(on) T 2 T in I, (2.21)

The above equation is in the form of eqn. (2.5) if the current ratio /i/[; can be kept
insensitive to temperature. Therefore, the first-order temperature dependence of 15z

can be reduced to zero by the second term in eqn. (2.21).

2.4.2 Kuijk Bandgap Reference

The bandgap design by Kuijk [8] is illustrated in Fig. 2.5. This circuit is operated
with the feedback of the operational amplifier to establish an operating point. \When
the voltage ¥ at the positive input terminal of the op-amp is higher than the voltage
_ at the negative input terminal, the output voltage Vrer is increased which. in
turn, triggers a higher current density through R,. Thus, the voltage level at the
negative terminal will be increased and finally equal to that at the positive terminal.
At this point, a stable operating point is achieved. Alternatively, if V_ is higher than
Vi, Vrer will go down. This will create a lower current density through R, and the
voltage level of V_ will decrease which eventually stabilizes when V_ = V. When
the stable operating point occurs, the voltages at the two inputs of the op-amp are

equal. At this time, the voltage developed across resistor Rs is equal to
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AVgeg = Vie1— VB2

Iy D

= Veln— —Vpln—

T i1 1[,51[ T 1l [52

= Vpln -2
Vorln I, Tar (

| O}
o
SN
—~—

Since the transistors are matched, /s and [s, cancel out each other. So, the current

through Rj is equal to

Vr. L
, = —In— 2.2
[3 R3 n [2 ( ;)

If the operational amplifier has high gain, Vi, = 0 and [y i = [» R;. Then. the

— VRer

Q2 Ql

1

Figure 2.5: Kuijk Bandgap Voltage Reference

current ratio [,/ [; has the form

Ton
)
|
o
[§™]
=

Using eqn. (2.23) and eqn. (2.24), one can easily obtain

Rs R,
= W —Vrln— 2.2
VREF BE1+ ngr an (2.25)

20




In monolithic integrated circuit, the ratio of two resistances demonstrates excel-
lent tracking over temperature. Therefore, the second term of eqn. (2.25) is lin-
early proportional to temperature such that the linear temperature variation of Vg

can be compensated. Again, eqn. (2.25) is in the form of eqn. (2.5) with A" =

R';_/R;; Irl(Rg/Rl)
2.4.3 Brokaw Bandgap Reference

The third first-order bandgap design discussed is the one proposed by Brokaw [9],
depicted in Fig. 2.6. In this cireuit, the transistor @, has an emitter area which is
n times that of transistor @;. The circuit is operated as follows. When the voltage
level at the bases of the two transistors is higher than what would be in quiescent
point, a large current is forced through R;. However. the voltage developed across Rz
will limit the current through @, such that more current will low through ¢,. The
two different current densities in the collectors of Q; and @ are sensed by the two
resistors R. Therefore. a voltage imbalance is created at the two input terminals of
the op-amp, and a lower voltage level appearing at the positive terminal which will
then decrease the output voltage level of the op-amp: thus, restoring the quiescent
point. When the base voltage is smaller than the quiescent value, a smaller current
is forced through R;. Now, @2 will take more current than Q. because of its larger
emitter area. Again, the difference in current density of the two collectors is sensed
by the two resistors R, causing a voltage imbalance in the inputs of the op-amp.
The relatively lower voltage level at the negative terminal will cause the op-amp
to increase its output drive to raise the base voltage, thus, restoring the quiescent
operating point. Between these two conditions, the output of the reference has a

stable output voltage which can be derived as follows.
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Q2 ~ QI y
o P REF
LV < Ra
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Figure 2.6: Brokaw Bandgap Voltage Reference
The voltage developed across R is equal to
AVgr = Ve — VeE2
Y (T R (o
= VWln—-\17ln—
(all}8 [51 Tn [:2
lcy [s2 .
= Vrln—— 2.206
ez [s1 (2.20)

The saturation current ratio can be expressed in terms of the emitter area ratio which

is equal to n. Since equal currens is flowing in each transistor. [c1 = [ca. Thus.

AVBE; = Vf Inn (?..?.T)
Then, the current through Rz is
Vr
L = — 2.28
2 Ry n ( )

As the same current is flowing in @1, the current through R; is twice the current I

QW]
[




and the voltage across R will be

Vri = Z%VF Inn

i

R
272?/7 Inn (2.29)

The ratio of two emitter areas in monolithic circuit is quite insensitive to temperature
change. Thus, a voltage proportional to absolute temperature is established. The

output of the bandgap reference will then equal to

Veer = Vot Vmi

R ..
= ‘/551-{-2-1-?-[-"'1'[1171 (2.30)

By proper selection of the constant coefficient of the second term in eqn. (2.30). a

first-order temperature-compensated voltage reference is obtained.

2.4.4 Discussions

In the circuit designed by Widlar (Iig. 2.4), the base current is assumed to be negli-
gible which is based on the assumption that the current gain J of transistor is high.
However, this base current error can reduce the accuracy of the compensation. Since
3 varies with temperature, the base current error is different at various temperature
and the analysis ‘is not easy to include this effect. The second drawback of Widlar
bandgap is that the operating currents in the circuit are all obtained from the current
source [ which is derived from the power supply. As the power supply fluctuates.
this current will change. This will reduce the stability of the output voltage. The
design by Kuijk eliminates the power supply problem by not generating the operat-
ing currents from the supply voltage. The current is derived from the base-emitter

voltage differential and a resistor. This current is not affected by the supply voltage
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variations as long as the transistors remain forward-active. In addition, the bias cur-
rent to the transistors in Kuijk design is proportional to absolute temperature (eqn.
(2.23) and eqn.(2.24)). The base-emitter voltage part of the reference is taken from
Q, which is biased by the PTAT current. From Fig. 2.3, the nonlinearity error in
Vg is smaller when the bias current of a transistor is PTAT (m=1) than when it
is independent to temperature. Therefore, the nonlinearity is smaller. However. the
base-emitter voltage in Widlar’s design is taken from Q3 which is biased by a portion
of T that is not a PTAT source. The bandgap reference proposed by Brokaw further
eliminates the base current error by providing the current drive of the bases by the
output of the op-amp. It also has the same advantage as that of Kuijk with a PTAT
current as bias current to all transistors. The two latter circuits have an additional
merit for being able to drive a certain amount of load by the op-amp. The Widlar

reference, however, cannot be loaded and a buffer stage must be provided to connect

this circuit to a load.

2.5 Other Technologies

The design approaches considered so far are implemented using bipolar techuology.
Since many analog circuits are designed using bipolar transistors, there will be no
problem integrating a bandgap reference into other analog circuits on the same chip.
However, the recent emphasis is in putting analog circuitry together with digital
circuitry in one single chip; and cost-effective digital circuits are commonly imple-
mented with CMOS technology. Hence, it is necessary to design analog circuit in
CMOS transistors as well. For instance, in a data acquisition system, analog signal is
frequently converted to digital domain by an analog-to-digital converter (ADC) and

then processed by the digital circuits. Thus, it would be advantageous if the ADC

24




can be implemented by CMOS technology. This results in saving packaging cost of
two chips and also circuit board area. In an ADC, there is always a requirement to
have a stable reference voltage. This is one of the many reasons to design a voltage
reference with only the devices available in CMOS technology.

In CMOS technology, there is a bipolar substrate transistor available with no
modification to the basic process. This transistor is made by n-type substrate as
collector, p-type well as base, and n* diffusion as emitter. Therefore, the topologies by
Kuijk and Brokaw can be transferred to CMOS technology with only minor changes.
As the collector of the transistor is made by the n-type substrate which is often tied
to the most positive potential in a CMOS circuit, this device is restricted to a circuit
configuration with its collector connected to the positive supply voltage. Therefore,
a modified design is required. A typical circuit topology is shown in Fig. 2.7. As can
be seen in the figure, the collector current can no longer be sensed directly as it does
in the bipolar bandgap reference. It is instead sensed in the emitter. [t follows that
the error due to the finite current gain of transistor cannot be reduced. Thus, the
accuracy of this bandgap circuit is reduced. However, this approach still provides an
acceptable performance of bandgap reference in CMOS circuits.

While the bipolar configuration of bandgap reference can be readily implemented
in CMOS technology, there are some other approaches proposed in the literature
[10, 11, 12]. These approaches are invariably focused on generating the PTAT voltage
from MOS transistors rather than using the base-emitter voltage differential AVzz.
In general, the PTAT voltage is obtained from the voltage difference between two
NMOS transistors operating in weak inversion (or subthreshold region) with different

bias current level.

When operated in weak inversion, the current in an NMOS is very small and the
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Figure 2.7: A Typical CMOS Bandgap Reference (with n-well process)
behavior of the transistor, with substrate connected to source, can be described by

the following equation [10]

W 1 akT\* ) q . . nkT
o = () (5) (L) oo s (v - 2))

—ex f_”iv’ﬁ)] 9
[1 e.\p( T (2.31)

where [p is the drain current; Vgs is the gate-to-source voltage; Vps is the drain-to-
source voltage; W is the gate width; L is the gate length: Coz is the oxide capacitance
per unit area; 4 is the effective mobility of carriers in the channel; V; is the threshold
voltage; k is the Boltzmann constant; ¢ is the electron charge; T is the absolute
temperature; m and n are process-related parameters. If a transistor is operated

with Vps > kT/q, the last exponential term in eqn.(2.31) disappears. When two

NMOS transistors are operated in two different currents, with their gates connected




to the drain, the voltage difference between them is equal to

_ [k Ip, (W/L)
AVes = (q>Tl“ [lm (W/L)l}

= AT (2.32)

This voltage has a positive temperature coefficient that can be exploited to compen-
sate for the negative temperature coefficient of Vgg. It can also be scaled by choices

of currents and device geometries. Fig. 2.8 depicts one implementation of this idea.
The output voltage Vrer is equal to
Vrer = Ven+11—-1

= Vggi + AT (2.33)

Again, this voltage is in the form of eqn. (2.5).

Vee ~
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Figure 2.8: A CMOS Voltage Reference with MOS Transistors Operating in Weak
Inversion

The application of this approach is only limited to reference operating in moder-

ate temperature range. At high temperature, the junction leakage current of a MOS
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transistor becomes comparable to, or even greater than, its current in weak inver-
sion. Furthermore, the performance of voltage reference designed in this approach is
not as good as those applying the direct bipolar bandgap design. These hinder the
application of this design approach.

Voltage reference using NMOS technology has also been reported in the litera-
ture [13, 14]. The reference voltage is determined from the difference between the
gate-to-source voltages of both the enhancement and depletion MOS transistors. A
similar voltage drift versus temperature curve is obtained as a result of that the mo-
bility variation dominates at low temperatures and the threshold voltage variation
dominates at high temperatures. Therefore, the temperature coefficient is positive
for low temperatures, returns to zero at the reference temperature, and then goes to
negative for high temperatures. Voltage reference of this kind has a typical voltage
level of 4 V and a temperature coefficient of —50 ppm/°C [15]. The voltage level can
be adjusted by changing the implant level that determines the threshold voltage.

[n general, the design approaches discussed in this section are not as prominent
as the bipolar bandgap. With the advent of BiCMOS technology where npn bipolar

transistors are available, the same bipolar bandgap topology can be re-used in voltage

reference design.
2.6 Curvature-Compensated Bandgap Reference

As Fig. 2.3 shows, the temperature variation of a theoretical bandgap reference
voltage is in the range of a few millivolts. This error does not include the second
order effects normally presented in physical components (like transistors and resistors)
used in actual bandgap circuit. Therefore, a practical circuit will usually have an even

higher error. When the precision of the reference voltage over temperature becomes
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critical, there are a few measures that can be incorporated to reduce the error. These
measures are focused on suppressing the influence of the following second order effects:
- The influence of the temperature-dependent base current (through B which
is heavily sensitive to temperature).
- The Early effect.
- The effect of non-ideal resistors (which frequently has a certain degree of
temperature dependency).
- The reverse Early effect (through the hase-emitter junction)[19].
While reducing the second order effects can improve the accuracy of a bandgap
reference, the overall precision is still limited to the few millivolts (shown in Fig. 2.3).
This error is not due to second order effects occurred in the reference. Rather, it is a

consequence of the basic bandgap reference design in which the nonlinear error term

(n —m) (A—(Z:) in (%—) (2.34)

is regarded small and is not compensated. Therefore, if a higher precision is desired.
the nonlinear error must be compensated. [n general, it is not easy to find a matching
source to compensate this error in monolithic circuit. Compensation is then usually
involved with certain degree of approximation.

The technique to compensate the nonlinear error term is conimonly referred to
as Curvature-Corrected or simply Curvature Compensation. There are a number of
approaches proposed in the literature. These techniques can mainly be classified
into two main groups. One involves finding an approximate nonlinear source with
opposite temperature coefficient to compensate the error. Since this source is only
an approximation, the overall error would not be completely eliminated but would be

smaller. The other methods are focused on removing the nonlinearity in Ve in the




first place. It is done by linearizing Vgg by a different circuit design.

A nonlinear term can be generated in a number of ways. One way is to use a
MOS transistor [20] for the generation of the nonlinear term. Another way is to use
a high TC resistor [21]. There are methods [22, 23] which only require the hasic
elements available in bipolar technology. The compensation technique described by
Salminen and Halonen in [20] exploits the square-law [p — Vps characteristics of the
MOS transistor to compensate the nonlinear temperature variation of Vgg. A diode-
connected MOS transistor is added to the basic bandgap cell and provides a nonlinear
voltage drop for compensation. Audy [21], on the other hand. uses a high TC resistor
connected in parallel with a low TC resistor to create two temperature-dependent
voltage drops, one proportional to T? and one to T3. These two voltage drops are
used to compensate the nonlinearity in Vgg. The approaches that do not use special
circuit elements are in general using two different currents to bias the two transistors
which generate the voltage AVpEe- These two currents do not differ with each other
by a constant but, instead are each varying differently with temperature. Thus. a
term equal to %[‘_ In (%%) is obtained. This term can be changed by varying the two
currents as well as the size of the transistors. While changing the size of the transistors
will alter the magnitude of this term, having a different temperature variation for the
two bias currents will make this term nonlinear. Therefore, the nonlinearity in Ve
can be reduced by this term.

The methods that focus on linearizing Vpg are achieved by minimizing the effect
of the nonlinear term in Vgg. This is accomplished by decreasing the magnitude of
this term. As illustrated in Fig. 2.3, the error introduced by the nonlinear term
is minimum if one can decrease the factor (n —m). This term can be completely

eliminated if one can have a current proportional to . However, it is difficult if
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possible to obtain this current in an actual circuit. In a monolithic circuit, a current
proportional to (PTAT)™ (where m is an integer) can be generated by a special class
of circuitry called translinear circuil. Therefore, a (PTAT)™ current with m close to
n can be used to linearize Vge. Again, the error is reduced.

In [24], a linearization method without resort to this (PTAT)™ current is proposed.
It uses a PTAT current source to bias a series of m transistors and a temperature
independent current source to bias another series of m — 1 transistors. Then, the
voltage differential between the two series of transistors are taken. The factor (n—m)
is obtained and can be reduced by proper choice of m. The number of transistors used
is then dependent on the technology-related factor . The drawback of this approach
is that the supply voltage requirement will be larger when the number of transistors
is increased.

In this thesis, the feasibility of using a proportional sum of two currents as bias
current to a bipolar transistor is investigated. One of the currents is (PTAT)™ while
the other (PTAT)™*!. These two currents are generated by a translinear circuit and
are summed together in a proportion required by the technology parameter 1. This
approach would not only reduce the factor (7 — m) but also the argument of the

logarithmic. The nonlinear error should be smaller than that using just one current

souvce.

2.7 Conclusion

Both Zener reference and bandgap reference are studied in this chapter. In particular,
the bandgap reference is considered extensively where the first-order compensation
designs are reviewed. The implementations of first-order bandgap reference in dif-

ferent technologies are discussed. In addition, the curvature-corrected compensation
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techniques of bandgap reference proposed in the literature are outlined. The main
objective of these designs is to minimize the effect of the nonlinear term in the base-
emitter voltage of a bipolar transistor. A new approach for curvature-corrected com-

pensation to more effectively reduce the eflect of the nonlinear term is introduced.

This approach is explained in detail in chapter four.
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Chapter 3

Translinear Circuits

3.1 Introduction

In this chapter, the translinear principle for bipolar transistors is formulated. Then.
some typical circuit topologies are given. In particular, two circuits are designed based
on the bipolar translinear principle. The two circuits provide polynomial functions
for 5 V and 3 V supply voltage applications. They are utilized in the implementation
of the new curvature compensation technique. Furthermore, the nonideal behaviors
of TL circuits are discussed. Finally, the idea of extending the translinear principle
to MOS transistors is provided.

The idea of translinear (TL) circuits was first proposed by Gilbert [25] in 1975. The

term translinear stems from the relationship “transconductance linear with current”.

According to Gilbert [26]. a TL circuit is one that, with both inputs and outputs
in the form of currents, exploits the linear relationship between transconductance
and current in certain electronic devices, in an arrangement such that only these
devices are presented in a closed loop, to achieve specific algebraic functions. One of
these electronic devices possessing this relationship is the well-known bipolar junction
transistor (BJT). As a consequence of the TL relationship, functions implemented by

TL circuits are insensitive to temperature variations.
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In addition to being temperature stable, bipolar TL circuits have another advan-
tage of being superior in speed performance. It is a result of the small voltage swings
in the circuit. Since a TL circuit is organized in loops of base-emitter junction volt-
ages, the voltage swings are changes in the base-emitter voltages of transistors. The
changes are due to alterations in collector (sometimes emitter) currents as signal cur-
rents vary and are usually a few tens of millivolts. Therefore, junction capacitances of
transistors do not need to be charged and discharged significantly in performing cir-
cuit function. This results in high speed circuit performance, usually in a nanosecond
range.

The applications of TL circuits are numerous. For instance. they can implement
continuous-time algebraic functions like squaring: square-rooting: multiplication and
division; multidimensional vector addition and subtraction: direct computation of am-
plitude ratios in an array; and polynomial, trigonometric and implicit-form function
generation, to name a few. Although many of these functions can be implemented
by a digital signal processing (DSP) approach, the TL circuit approach offers a high
speed advantage. It also eliminates the conversion of signals from analog to digital
domain before the function can operate on it; thus. removing an extra step to convert
the digital signal back to analog form. In many applications, the information signals
are not in digital form. In these cases, the TL circuit implementation provides an

advantageous alternative for signal processing functions.
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3.2 Bipolar Translinear Principle

The relationship between the base-emitter voltage (Vag) of a BJT and its collector

current (I¢) is described by the following equation

,

lo = Is-exp() (3.1)

and
[ = Ag-Js(T) (3.2)

where [s is the saturation current of transistor; 17 is transistor thermal voltage: Ag
is the emitter area of transistor and Js(T) is saturation current density. Vr is further
given by

kT
VP o= — (3.3)
q

where & is the Boltzmann's constant equals to 1.38 x 107 J/L (or 8.62 x 1g-?
eV/K); q is the magnitude of an electronic charge and equals to 1.60 x 107" € and
T is the absolute temperature in Kelvin, °fv. Notice that eqn. (3.1) is the ubicuurous
diode equation without the “_|” term. It is omitted here because transistors ina
TL circuit are usually operated with the base-emitter junction forward-biased which
implies Vgg >> V. Therefore, the “-17 term becomes insignificant. If eqn. (3.1) is

differentiated with respect to Vgg, it becomes

§le  _ Ie (3.4)

dVBE Vr

Notice that eqn. (3.4) is the transconductance, gm. Therefore, the g of a BJT is
linearly related to the collector current as required by TL principle. Furthermore, if

eqn. (3.1) is rewritten such that Vg is in the left hand side, an expression for Vge
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is obtained

I
Veg = Vrlnr (3.5)
Is

Now, the bipolar TL principle can be formulated as follows. Fig. 3.1 demonstrates
a generalized bipolar TL loop in which transistors are arranged in such a way that
only the base-emitter voltages, VpEs, are presented in the loop. For the principle to
apply, the closed loop must have the following two conditions satisfied, namely
- the number of junctions has to be even.
- the number of clockwise-facing (CW) junctions must be equal to the number
of anti-clockwise-facing (ACW) junctions.

The loop of Fig. 3.1 contains 2n base-emitter junctions and the junction voltages.,

ICl Y l lCZ

oo R

lC(2n~l) L [C(ln)

\J

Figure 3.1: A Generalized Bipolar Translinear Loop

denoted here by Vggk, must be summed to zero (by Kirchhoff’s voltage law), that is

2n
S Veer = 0 (3.6)

k=1

Here, Vg, is the base-emitter voltage given by eqn. (3.5). By substitution, eqn.
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(3.6) becomes
I
ZVT In == [it =0 (3.7)

The use of separate [s for each junction allows that different emitter area can be
used for different transistors. It also includes the possibility of using different device
types (such as npn and pnp transistors), which have the same Vpg — [¢ relationship
but different saturation current, in the same loop. When different types of devices
are used, they must come in opposing pair, that is, one CW and one ACW. This
ensures that the temperature dependent part of the saturation current Js(T') can be
cancelled as it is different between two devices.

Now, eqn. (3.7) can be written in terms of the C\ junctions and the ACW

junctions
z [ok - [
S \xﬂn[i‘ = X VTIn[—C'i
CWk=1 Sk ACWk=1 Sk
n [_’ n [
Ck Ck s
H T = H T (3.8)
Civk=L *Sk ACWk=1 'Sk

In eqn. (3.8), the property that the summation of a series of logarithmic terms
equals to the logarithmic of the product of terms is applied. Now, [si = Agk- Jsi
can be substituted to eqn. (3.8) and, since Jsi terms in the left hand side is equal to

those in the right hand side, the following is achieved

n

fee for (3.9)

CWk=1 Agk ACWk=1 Agk

As obvious in eqn. (3.9), the two temperature-dependent terms, namely V7 and
Jsk, are not presented in the final expression. Therefore. the temperature sensitivity
of this circuit is removed. The above equation is a compact form of the bipolar

translinear principle. It states that: in a closed loop containing an even number of
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base-emitter junctions where the number of clockwise-facing junctions is equal to the
number of anti-clockwise-facing junctions, with no voltage generator inside the loop,
the product of current densities in the clockwise-facing junctions is equal to those
in the anti-clockwise-facing junctions. This principle is the backbone for analyzing a
special type of circuits known as TL circuits which can perform complicated signal

processing functions. Without it, the analysis of these circuits would be difficult.

3.3 Practical Circuits

[n this section, some bipolar TL circuit topologies are discussed. The goal of this
section is to demonstrate the feasibility of applying TL principle to implement some
signal processing functions. In particular, two TL circuits that are used in this thesis
are given. [n the circuit diagrams followed, the symbol (+) simply means connecting
this node to an appropriate potential. It does not mean to connect it to the power
supply. In the examples shown, it is assumed that inputs to the circuits are available
‘1 the form of currents. No attempt is made to deal with the topic of generating the
current signals. Unless otherwise stated, all the transistors considered are assumed to

be the same size. It is further assumed that the base current of transistor introduces

negligible error to the circuits.
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Figure 3.2: One-quadrant TL Squarer/Divider {26]

3.3.1 One-quadrant Squarer

Fig. 3.2 depicts a squaring circuit which can be analyzed as follows. Applying the
TL principle, the product of currents in Q, and Q2 is equal to that in @3 and Q..

Therelore, the following is obtained

[1 - [2 = [3’ [.|
3 = Ir-Iz
%
[, = = 3.1
z = 7 (3.10)

A squarer is thus obtained if [{, is fixed. On the other hand, this circuit becomes a di-
vider with [y as input: if Iy is fixed. Therefore, this circuit is actually a squarer/divider.
As evident in the schematic of this circuit, it is a one-quadrant squarer as the input
currents must flow in the direction shown, otherwise, it will not function.

The circuit in Fig. 3.2 can be generalized to implement a function that raises the
input signal to any degree, n, of power. By putting n diode-connected transistors

‘0 the branch where [y is flowing and n — 1 transistors with n —2 of them diode~
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Figure 3.3: Power-n Circuit

connected in the [y flowing branch, a circuit which gives an output proportional to

input signal raised to power n is obtained. Fig. 3.3 shows the schematic of this

circult.

Applying the TL principle, the following can be obtained

= Ll
[11'
Iz = -[%
X .
= == 3.11
[;1'_—1 (3 )

Again, if [y is fixed, a power-n circuit is achieved.

This topology is very useful In obtaining a current proportional to any degree of
a specific parameter when a current linearly dependent to the parameter is already
available. For instance, if a linear temperature dependent current [; = AT and a
constant current [, = B are presented, an output curren§ haﬁng any degree, n, of

temperature dependency can be generated. If [ is applied as [x and Iy as [y, the
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following is obtained

Ql

AT
[Z = (Bn-)l
= CT" (3.12)
where C = A*/B™".
(+)
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Figure 3.4: Circuit Generating Currents Proportional to 72 and T for 5 V Supply
Voltage

[n this thesis, currents proportional to T3 and T* are needed. These currents.
denoted here by, I3 and Ly, can be realized easily by the topology in Fig. 3.3 when a
current [; (proportional to T') and a constant current [o (independent of T') are given.
In fact, the loops of TL circuits can be overlapped if there is a common loop between
them. Since the I; branches in both circuits are common, they can be merged into
one circuit providing the same currents. The circuit resulting from this combination

is depicted in Fig. 3.4. This circuit is designed for supply voltage of 5 V. A second
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circuit that provides the same function but for 3 V supply voltage is shown in Fig.
3.5. The generation of [ and 4 in this circuit is achieved by first deriving the current

I, (which is proportional to T?). These two circuits are used in the implementation

of the new compensation technique.

(#)

Mpz@}" I“”E Mp
(+) {+)
9 — —y—

o | e
{Qm ;.__. ng.; Qps 5 P—{Q,,s __1: 'o——-EQ,,IO
‘/Qm | 1 - \l/ o i

Fieure 3.5: Circuit Generating Currents Proportional to T3 and T for 3 V Supply
g g PP

Voltage

3.3.2 Two-quadrant Squarer

The one-quadrant squarer can be made two-quadrant with an absolute-value circuit.
One possible implementation of an absolute-value circuit is shown in Fig. 3.6(a).
When the current [x is flowing into the node, the current mirror reflects it to the
output [z while transistor Qs is off. When [ is flowing in the opposite direction, out
of the node, @3 will be turn-on while the current mirror is off. Therefore, [ is carried
by Qs to the output. In both cases, [z flows in the direction shown. Therefore, the

absolute-value function is achieved. Vg1as is to ensure that Q5 is off when [y flows
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into the node. It also has to ensure that Qs is on when Ix flows out of the node. In
practice, the value of Vpras must be at least one Vgg above ground but it cannot
be more than two Vggs. Moreover, the output node must be at a potential level of
at least one Vgg above ground so that Qs would not be saturated when I3 of Q3
is flowing out of the node. Therefore, the output of this circuit must be connected
to an appropriate potential level. The circuit demonstrated in Fig. 3.6(b) veduces
the finite-beta errors suffered from the circuit in Fig. 3.6(a) by introducing a Wilson
current mirror and a Darlington pair.

Vo= I VRN

Q4 VB!AS
Q3 VBIAS Q3
> S E‘”
Ix Q [>‘——4 0
| "

(a) (b)

Figure 3.6: Absolute-value Circuits [26]

When the input current is a high speed sighal of alternating polarity, the use of
the absolute-value circuit to implement a two-quadrant squarer becomes unacceptable
as transistors are needed to be switched off completely during one half cycle of the
input. It will impair the speed of the circuit. The circuit in Fig. 3.7 provides
a better approach of two-quadrant squarer for high speed application. It consists
of two overlapping TL loops, Q1 — Q2 — Q3 — Q- and Q¢ — Qs — Qs — Q7. The

input currents are two complementary signals, namely, (1 + X)) and (1 — X)I where
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—1 < X < +1. Applying TL principle to the two loops,

Ies-Icr = ler-lec2

Ici-ler = lcs- lce (3.13)
Let C be a temporary variable, so

Ies = (L+C)-1

Ieo = (1-C)-1 (3.14)
Solving eqn. (3.13) and eqn. (3.14),
[ = (1+X3)] (3.15)

Now, the output current [z will be equal to (X?)[ if a current source [ is applied as
shown. In the example above. the input signal is in the form of a modulation factor.

X. In general, this approach is quite often used for two-quadrant applications.

(1+X)] 4—1‘ (1-X01 @ [
HQ-’? Q4 ’
Al =,
@ Qs _

X1
MO j]

‘.,@__

Q7

Figure 3.7: Two-quadrant TL Squarer [26]
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Figure 3.8: A TL Square-rooting and Geometric-mean Circuit [26]
3.3.3 Rooting and Geometric-mean Circuit

Fig. 3.8 illustrates a circuit implementing the rooting [unction. The output of the

circuit is
[ = /Ixly (3.16)

If one of the input is fixed, this circuit implements the square-rooting function. How-
ever, when both inputs are allowed to vary, it will calculate the geometric-mean of
the inputs. If the current [y is proportional to T while the current [y- is a constant
current, the output current will be proportional to 7%°. This implementation can be
used only for a one-quadrant application which requires the input currents flows in

the direction shown.
3.3.4 Vector Summation Circuit

Vector summation is another commonly used signal processing function. Fig. 3.9

depicts one implementation of this function by TL circuit. There are two TL loops




in this circuit. The loop involving [x is described by the following

Iy = %Z' Iz
I; = %Z- (3.17)
while the loop containing [y can be described by
o= Lon
o= [—25- (3.18)
Adding eqn. (3.17) and eqn. (3.18), one can derive
= G+ (3.19)
Therefore, the output current [z is
[ = JI}+ [} (3.20)

This circuit has the advantage of being highly symmetrical w tich 1s desired in IC

H—ﬂif

IX

3 Qs
7

Q
Q2
Ql Q

i {
<i> Iy

Q5 }—-J
Q6 D

Figure 3.9: A TL Vector Summation Circuit [26]

operation. It is easily expandable to three or any dimensional vector summation.
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Again, this circuit is applicable for one-quadrant input only. Therefore, the input

currents must flow in the direction shown.

3.4 Non-ideal Behaviors

The variations of Vgg in a TL circuit cause the current ratio to be different from
the theoretical derivation. This problem is commonly called “Vgg mismatch” [26]. It
often happens as a result of errors in emitter area which are due to local variations in
junction doping as well as errors in the photolithographic delineation of the emitter
opening. The thermal gradients on a chip can also affect the value of Vg since
I varies approximately —2 mV/°C [4]. The temperature variations in different
part of a chip will make the Vgg values to be deviated from their designed ones and
thus affecting the current ratio. Additionally, stresses in silicon can cause adjacent
transistors to have different Vgg values. Although troublesome, these primary effects
can be minimized by two measures. [irst, a highly symmetrical layout scheme can
reduce errors in emitter area. Second, critical pairs of transistors should be arranged
as cross-connected quads to lower the influence of thermal gradient on a chip.

Furthermore, Vgg is also affected by the collector-base voltage, V¢, through
base-width modulation (Early effect, named after J. M. Early who first interpreted
this phenomenon).'Likewise, a finite ohmic resistance in the base région (also called
effective base resistance) increases Vpg to 2 higher value than that predicted by
eqn. (3.5). These effects are collectively called secondary effects which are normally
neglected in a first-order calculation. The circuits considered in the previous section
do not include these effects.

The effect of Vie is treated first. When the effect of Ve is included in eqn. (3.4),
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it becomes

Ic
Is(T)(1 + <)

Var

Vgg = Vrln (3.21)

where V,f is the forward Early voltage of transistor. As can be seen, the difference
between eqn. (3.4) and eqn. (3.21) is the factor (1+ l{;j—%) When Vyr is very large. this
factor approaches “1”, making the effect of Vgc negligible. However, V4 may he quite
low (usually in the range of 5 — 50 V) in many high-frequency transistors. Therefore,
even il transistors with Vyp = 50 V' is used, a 1 V error in the choice of collector
bias will change I¢ by 2%. Although the Early effect is very troublesome, it is not
so predominant in TL circuits. Firstly, transistors in TL circuits are normally biased
in pairs which effectively cancels the collector-biasing effects. Secondly, the collector
is connected to the base in most transistors, thus making ¥ac = 0, which essentially
climinates the Early effect. However, attention must still be paid to those transistors
with collector not connected to the base. Finally, VaF is in essence independent of
temperature which further eliminates one possible chance of operating variability.

Now, the effect of base resistance, Rp is discussed. Taking Rpg into account. the

expression for Vg becomes

[c [cRB
+
Is(T) ¢

Ve = Vrln (3.22)

’

where § is the current gain, beta. Its value is a function of ¢, Vcg. as well as
frequency. The effect of Rp is further complicated by the fact that the value of Rp
is temperature dependent. As evident in eqn. (3.22), no longer can a closed-form
equation for Ic (Vgg) be written. Therefore, errors introduced by Rp cannot easily

be quantified in general terms as in the case of Vag. Its effect should be considered

under specific situations.




In addition, there is an error due to the finite beta of transistors. Since the base
and collector of transistors in a TL circuit are often connected together with signal
currents (inputs or outputs) driving the node, thereis a small amount of current going
to the base due to the finite beta of transistors. This loss of current from the collector
will introduce a small error in the current ratio. In a high precision application. a

base-current-cancellation technique should be incorporated to eliminate this error.

3.5 MOS Translinear Principle

Another electronic device that possesses a similar TL relationship. such as a BJT.
is the well-known metal-oxide-silicon (MOS) transistor. The MOQOS transistors are
commonly used in digital applications due to their smaller size and low power con-
sumption. However, using MOS transistors for analog circuits is still not as common
as using bipolar ones. [t is mainly due to their poorer signal processing capability.
a quality usually required by analog applications, compared to bipolar transistors.
On the other hand, recent advance in providing bipolar transistors in a MOS process
opens the possibility of using MOS transistors in the less crucial part of an analog
circuit like biasing, while using bipolar transistors for the more critical signal pro-
cessing part. In addition, improvements in performance of MOS devices may allow
implementing signal processing functions by MOS transistors as well. Therefore. it
would be advantageous if a similar TL principle can be extended to MOS transistors.

The first attempt to exploit the TL relationship of MOS transistors was due
to Seevinck and Wiegerink [29]. Rather than having transconductance linear with
current, MOS transistor has “transconductance linear with voltage” when it operates

in strong inversion (saturation). This is evident in the square-law model for MOS
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transistor operating in saturation. The square-law model gives
_ ﬂ A 2 29
Ips = -2-(Vc;s -V) (3.23)

with

W
B = uCor (3.24)

where [pg is the drain-to-source current; Vgs is the gate-to-source voltage; V; is the
device threshold voltage; p is the effective surface mobility of the carriers in the
channel; G, is the gate oxide capacitance; W and L are the width and length of

device, respectively. Differentiating eqn. (3.23) with respect to Vgs. one gets

= %(VGS ~1) (3.25)

It shows that the transconductance, gm., of MOS transistor is linearly related to the
voltage (Vs — V).

This relationship was utilized by Seevinck and Wiegerisk [30] to formulate the
MOS TL principle which can be derived as follows. A generalized MOS translinear
loop is illustrated in Fig. 3.10. Although PMOS as well as a suitable combination of
the both can be used in the loop, only NMOS transistors are used here [or the sake of
simplicity. [n the loop, transistors are connected with their Vgs in series. [n order to
apply the TL p].:inciple, there are some requirements that must be met. They are the
two conditions that must be satisfied in bipolar TL principle as well as all transistors
in the loop must be in saturation. In summary, the conditions are:

_ the number of gate-to-source junctions has to be even.
- the number of clockwise-facing junctions (CW ) must be equal to the number
of anti-clockwise-facing junctions (ACW).

- all transistors must be in saturation.
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Figure 3.10: A Generalized MOS Translinear Loop

There are 1 gate-to-source junctions in CW direction as well as in AC\W direction.

Thus, applying Kirchhofl’s voltage law to the loop. the following is obtained
S Vesi = ) Vasi (3.26)

cWi=1 ACWi=1

Again. the transistors are grouped into CW and ACW directions as in the bipolar

case. Substituting eqn. (3.23) into eqn. (3.26) results in

n

. [2-Ibs: Ips: _
Y (Wit —5) = S (e ,’.’°) (3.27)

f
CiWi=L '3 ACWi=1

Since the same number of CW and ACW devices are presented in the loop. the
threshold voltage terms on both sides of the equation can be cancelled. In monolithic
circuit, well-matched threshold voltages are usually the case which justifies the above
assumption. Furthermore, the parameters u and C,, for all devices are the same in

a monolithic circuit. It follows that

[D51 [Dbl
= (3.28
:"7;_1 W/L 40% _ V(W /L )

The above equation is a compact form of the MOS TL principle which can be exploited

to implement a different set of nonlinear functions that the bipolar counterpart cannot
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readily do. Notice that the MOS TL principle is a sum-of-roots relation rather than
a product relation in the bipolar TL principle. Therefore, it does not lend itself
to implement functions involving multiplication and division so easily. Since these
two operations are fundamental to signal processing and many other functions, the
utilization of MOS TL principle is less common. Furthermore, the performance of
MOS circuits is inferior to their bipolar counterpart as is normally the case in analog
design. In TL circuits, BJT can operate over a wider range of current while MOS
transistors are bounded at the low end by weak inversion and at the high end by
mobility reduction. Therefore, bipolar TL circuits have a wider dynamic range of
operation than their MOS counterpart. It is also true that a tighter device matching
can be achieved in bipolar devices. This is a fundamental requirement of TL principle.
Due to these limitations, the use of MOS TL circuits has not been as successful as it
is in bipolar circuits. On the other hand, MOS devices have the advantage of a zero
DC gate current, thus, do not have the finite beta problem associated with bipolar
TL circuits. In addition, more emphasis is placed in putting an analog circuitry in a
digital circuit which is usually done by MOS devices. These may justify the use of

MOS TL circuits rather than their BJT counterparts.

3.6 Conclusiqn

In this chapter, the bipolar translinear principle is formulated. Some typical signal
processing circuits utilizing this principle are discussed. Especially, two TL circuits
generating (PTAT)? and (PTAT)?* currents are described. These circuits are utilized
later in this thesis to implement the proposed compensation technique. Furthermore,
the nonideal behaviors of the TL circuits are outlined. The possibility of extending

the bipolar translinear principle to MOS devices is provided.
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Chapter 4

A New Compensation Technique

4.1 Introduction

In chapter two, it is pointed out that the proposed curvature-compensation tech-
nique for bandgap reference is to use a proportional sum of two current sources. one
(PTAT)™ and the other (PTAT)™*!, to bias a bipolar transistor (m is the closest
smaller integer to the technology-related parameter 77). These two currents are added
in a proportion required by 7. The base-emitter voltage Vsg obtained from this
approach shows a better linearization over temperature. The linear portion of this
voltage is compensated by a PTAT voltage such that the final voltage of the reference
has only a small residual error.

The theoretical derivation of a new design approach is described in this chapter
where (PTAT)™ and (PTAT)™*' current sources are used to bias a transistor (with
m being an integer). The condition required for eliminating the nonlinear error term
in Vgg is determined. A special case is described that uses m = 3 to demonstrate
the feasibility of the new method for linearization when 7 is equal to 3.54 [4]. The
minimum error obtained with this approach is shown.

The derivation is followed by the design of circuit topology for implementing this

new idea. Two similar circuit topologies are proposed with one designed for a power
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supply voltage of 5 V while the other for 3 V supply voltage.
4.2 Vpgg Linearization

As before, the collector current /¢ of 2 bipolar transistor is related to its base-emitter

voltage Vg by the equation [4]

Jop — V.
Q(‘BiT ga) (4[)

[0 = CT"exp
where C is a temperature-independent constant; T is the absolute temperature in
°K; n is a fabrication technology dependent parameter related to doping level: and

Vo is the bandgap voltage of silicon extrapolated to 0 °A. If the bias current of the

transistor is in the form of
[0 = AT™+ BT™! (4.2)

where A and B are temperature-independent constants and m is an integer, then. by

substitution, one can obtain

q(VeE — Vo) :
L (4.3)

AT™ + BT™ = CT"exp

Bv considering two temperatures: an arbitrary temperature 1" and a reference tem-
) g P P

perature T, and substituting into eqn. (4.3), one can obtain two equations in terms of

T and T, respectively. By dividing one equation by the other and solving for Vge(T).

an equation for Vgg(T) in the folllowing form is achieved
. T T
Vos(T) = (=) Vis(T) + Vio (1= )

kT T™ 4 pT™+t T
+—-q—— i:ln (—__—T,I“ T —nln (E) (4.4)

Here p = BJA. It is the proportion of the (PTAT)™*! current to the (PTAT)™

current. Assume now that
T = T.+AT (4.5)
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where the ratio AT/T, is small. Then eqn. (4.4) can be approximated using three

terms of Taylor expansion for logarithms. This results in

kT, T. AT
VBE(T) ~ ‘/BE(T") - {V_qo - VBE(T,-) + T [(77 - 7TL) - l f—pT,}} ( T )

kT, m +2(m + 1)pT + (m + 1)(pT:)? AT 2
‘{ % [’7‘ (L + oL, Wn) o

Hence, if the third term in (4.6) is zero then the temperature dependence of Vpe(T)
is linearized (with only residual third- and higher-order error terms). It is easy to
fnd that this linearization condition requires that

1

T, = —F/——
Pl vym+1l-1n

This value of pT, will only be a positive real number if m <5 <m + I. Therefore.

-1 (4.7)

the selection of m must meet this condition. However. there is no exact value for 7
as it varies with doping level; thus depending on technology. As a result, the choice
of m as well as pT, are solely dependent on technology. Since the value of pT: is
determined by 7, the proportion of the two currents used for biasing transistor is also
dictated by 7.

In order to evaluate the achieved Vpe(T) linearization, the condition in eqn. (4.7)
can be substituted into eqn. (4.4) and found the residual error. To more effectively
visualize the result, eqn. (4.4) is written in the form of a constant term. a PTAT
term, and a higher-order term (H.O.T.) in such a way that the linear term represents

the tangent to the curve of Vgg(T) at T:.. The following equation is obtalned

kT, T.
Vee(T) = {vgo += [(n —m) - 1i - H _AT+HOT.  (48)

where

A= {Vga - VBE(Tr) + 'kjf_r' |:(77 "'m) - pTr ]} %’ (49)
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and

kT, pT;:
HOT = - p [(17 —-m)— l+pTr]
kT, pT, (T)
Eelo-m- izl (T
kT T 14 pT ,
. {(77 m) In <Tr> In r /)Tr] (4.10)

The linear term in eqn. (4.8) can be compensated by a PTAT voltage which can
be easily developed across a resistor. Therefore, the higher-order term given by eqn.
(4.10) is the remaining residual error that cannot be cancelled by a PTAT voltage. In
order to demonstrate the magnitude of this error. a special case that 1 equal to 3.5
is used. From eqn. (4.7), it is required that m equal to 3 for having a positive pT,.
Therefore, the value of pT: is calculated. An expression of the residual error can be
obtained by substituting these values into eqn. (4.10). This expression is plotted in
Fig. 4.1 with T =55 °C (328 °K) in the temperature range of =35 °C to 180 °C.
As seen in this figure. the total residual error for the whole temperature range of
interest is only 130 pV. This error is substantially lower than those of the first-order
implementation which have an error of around a few millivolts (see chapter 2). Also
evident in the figure is that the error is monotonically increasing with temperature.
Therefore, there is a linearly increasing term in this error which can be absorbed by
the compensating PTAT term. This linear term can be found by drawing a straight
line between the two end points of this curve. When the compensating PTAT term is
reduced by the same amount of this linear term, the final error that is achievable by
this technique should be equal to the curve shown in Fig. 4.2. This is the theoretical
result without considering the second order effects of the physical devices used in
actual circuit implementation. The total residual error is now equal to 60 pV for the

temperature ranging from -55 °C to 180 °C.
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Figure 4.1: The Residual Error Resulted from the New Linearization Technique

Although the case that n = 3.54 is shown here, this technique is applicable to

technology with any value of 7. The conditions that have to be observed in any case

are eqn. (4.7)and m <n<m+1L
4.3 The Bandgap Reference Circuit Configuration

In this section, the basic configuration of the bandgap reference circuit for implement-
ing the new compensation technique is presented. The main structure of the circuit
in a simplified diagram format is first discussed. The functionality of each circuit
block is explained briefly. After that, the exact implementations of the designs for
both 5 V and 3 V supply applications are given. In this thesis, all the design circuits
are implemented by Northern Telecom 0.8 x BICMOS process called Bipolar Analog

Telecom Metal-Oxide-Semiconductor (BATMOS) technology. In this process, there
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Figure 4.2: The Achievable Residual Error of the New Design Technique

is no pnp transistor available. It has only the npn bipolar transistors. Therefore.
whenever an pnp transistor is needed. a PMOS transistor is often used to substitute
it. The smallest feature size in this technology is 0.8 um. However. the smallest
feature size used in the new bandgap design is 2 um. This is to conform the higher
performance requirement normally needed in analog circuitry.

Fig. 4.3 shows the basic configuration of the handgap circuit. [t consists of an
auxiliary bandgap reference circuit, a current summer, a translinear current polyno-
mial circuit, a main bandgap circuit and some current mirrors. The auxiliary bandgap
circuit is a Brokaw’s bandgap reference. It consists of npn transistors (Q .41, @42 and
Q 43), resistors (Ri, Ra and R3) and PMOS transistors (M4, and My,). The letter
M beside the transistor @4, denotes that it has an emitter area M times that of the

others. The purpose of this circuit block is to produce two currents, a constant cur-
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rent I, and a PTAT current [, which are used by the translinear current polynomial
circuit to produce two other currents, 2 (PTAT)? current [3 and a (PTAT)* current
I. The choice of currents [3 and I, is implicitly implying that we have chosen m to
be 3. This choice of m is justified by the fact that the value of n usually falls between
3 and 4 [4]. The operation of the auxiliary bandgap circuit is as follows. From the

loop consisting @ a1, @az and R;, the following equation is obtained

IR, = VBgaz— VBEai
[ L4
= Vpln—"=—-1riln—
542 [sa1
kT . [42[sa4
= —|p-2222 (4.11)
q [41 [sa2
\V +
A 77| Awxiliary Bandgap L .
Mar My Mp, \— —’ Mg,
3| Current Mirror |
: Current Summer
A AN I O O N T I g
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ih——‘ QM R ,\IQRZ -
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Figure 4.3: Bandgap Reference Circuit Configuration
Due to the action of the current mirror (Ma; and Mys), the currents in both the
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collectors of @4, and @42 are equal. Moreover, the current I, through R, should be
equal to the collector currents of Qa1 and Qa2 provided that the base currents are
negligible. Since the emitter area ratio of Qa1 and Q42 is equal to M, the ratio of
the saturation currents [sa1/[sa2 should be equal to M as well. Therefore, a PTAT

current is generated and equal to

1 kT
—_— ——— ./\[ g, 2
[1 R[ q lI‘l (-l]. )

Now, two of these PTAT currents are flowing into R and a PTAT voltage is created
across R,. This voltage is added to the base-emitter voltage Vggaz of Q.2 to form
the reference voltage Vouzres i the auxiliary bandgap circuit. Therefore. the auxiliary
reference voltage is equal to

";a.u:t:rcf = ‘/BEAz(T) -+ 2[1 Rg

2 k
= VggaT) +25—:—Zln M (4.13)
R[ q

This voltage has an error of a few millivolts over the temperature range of interest
and is considered negligible in this design. Therefore, a constant voltage is generated

which is used to derive the constant current [, by resistor Ra. Thus. the constant

current is equal to

. ";uz:re f
[, = — 4.14

The transistor Q a3 is used to create a feedback such that the voltage Vayrres 18 stabi-
lized. The currents [, and [, are distributed throughout the circuit by current mirrors.
These current mirrors are implemented by basic two-transistor current mirror circuit.
Their exact configurations are provided for both 5 V and 3 V designs.

The constant current and the PTAT current are used by the translinear current

polynomial circuit to generate both (PTAT)? and (PTAT)* currents. The implemen-
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tation of this circuit is different for the 5 Vand 3 V design due to the allowable supply
voltage between rails in the circuit. The two different implementations are discussed
fully later.

The main bandgap circuit consists of Qr1, Qr2 and Ry The transistor Qg 1S
biased by the current Ic which is a proportional sum of [3 and [ from the current
summer. A better linearized base-emitter voltage is thus derived from Vggpi. This
voltage is compensated by a PTAT voltage across Ry which is obtained by forcing the
PTAT current /; through the resistor. This PTAT current is brought in by current
mirror 3. The transistor @pa is used to create a feedback in a fashion similar to that

of Q.43 in the auxiliary bandgap circuit. The reference voltage Vs is thus equal to
. Ry kT
Vier = VBE ——InM 1.15
! per+ o (4.15)
This voltage is the output of the new bandgap reference design.
4.3.1 5 V Supply Bandgap Reference Circuit

The complete implementation detail of the 5 V supply bandgap voltage reference is
provided here. The various values of resistors in the circuit are derived. [n addition.
the sizes of various transistors in the circuit are determined and the reasons for
their sizing are described. The complete schematic is shown in Fig. 4.4 where the
labeling of transistors and resistors follows those in Fig. 4.3 in order to give a close
correspondence between the two circuits. The discussion is started with the design of
the auxiliary bandgap. Compared to that of Fig. 4.3, it is noticeable that there are
some differences between the two figures. Firstly, transistor Q; is replaced by four
transistors. As discussed previously, Qa1 is different from the other transistors by
having an emitter area of M times that of the others. For a transistor with M times

emitter area, it is equivalent to M transistors of the basic unit connected in parallel.
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This is the reason for having 4 parallel transistors replacing Q41- The reason for M
— 4 would become clear when the design parameters of the auxiliary bandgap are
discussed. Secondly, there is a difference in Qas. It is replaced by two transistors
connected in a Darlington configuration. This is used to increase the current drive
in the output Viuzres. Finally, there are some additional transistors presented in
the auxiliary bandgap of Fig. 4.4, namely, Q 44, 2nd the modified Wilson current
mirror implemented by Mas, Max, M s and M ze. These transistors are used for the
compensation of the base currents in Qa1 and @ 42. The operation of these transistors
is as follows. Qa4 senses the base current of Q4 and this current is doubled by the
current mirror which, in turn. feeds the current into the bases of Q. and @ 42. The
current doubling is achieved by making the width of My and Mg twice that of M43
and M,s. Here, both Mas and Mys are arbitrarily chosen to have a width to length
ratio of 4:2. Therefore, the width to length ratio of both M4, and M4 must he 8:2
in order to double the current. While a larger value of length or width can be used.
the above values are chosen because they require less silicon area while still suffice
the requirement. However, a different ratio can also be used.

Now,the design of resistance values in all resistors are discussed. The choice of
these resistances determine the parameters [1, Vauzrer and [, in the auxiliary bandgap.
As shown in eqn. (4.12), Ry sets the values of [, at various temperatures if the value
of M is already selected. Therefore, there are actually two parameters that can
be selected to design the desired value of [, at various temperatures. There are
many possible choices for the values of R; and M. The choice of R, is determined
by the feasible size of the resistor since it determines the silicon area needed for
implementation. At the same time, the choice of M is also dictated by the required

area necessary to layout the desired number of transistors. Therefore, there is a trade-
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off between these two parameters to achieve the desired value of [;. In this design,
the value of M is chosen to be 4 and R, to be 724 . These values give an [; of
49.7 uA at 27 °C. Since I is a PTAT current, its value varies linearly with absolute
temperature. For the temperature range of interest, [ has its lowest value of 36.9
pA at - 50 °C and highest value of 75.0 A at 180 °C. Thus, a reasonable value of [
is obtained with feasible values of M and R;.

After setting the value for [1, the second step is to design the value of Vauzref-
The criterion is to design the second term in eqn. (4.13) such that the linear term of
Vggaa(T) is compensated. As transistor Qa4 is biased by the current [, which has a
linear temperature dependency. Vggaza(T) should have the form of eqn. (2.22) with

m = 1. Thus, the following is obtained

. kT, k T
Vagaa(T) = {vgo+(n— e }—AT +a-D2{T-T, — Tln() 410
q q T.
where
. /\'Tr . L -
A= {\'ga +—n-=1)- “/BE‘AZ(Tr)} = (4.17)
q T.

In order to compensate the linear term, the second term in eqn. (4.13) plus the second

term in eqn. (4.16) should be equal to zero. Therefore. the following condition has

to be met

Ry k . kT, . L 3
Q—R—igln M = {Vga + —q‘(ﬂ -1)- "’BEAz(Tr)} T. (4.18)

Since the values for Ry and M are already selected, there is only R left for adjustment.
As shown in eqn. (4.18), the adjustment requires knowledge of Vo, Vae(Tr) and 1.
The value of Vgg(T,) can be obtained either through simulation or experimental
measurement on the transistor by biasing it with the current I, and observe its base-

emitter voltage at the reference temperature T.. However, the values of Vg, and 7

63




require an empirical measurement of the target device and are usually not available
to circuit designer. However, some commonly referenced values like Vo = 1171 mV
and n = 3.54 [4] can be used as the initial design parameters to set Rz. The value of
R, can then be varied during simulation to achieve the desired reference temperature.
In this design, the value of Ry is found to be 4 kL.

Now comes to deciding the value of Ra to set the desired [,. As given in eqn.
(2.28), a first-order bandgap reference usually has a voltage level of around 1.25 V.
This value can be assumed as the initial design of L. The choice of [, is determined
by the current level that can be sustained by @Qas without saturation. At the same
time, this current is used by the translinear circuit to generate [3 and [,. Il it is too
large, the current level of I3 and [; will become too low to be feasible in practice.
In this design, it is chosen for f3 = 11.3 Q) to obtain an [, of 110.6 pA. To finish
the design of the auxiliary bandgap reference, it is needed to choose the sizes of the
PMOS transistors in the two current mirrors implemented by My and Mgy, and
My, and Mz, respectively. The sizes of transistors in the two current mirrors must
be chosen in such a way that the PMOS transistors operate in saturation region.

This ensures that the currents flowing through them do not change with Vps. The

equation describing a PMOS transistor operating in saturation is given as

W )

1 .
Ips = ;#Coz-L—(VGs—"r) (4.19)

with the condition that (Vgs — Vi) < Vbs. Since [ps is the current set by [, or L,
in either case, a ratio of W:L is selected in a way which ensures the condition to be

met at all time. In this design, W:L is chosen to be 40:2 for all the four transistors

to ensure that all of them are in saturation.

Now, the translinear current polynomial circuit design is described. Since the
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main objective of this circuit is to provide the two currents proportional to T3 (I3)
and T* (I,) from the currents I, and [y, the circuit from Fig. 3.4 can be used. This
circuit accepts I, and I to provide I5 and [;. Therefore, the main part of this circuit
used here is the same as the one given in Fig. 3.4. The current [; is brought in
by Mp; while the current [, by the current repeater Qrra1, Q22 and Qs The

generation of the two currents can be explained as follows. There are two translinear
loop in this circuit. One is formed by Qp1, @p2, @pr3, @ps: Qps and @Qpr. Applying

the TL principle, the equation is obtained
Ie-Ica-Ies = les-les- ler (4.20)

Since [, is flowing in Qp1, QP2 and Qps and [, flowing in @ps and Qpg. eqn. (4.20)

becomes
=11 (4.21)

where [c7 is replaced by [s. So. the current [3 becomes

[

iz

I3

Substituting eqn. (4.12) and eqn. (4.14), [3 is equal to

I 3 \ R 2
= —_— 9:
- () () o

The other translinear loop is formed by Qp1, Qp2, Qpra- Qrs, Qrs: Qra. QP10 and

Qp11- Applying a similar analysis as for 3, the following is obtained

k . Ry \°
= | — Tt 4.24
[4 (QRL ln M) (‘/;u:cref) ( )

These two currents are scaled and added together by the current summer (Ms1, Msa,

Mg; and Msy). The sizes of Ms; and Ms; remain the same as before, that is, are
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equal to a length to width ratio of 40:2. The lengths of Mg, and Mg are both equal
to 2 pm while the widths are different. This is to provide a proper scaling factor for
I, and I such that these two currents are in a suitable proportion required by 7 for
optimal linearization of Vgg in the main bandgap. The width of Ms, is chosen to 40
pm while that of Msy is 130 um. These values are determined from simulation result
and may be varied for different technology. The two currents are then added together

and denoted by I¢ in Fig. 4.4. This is the bias current of Qg and is given by

[o = AT®+ BT* (4.25)
where
k 3 Ry )
A= |—InM - 1.26
(qu ) ( “'a uzrref ( )
and
130 [ k R \°
— 2o =1nAN 27
40 (([Rl In [> ("ilu.rre[) (4 l)

By this current, the base-emitter voltage VBER: of Qpi is linearized. The linear
temperature dependency of Vger can then be compensated by a PTAT source to
achieve a constant reference voltage. These are done in the main bandgap circuit.
The value of p in this case can be found by dividing eqn. (4.26) by eqn. (4.27) and

is equal to

130 [ K R
- —_— — A 1.28
P 40 (qu In l) ( ‘Quzrcf) (-L b)

As obvious in eqn. (4.28), the value of p would be practically temperature independent

if R, and Rs are tracking each other.

The main bandgap circuit consists of the same circuit elements as those in Fig. 4.3

with some additional elements to improve the performance of the bandgap reference.
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Transistor Qrs, Mrs and Mg are used to compensate the base current of Qr;. Both
Mps and Mgy have the same width to length ratio of 8:2. Transistor Q@ Ro is replaced
by a Darlington pair. It serves the same purpose as @43 in the auxiliary bandgap
to improve the current drive in the output V,.;. Transistor Qr1 is used to bring
the current [, into the main bandgap. This current is mirrored by the current mirror
formed from Qara1, @3z @aaz into Ry With this, a PTAT voltage is produced across
R, and is used to compensate the linear part of Vgg. There is a diode-connected
transistor Mpe in between Mp, and Qpaz. It is used to minimize the Early effect in
the two transistors. The magnitude of the PTAT voltage can be adjusted by proper
choice of Ry to obtain the best possible compensation. I[n this design, 2, = 6.34 kQ
is chosen.

In addition to the bandgap circuit, there is a start-up circuitry in this design. It
is required to pull the bandgap to the desired operating point. Since the auxiliary
bandgap is self-biased through the current mirror. it has tio stable operating points.
One is the desired point that the auxiliary bandgap provides the appropriate output
voltage Viyeres- The other is the zero current state in which the auxiliary bandgap
stays in idle. With the start-up circuit, the auxiliary bandgap is guaranteed to ap-
proach the desired operating point after power-up. When the power is first started.
a current is developed across the resistor Rgiere. With the current mirror acti'on? the
same current is flowing through @ sa. This current is flowing through M4, and R, and
R, in the auxiliary bandgap. This starts the auxiliary bandgap which in turn find its
way to the desired operating point. When the auxiliary bandgap reaches its operating
point, transistor @sz in the start-up circuit will be turned off. The start-up circuit
will have no effect to the auxiliary bandgap. Since the value of Rsiar: determines the

current level in the auxiliary bandgap during the start-up phase, it has been chosen
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to be 40 kO to provide a current level that is not too high in the auxiliary bandgap.
The 5 V supply bandgap design is now finished and all design parameters are
summarized in Table 4.1. All bipolar transistors in the design are belonged to the

NN5111X type provided by the BATMOS library.

[ Component/Parameter [ Value |

M 4
R, 724 Q
Rg 4 kQ
R 11.3 k2
Ry 6.34 kQ
RStart 40 kQ
May, Mao 40 /2
AlAg, A’[AS 4 / 2
Maa, Mys §/2
My, Mari2 40/2
Mp, 40 / 2
Ms,, Mgs3 40 / 2
Ms, 40 / 2
Ms, 130 / 2
Mpi. Mp2 40 / 2
Mps, Mpy S/2

Table 4.1: The Design Parameters of the § \’ Supply Bandgap reference

4.3.2 3 V Supply Bandgap Reference Circuit

The proposed compensation technique is also implemented in a design targeted to
work with a 3 V supply voltage. This circuit is similar to the 5 V supply bandgap
reference in many ways. However, there are some major differences between the
two designs. Firstly, the lower supply voltage forces the 3 V design to have fewer
components between the supply rails. This ensures all components are operating in
linear region. It requires that some of the components in the auxiliary bandgap and

the main bandgap circuits from the 5 V design be eliminated so as to fit the 3 V supply
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voltage. Secondly, the translinear current polynomial circuit has to be redesigned so
that it can operate in a lower supply voltage. Thirdly, the bipolar current mirror
and current repeater used in the 5 V design have to be replaced by their NMOS
equivalents. The reason is that the bipolar transistors will be saturated in 3 V supply
due to the lack of voltage margin. In return, the use of NMOS transistors poses a
new constraint in the design. It is required to keep the current levels in the NMOS
transistors low in order to minimize the effect of leakage current in the transistors.
This requires some changes in the sizings of PMOS transistors. All the above new
issues are addressed and all necessary modifications to the 5 V design are described
here.

The schematic for the 3 V design is shown in Fig. 4.5. In this figure, it is
appatent that many changes are made in this circuit. In the auxiliary bandgap. a
number of transistors are removed. The transistors that are used for base current
compensation are no longer possible in the 3 V design since they will put the rest
of the transistors in the auxiliary bandgap in or close to saturation. Thus, they
are discarded. For the same reason, the Darlington pair transistors that are used
to boost the output drive of Vauzref 1S DOW replaced by a single transistor. Since
there is no load attached to the output Viuzres, @ single transistor does not degrade
the performance of the auxiliar'y bandgap. In the main bandgap circuit, a similar
measure is necessary. The transistors used for base current compensation in the 3
V design are also removed in the 3 V design. The Darlington output stage is also
replaced by a single transistor. Therefore, the current driving capability of the 3
V design will be much worse than its 5 V counterpart. However, this limit is not
a serious degradation as voltage reference is always buffered. The removal of base

current compensation circuitries in both auxiliary and main bandgap will degrade the
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accuracy of the reference voltage as discussed in section 2.6. The second order effect
of base current error will be much more prominent. However, the 3 V power supply
does not permit their presence. Thus, a worse performance of the 3 V design will be
expected. On the other hand, the lower supply voltage also excludes the need for the
diode-connected PMOS transistor Mgz in the main bandgap circuit. This transistor
s used to reduce the Early effect. Since the supply voltage is reduced. Early eflect
becomes less severe and the transistor is no longer needed.

The second change in the 3 V design is the translinear current polynomial circuit.
The main difficulty to transfer the circuit in the 5 V design into 3 V power supply
environment comes from the TL loop that generates the current [4. I[n this loop. there
are four djode-connected transistors (&pi, Qpa2, @ps and Qpy) In series hetween the
two supply rails. This requires a voltage level of around 2.8 V at room temperature to
sustain the four transistors in forward-active mode. With a supply of 5 V. there is no
problem. However, there is only 0.2 V left in a supply of 3 V. This is the only voltage
left for AMp, which brings in [;. It is definitely not enough for Alpy and will force
Mp, to operate in the ohmic region. Because of this, the current mirror property will
be disturbed and the current [, will not be mirrored properly into the translinear
circuit. As a consequence, a redesign of the translinear circuit is inevitable.

In the new design, the currents [3 and I are not generated directly from [, and [,.
Instead, a (PTAT)? current [ is first generated from [, and L. After this, [, together
with [, and [, are then used to generate [3 and [;. The current [3 is generated by
the TL loop containing Qp1, @P2, Qps and Qps. By applying the TL principle. the

following equation is obtained

Iev - Iea = loa-lca (4.29)
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By substituting the corresponding currents, the equation becomes
I} = LI (4.30)
Thus, the current [ is derived and equal to

I, = (4.31)

This current is used by another two TL loops to generate /3 and 4. The current /3
is generated by the TL loop containing @ ps. Qps, Qrg and Qpio. By applying the
TL principle to the loop currents and after substituting the corresponding currents.

the current [3 is equal to

[3=—

Similarly, the current [y is equal to

A

-[-g' (.33

[4:

Thus, both [3 and [ can be generated by this new circuit.

The third required changes in the 3 V design are the bipolar current mirror and
current repeater. With a reduced power supply voltage, the bipolar transistors in
both the current mirror (@Qarai, @ar32 and Qp33) and current repeater (Qarar: Qaraz
and Q) can easily be saturated. Therefore, they are replaced by their NMOS
equivalents as NMOS transistor does not have this problem. In the case of the current
mirror in the main bandgap circuit, it is substituted by a basic two-transistor current
mirror. It is chosen to lower the risk of any transistor operating in ohmic region.
The three-transistor current mirror has a higher risk due to its requirement of higher

headroom voltage which is not available in the 3 V supply voltage. In the case of
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current repeater, an exact NMOS equivalent is used. The sizing of all the transistors
in both the current mirror and repeater follows those of the PMOS transistors. All
have a W:L ratio of 40:2.

Because of the use of NMOS transistors in the 3 V design, the problem of leakage
current becomes more severe. At high temperatures, the leakage current in the NMOS3
transistor will kill the property of current mirror (or repeater). In order to prevent
this, a lower operating current level is chosen in the translinear circuit. Therefore. the
current [, and [, are scaled down by the mirrors (Mar1, Mari2) and (Maran, Marey),
respectively. The scale down ratio for [, is 200:40 while that for 7, is 40:20. As a
result of the scaling down, the currents I5 and [; are scaled up before they are added
together by the current summer. [t is to compensate the loss in scaling down. The
scale up ratio for /3 is 40:130 while that for [, is 40:80. Therefore, the bias current

[c for Qn is equal to

[0 = AT*+BT! (4.34)
where
4 335 [k ow (B Y (4.35)
A= —In & RE
64 qu V:zu:rre[ ’
and
1000 [ k Y0 R \°
= — | —InM 4.36
o (o) (72) 430

This current is slightly different from the one in 5 V design in terms of current ratio
of [5 to I although the two proportions are close to each other. Because of this. the
PTAT voltage used for compensation must be different. Here, Ry = 5.51 k{2 is chosen
to obtain a different PTAT voltage. The other parameters remain the same as those

in 5 V design. All design parameters for the 3 V design are summarized in Table 4.2.
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[ Component/Parameter || Value

M 4

R 724 Q

R, 4 kQ
R 11.3 kQ
R4 5.51 k2

RStarl 40 kQ

Mo, Mas 1072
Mo 500 / 2

M2 40 /2

M, 20/ 2

Wrs, Mra 20 /2
Msr, Ms 072

A’[sz S0 / 2

Mss 130 / 2

Mny 1072

Mprar, Maraz, Maras 40 /2
Mprar, Maraz, Marsa 40 / 2

Table 4.2: The Design Parameters of the 3 V Supply Bandgap reference

4.4 Conclusion

The proposed curvature-compensation technique for bandgap voltage reference is de-
scribed in this chapter. The theoretical derivation of the new compensation technique
s first introduced and the achievable improvement by this new technique is derived.
The achievable error is shown to be 60 'V for the temperature range of -55 °C to 180
oC. The circuit topology for implementing the new compensation technique is given.
Two circuits are designed based on this topology, one for a 5 V and the other for a
3 V power supply voltage. The performance of these two circuits are simulated and

their results are given in chapter five.
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Chapter 5

Simulation Tools and Results

5.1 Introduction

[n the previous chapter, two implementations of the proposed curvature-compensation
technique for bandgap voltage reference are discussed. [n this chapter. the simulation
results for the two designs are provided. The simulation results are compared with
those of the theoretical prediction. [n addition, the linearized base-emitter voltage
as well as the voltage in the auxiliary bandgap are studied. A number of bandgap
reference parameters for the two designs are also given. Before going into detail of
these simulation results. a brief history of circuit simulation is provided. After that.
the circuit simulator, Spectre, used for these simulations is described. All the features

in Spectre are explored. Then, the simulation results are presented.

5.2 A Brief I:Iistor'y in Circuit Simulation

Nowadays, circuit simulation is nearly the first step circuit designers use to verify their
designs. In the past, a breadboard scheme was usually employed in which discrete
components were used to layout a design. The advantage of this approach is that the
exact circuit behavior can be observed. The drawback of this approach is, however,

the tediousness of building a large circuit in discrete components. Moreover, this
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approach also makes modification to circuit topology more difficult. Because of these
reasons, circuit simulation provides a viable alternative for verifying a new circuit
design. However, these are not the main trigger to the popularity of circuit simula-
tion. Instead, it is the explosive growth of integrated circuits that makes breadboard
prototyping inappropriate. In integrated circuit, prototype is expensive to build and
difficult to troubleshoot. Once an integrated circuit has been fabricated. no changes
can be made. On the other hand, circuits built from discrete components do not
completely represent their behaviors in integrated version as parasitic effects become
highly significant. Therefore, it becomes necessary to use simulation such that para-
sitic effects can be included.

The first well-known circuit simulator is Spice developed by the University of Cal-
ifornia, Berkeley. The name of Spice is derived from the phrase Simulation Program
with Integrated Circuit Emphasis. Spice contains all the models essential for circuit
simulation. [t is so successful that it becomes the de facto industry standard in circuit
simulation. The approach used in Spice has a set of algorithms that find a solution
to a circuit in steps. [t first formulates the nonlinear ordinary differential equations
that describe a circuit. Then. a multi-step integration method like the trapezoidal
rule is utilized to convert the differential equations into a system of nonlinear differ-
ence equations. After that, Newton-Raphson algorithm is used to solve the nonlinear
difference equations. Thus, a sequence of linear equations is generated and is solved
by the sparse Gaussian climination. This approach is commonly called the direct
methods which have proven to be the most reliable and general method available.

In the late 70’s and early 80’s, nearly all integrated circuit manufacturers had
their own in-house maintained circuit simulators. All of these simulators are devel-

oped based on Spice. The manufacturers have to develop their own simulator because
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there was no reliable commercial circuit simulator at that time. This phenomenon
started to change in late 80’s and early 90’s with the emergence of more sophisticated
and reliable commercial simulators. These commercial products outperformed the in-
house ones in terms of capabilities and efficiency. The companies were economically
better off with the use of these commercial simulators than having a team of engineers
to manage their own tools. Today, there are many commercial simulators available in
the market. For instance, there are AccuSim from Mentor Graphics, PSpice from Mi-
croSim, ViewSpice from ViewLogic Systems. Hspice from Meta-software, and Spectre
from Cadence Design. In this thesis, Spectre are used to simulate the two designs.

All of its feature are described in next section.

5.3 The Features in Spectre

In this thesis, all circuit designs are simulated using Spectre with device models pro-
vided by Northern Telecom based on their 0.8 pum BATMOS process through the aid
of Canadian Microelectronic Corporation (CMC). Spectre supports various types of
components found essential in circuit simulations. They include: resistors, capacitors.
inductors, transformers, delay lines, lossless and lossy transmission lines, microstrip
lines, independent voltage and current sources, switches and relays, voltage and cur-
rent sources that are voltage-controlled-or current-controlled, voltage and current
sources with polynomial voltage-controlled or current-controlled, voltage and current
sources (specified with s-domain or >-domain transfer functions) with linear voltage
control or current control, current probes, ports, N-ports described by S-parameter
data files, diodes, BJTs, MOSFETs, GaAs MESFETs, JFET and magnetic cores and
windings. Together with these components, Spectre can perform the following anal-

yses: DC operating point, transient and small-signal. Within small-signal analysis,
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there are AC analysis, small-signal transfer function analysis, S-parameter analy-
sis, time-domain reflectometer analysis and noise analysis. While performing these
analyses, Spectre can sweep frequency, temperature or any one of device component
parameters.

In DC operating point analysis, Spectre determines the equilibrium point of a
circuit by shorting inductors, opening capacitors, and setting all time-varying sources
to their quiescent values. For nonlinear devices, Spectre will create linearized models
before performing DC analysis. With Spectre, DC transfer curves can e created by
specifying a sweep range and a sweep parameter like temperature or a component pa-
rameter. DC operating point analysis is also performed before a small-signal analysis
to determine the operating point of a circuit.

[n transient analysis, Spectre computes the response of a circuit to large input sig-
nals specified by the user. The initial state of the circuit can be specified by the user.
If there is no initial state specified, the DC operating point will be used. A transient
analysis can also be performed while sweeping a parameter like temperature. In this
case, the transient analysis will be performed at each step of the sweep parameter.

Spectre can perform a number of small-signal analyses. For each kind of analysis,
it will first compute the DC operating point and linearize all nonlinear devices in
a circuit. After the circuit is linearized, it will be analyzed over the range of values
specified in the independent variable. The independent variable can be the frequency,
temperature, or parameter of any component or model. If changing the independent
variable affects the DC operating point, Spectre will perform the DC analysis at each
value of the variable.

In AC small-signal analysis, Spectre computes the response of a circuit to a small

sinusoidal signal. The magnitude of the signal does not affect the circuit response
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because all nonlinear devices in the circuit are linearized. Even with this, the signal
is normally chosen to have a magnitude of unity and phase of zero. By this way, the
small-signal transfer function is directly computed. In transfer function analysis. the
transfer function from any node in a circuit to one selected output can be computed.
In S-parameter analysis, the S-parameters between one or more ports in a circuit
can be computed. These S-paramters are used to describe a linear N-port network
and can be written to a data file such that they can be used in another analysis.
In time-domain reflector analysis, Spectre computes the reflection coefficients versus
time, looking into a circuit from its input ports. This analysis is the time-domain
equivalent of S-parameter analysis. In noise analysis, all the noise contributions of
individual components in a circuit are computed as total output noise. The total

noise contributions can also be computed as equivalent input noise at the selected

input of a circuit.
54 Simulation Results of the 5 V Design

A number of different kinds of simulations are done for the 5 \ design of the pro-
posed bandgap reference. The first simulation done for the circuit is the steady state
response of the design to temperature variations. In this simulation, a 3 V dc power
source is used to power up the circuit. A transient analysis is performed for the
circuit while sweeping temperature. The temperature range for sweeping is -35 °C
to 180 °C. A step interval of 5 °C is used and the transient analysis is performed at
each temperature step for a time of 2 ms. The observed time at each temperature
step is 1 ms. The output voltage V.o of the bandgap reference for each temperature
step at time 1 ms is plotted in Fig. 5.1. From the figure, the maximum variation of

Vies is seen to be 1.4 mV. Therefore, using eqn. (1.2), the temperature coefficient
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of the 5 V supply bandgap reference is ppm/°C. This variation is much greater
than that predicted by the theoretical calculation in section 4.2. It is probably due
to many second order effects that are not considered in the theoretical calculation.
The linearized base-emitter voltage in the main bandgap is illustrated in Fig. 5.2. As
can be seen, this voltage is now better linearized. The voltage Vauzres in the auxiliary
bandgap is shown in Fig. 5.3. This voltage has a maximum variation of 6 mV and is
close to the theoretical prediction. In addition, the output driving capability of the
circuit is analyzed. The output of the bandgap is used to drive an resistive load Rioud
which is swept from the values of 1 L6 to 20 k. The analysis is done at the default
temperature of Spectre, namely 27 °C. The result is demonstrated in Fig. 5.4. As
can be seen, there is not significant change in Vrey for values of Rigad from 10 £ to 20
£Q. It only varies by less than 0.2 mV. However, its value deteriorates quickly when
the resistor value goes down from 10 £ to 1 Q. If the value of Ripeq is going down
even further, the value of Vies will be even lower. Therefore. this bandgap reference
cannot be loaded heavily. For Rjgeq values between 10 kQ and 20 k€. load regulation
can be found. The output voltage at Risag of 10 £Q is 1.11848 m\V while that at
20 £ is 1.11861 mV. Therefore, the load regulation of the 5 V supply reference is
-2.3 uV/uA. Another interesting response of the bandgap reference is its transient
response to start-up. In order to illustrate this, a 5 V step input with a rise time of
L ps is used to power up the bandgap circuit. The response of the circuit is shown
in Fig. 5.5. [t can be seen that the response of the circuit follows close to the supply
input and there is a glitch in its rising. Moreover, the ripple rejection ratio (RRR)
of the ba.ndghb circuit is also of interest. A sinusoidal voltage with peak-to-peak
voltage of 0.2 V and dc voltage of 5 V is used to find the response of the circuit. The

peak-to-peak variation of the circuit can be observed and the RRR can be found by
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the following equation

RRR = —20Log{-1"m—} dB (5.1)

Vsupplypp
This equation is derived from eqn. (1.3) in chapter 1. The response of the circuit is
shown in Fig. 5.6. From the figure, it is shown that the peak-to-peak variation of
Vies is 0.01 V. Therefore, the RRR is 26 dB. Although it is not a very good figure,
it is not very important as bandgap reference is seldom used as a stand-alone circuit.
However, a more sophisticated design is necessary when the RRR. becomes critical.
Fig. 5.6 only shows that the response of the circuit at 27 °C. The output voltage
V,.es in response to a supply voltage of 5.1, 5.0 and 4.9 V for the temperature range
of interest is shown in Fig. 5.7. The variations of V7, at different supply voltages
can be seen from this figure. The line regulation of the reference can be derived from
this figure for the default temperature of 27 °C. At the supply voltage of 5.1 V. the
output voltage is 1.1239 V at 27 °C. On the other hand. the output voltage at 27
oC is 1.1136 V for the supply voltage of 4.9 V. Therefore. the line regulation is 51.5

m\V/V. All of these parameters are summarized in Table 5.1.

r Parameter [ Value J
Temperature Coefficient || 5 ppm/°C (1.4 mV)
Load Regulation 2.3 uV/uA
Ripple Rejection Ration 26 dB | .
Line regulation 51.5 mV/V

Table 5.1: The Performance Parameters of the 5 V Supply Bandgap reference

5.5 Simulation Results of the 3 V Design

The same set of simulations is also performed for the 3 V supply bandgap reference.

The response of the output voltage Vs to the temperature variations of -55 °C' to 130
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°C is shown in Fig. 5.8. The maximum variation is about 2.3 mV which corresponds
to a temperature coefficient of 9 ppm /°C. 1t is not as good as the 5 V circuit, however,
this result is expected since a lot of the second order effect minimization features are
removed in the 3 V design. The linearized Vae of the main bandgap is shown in Fig.
5.9. [t has a less smooth appearance than that of the 5 V circuit. The voltage Vouzres
in the auxiliary bandgap is demonstrated in Fig. 5.10. The maximum variation is
equal to 15 mV which is somewhat away from the theoretical prediction. [t is mainly
due to the error in base current as the base current compensation circuit is removed.
The current driving capability of the 3 V circuit can be seen in Fig. 5.11. Similar
to the 5 V circuit, it does not have a significant variation for values of Ry from L0
1Q to 20 kQ. The value of V,.s goes down with decreasing Ripeq starting at 10 kO
For Rjoeq between 10 A€ and 20 kQ, the load regulation is found to he -2.74 u\V/pA.
The transient response of the circuit to a 3 V step of 1 us rise time is illustrated in
Fig. 5.12. Its response follows close to the input supply voltage. The response of the

reference to a sinusoidal of 0.2 V peak-to-peak and 3 V dc at 27 °C is depicted in

Fig. 5.13. The peak-to-peak voltage of Vies is 12 mV. By using eqa. (5.1). the RRR
is equal to 24 dB. Finally, the response of the output voltage Vies to a supply voltage
of 5.1, 5.0 and 4.9 V for the whole temperature range of interest is demonstrated in

. Fig. 5.14. The line regulation at 97 °C can be found to be 57.5 mV/V. All of these

parameters are summarized in Table 5.2.

5.6 Conclusion

In this chapter, a brief review in the history of circuit simulation is provided. The
circuit simulator used in this thesis, namely, Spectre is described and all of its fea-

tures are explained. The simulation results of both the 5 V and 3 V supply bandgap
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| Parameter I Value |

Temperature Coefficient || 9 ppm/°C (2.3 mV)
Load Regulation -2.74 uV/pA
Ripple Rejection Ration 24 dB
Line regulation 57.5 mV/V

Table 5.2: The Performance Parameters of the 3 V Supply Bandgap reference
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Figure 5.1: The Reference Voltage of the 5 V' Design versus Temperature

references are provided and the performances of the two designs are discussed. The
temperature coefficients of both references are found to be quite low for the trem-
perature range of -55 "C; to 180 °C. It is considered a significant improvement over
previous designs. These prove that the proposed compensation technique can provi'de

a reference with better temperature stability.
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Figure 5.2: The Base-emitter Voltage of the 5 V Design versus Temperature
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Figure 5.3: The Auxiliary Bandgap Voltage of the 5 V Design versus Temperature
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Figure 5.10: The Auxiliary Bandgap Voltage of the 3 V Design versus Temperature
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Chapter 6

Layout Design

6.1 Introduction

Before any circuit design can be fabricated in any given technology, it must be trans-
lated from transistor level to layout level representation. For digital circuit, there
are many tools that provide automatic translation. However, the same kind of tools
s not available for analog circuits. In fact, it is because an analog circuit usually
requires more sophisticated component placement and signal routing that makes au-
tomatic translation impossible. Therefore, circuit designers usually have to manually
perform the translation for analog circuits. [n spite of this inconvenience. there is
<till a tool that aids designers to translate a circuit from a schematic to a layout.
This tool is known as layout editor which allows a designer to put different polvgons
on various mask layers like diffusion or metal layers to obtain a functional physical
representation of a given design. In addition to aiding lavout, a layout editor is usu-
ally integrated with a design rule checker. This rule checker is used to ensure that
a given layout does not violate any design rule as defined by the target technology
used for implementing the design. This set of design rules is normally provided in a
technology file such that the design rule checker can be utilized to verify that a given

layout complies to all the design rule requirements.
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Having a layout without any design rule violation does not guarantee it produces a
circuit with the same functionality as the design in transistor level. In order to check
whether a given layout is functionally the same as its transistor level representation,
a designer can use a tool called circuit estractor to derive a circuit schematic from a
physical layout. The extractor reconstructs a transistor level representation from a
physical layout by scanning various layers and their interactions. The reconstructed
circuit includes the sizes of the devices and their interconnections. The circuit designer
can then perform the same type of simulations used in the transistor level circuit to
verify that the layout is correctly representing the desired circuit.

In addition to extracting a transistor level representation from a layout. a circuit
extractor can also include information on parasitics in the extracted circuit. This
information can be diffusion and wiring capacitances as well as resistances. The
‘nclusion of this information helps the designer to forecast the effect of parasitics in
actual circuit. The designer can then decide whether certain parasitic effect is severe
and make appropriate modifications to the layout. By doing this, the resulting layout
has a better chance of providing the desire functionality as designed in the transistor

level schematic.

The previous chapter shows the simulation results of the two proposed bandgap
references in transistor level and proves tl;at the new approach can provide a better
performance compared to previous bandgap reference designs. In this chapter, the
translations of the two designs from transistor level to layout level are provided.

These two layouts are extracted for simulation. The temperature dependencies of the

extracted circuits are demonstrated.
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6.2 Layout Considerations

In translating a circuit from transistor level to layout level, there are some general
rules to follow for minimizing parasitic effect. The commonly occurring parasitics in
integrated circuits can be classified into three main types, namely, capacitive, resistive,
and inductive parasitics. For capacitive parasitics, the main contributions are caused
by interconnect wires. These ‘terconnect wires form capacitance together with the
insulating layer and the substrate. These parasitics will delay the transmission of a
signal from one point of a civcuit to another. This is because it takes time for signal
to charge and discharge the capacitance. In order to minimize these parasitics. it is
necessary to keep the dimension of the routing interconnect wires as small as possible.
Therefore, it is desirable to have the interconnect as small as the technology allows.
The other source of parasitic capacitance is the coupling between two signaling wires.
This coupling results in interference between the two wires and is often referred to
as cross talk. This kind of parasitics can be prevented by avoiding the routing of
parallel signal lines. It can also be minimized by increasing the separation of the two
signal wires. The aforementioned capacitive parasitics are the two major ones usually
considered by a designer. The same types of preventive measures are followed in this
thesis.

The second type of parasitics a designer will consider after capacitive parasitics
is resistive parasitics. It arises mainly from two sources. The first one is from the
interconnect wires in an infegrat;ed circuit. The effect is that this resistance causes
an ohmic voltage drop that degrades the integrity of a signal. The severity of this
effect depends on the nature of the material used for the routing. For polysilicon,

it has a larger sheet resistance compared to metal. Thus, it is generally not a good
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choice to use polysilicon for long routing layer. However, the use of polysilicon as
routing material is acceptable if the length of the routing is limited to localized
signals. Therefore, a circuit designer usually uses metal layer if a long routing layer
is necessary. The diffusion layer is always not a good choice for routing because
of its large associated parasitic capacitance. The second major source of resistive
parasitics comes from the contact or via which provides the transition between two
routing layers. They can be minimized by increasing the contact size. However, the
size cannot be increased as much as desired due to the current crowding effect where
current tends to concentrate around the perimeter of a large contact hole. This puts
a practical limit to increase the size of a contact, not to say the feasibility of the size
in integrated circuit. In spite of this fact, there are two solutions to get around this
problem. The first one is to use multil-)le smaller contacts instead of one single large
one. This will minimize the current crowding problem while decrease the resulting
resistance of the transition. The second solution is by trying to limit to one routing
laver as the layout strategy- All these precautions are observed in the two layouts
designed.

The last type of parasitics is inductive parasitics. This parasitics is more promii-
nent in bonding wires and chip packaging pins. Inductors have the property of re-
sisting current change through them by raising the voltage drop”across them. This
property will cause a problem when a large signal switching is happening in an /O
pin of a digital circuit where its power is supplied by a power supply pin. When a
large signal switching occurs in an I/O pin, a significant amount of current is drawn
from the power pin. This will trigger the inductance in this power pin to increase
the voltage drop across it. Therefore, an instantaneous drop of supply voltage level

for other part of the circuit will happen. This will affect the proper operation of this
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part of the circuit. There are a number of approaches a designer can use to address
this problem. The most common practice is to use separate power pins for I/O pads
and chip core. This can isolate the largest switching currents in the off-chip pins from
the core circuit. Another approach is to use multiple power and ground pins. This
helps to reduce the number of simultaneous switching actions occurring in one power
pin. The third approach is to avoid using power pins at the corners of a package
where inductance is substantially higher as the bonding wire is longer. The inductive
parasitics is not critical for bandgap reference design since there is not large signal
switching action. Therefore, the inductive parasitics effect is not considered in this
thesis. However, separate power pads for I/O pins and core circuit are still used.

In addition to the above guidelines, there is one general rule to follow in designing
a bandgap reference layout. From the theoretical derivation of the new bandgap
reference design in chapter 4, it is shown that the accuracy of this new design depends
on the matching and tracking of both the transistors and the resistors. The matching
of these devices depends on the [abrication and a circuit designer caunot do much
about it. However, a designer can improve the tracking of devices by means of careful
layout. In order to ensure a better tracking, it is necessary to avoid thermal gradient
for the temperature-sensitive parts of the circuit. The first part is the four resistors
(Ry, Ra, Rs, and R,). These resistors are mainly responsible for setting the voltage
level of the bandgap reference. Therefore, ensuring they can operate in a close thermal
environment is important. It can be achieved by putting these resistors close to one
another in the layout. The second part is the five transistors (Qa1 and Qa2) in
the auxiliary bandgap. Since these transistors are responsible for generating the
temperature-constant and temperature varying currents, [, and [;, the tracking of

them is very important to the subsequent accuracy of the reference. It is ensured by
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locating them close to one another in the layout. The last part is the transistors in the
translinear current polynomial circuit. As this part of the reference is used to generate
the currents, [z and I and the principle of translinear circuit highly dependent on
the tracking of transistors, it is obvious that placing all these transistors close to one
another in the layout is needed for avoiding the thermal gradient problem.

When a circuit layout is ready for fabrication, a designer must add I/O pads to the
layout for signals that go off-chip. These pads contain special circuitry which provides
the appropriate driving capability for the off-chip signals. When the pads are included
in the layout, this pad circuitry can be extracted so that the designer can predict the
performance of the whole circuit including the [/O pads. Provided with the BiCMOS
technology library, there are a number of I/Q pads for analog circuit. These pads can
be divided into two main groups. One has electrostatic discharge (ESD) protection
while the other does not. The ESD-protected pad has extra circuitry in place such
that it can withstand a large amount of voltage surge without damaging the internal
circuit. However, this protection circuitry imposes an upper temperature hound for
ihe whole circuit to operate because it introduces the leakage current problem at
high temperature. Within each group of [/O pads, there are a number of different
pads serving for different purposes. These include general-purpose [/O pad, core
circuitry power pad, core circuitry ground pad, pad power pad. and pad ground pad.
The general-purpose I/O pad is used for signal that goes off-chip. The core circuitry
power and ground pads serve to bring in power and ground for the internal circuit.
The pad power and ground pads do the same job as their core counterpart but they
serve the pads only. In this chapter, both the ESD-protected and non-ESD-protected

pads are included in the 5 V and 3 V bandgap reference circuit layout. The effect of

them can then be demonstrated by simulation.
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6.3 Simulation Results

Fig. 6.1 shows the output voltage of the 5 V supply bandgap reference with non-
ESD-protected pads. It can be seen that this extracted circuit from the layout shows
a similar performance as its transistor level counterpart in chapter 5. The linearized
base-emitter voltage in Fig. 6.2 as well as the auxiliary bandgap voltage in Fig. 6.3
also show a similar temperature variation as those of the transistor level in Fig. 5.2
and Fig. 5.3. It follows that two conclusions can be implied from these results. The
frst is that the layout provides the same circuit as the transistor level schematic. The
second one is that the [/O pads do not introduce any differences to the circuit.

The output voltage of the 5 V supply bandgap reference with ESD-protected
pads is illustrated in Fig. 6.4. This voltage starts to show a drastic difference from
that in Fig. 6.1 when the temperature reaches about 130 °C. This is due to the
extra protection circuitry in the [/O pads. However, both the linearized base-emitter
voltage in Fig. 6.5 and the auxiliary bandgap voltage in Iig. 6.6 do not show any
significant deviation.

Fig. 6.7 depicts the output voltage of 3 V supply bandgap reference with non-
ESD-protected pads. The performance of this extracted circuit is similar to that of the
cransistor level shown in Fig. 5.8. The linearized base-emitter voltage i§ illustrated
in Fig. 6.8. This voltage also shows a close similarity to that of the transistor level in
Fig. 5.9. The same is true for the auxiliary bandgap voltage of the extracted layout
shown in Fig. 6.9. This voltage also shows a similar temperature variation as that in
Fig. 5.10.

The output voltage of the 3 V supply bandgap reference with ESD-protected pads

is depicted in Fig. 6.10. As that of the 5 V supply bandgap reference, it shows a
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significant difference from that in Fig. 6.7 when the temperature exceeds 130 °C.
Again, this is due to the different I/O pads used in the layout. Both the linearized
base-emitter voltage and the auxiliary bandgap voltage in Fig. 6.11 and Fog. 6.12,

however, do not show the same behavior.
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Figure 6.1: The Output Voltage of the 5 V Supply Bandgap Reference with Non-
ESD-protected Pads

6.4 Conclusion

In this chapter, the tools available for an analog circuit designer to translate a design
from a transistor schematic to a layout representation are discussed. These tools
are known as layout editor and circuit extractor. A layout editor can put various
polygons together to represent a layout as well as verify a layout does not violate any
design rule defined in a given technology. A circuit extractor, on the other hand, can
derive a transistor level circuit from a layout such that a designer can verify that the
layout is correctly representing the original design through simulation. The extractor

can also include additional information like parasitics to the extracted circuit. This
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Figure 6.2: The Lincarized Base-emitter Voltage of the 5 V Supply Bandgap Reference
with Non-ESD-protected Pads

can reveal a lot of useful information for predicting how the final circuit will behave.
It is followed by precaution steps necessary to reduce the effect of parasitics in the
two designed layouts for both the 5 V and 3 V supply bandgap references in chapter
four. Finally. the simulation results of the two layouts are provided. The results
demonstrate that when non-ES D-protected [/O pads are included in the layouts they
behave similarly as those in transistor level. However. the simulation results of the
layouts with the ESD-protected I/O pads show significant difference for the output

of the reference when the temperature exceeds 130 °C.
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Figure 6.3: The Auxiliary Bandgap Voltage of the 5 V Supply Bandgap Reference
with Non-ESD-protected Pads

T value(VT(C A vres) ©.CC 1)

IR NSRS EEEAEELAEEELERE

xxxxxxxxxxxxxxxxxx

200.
temo

Figure 6.4: The Output Voltage of the 5 V Supply Bandgap Reference with ESD-
protected Pads
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Figure 6.10: The Output Voltage of the 3 V Supply Bandgap Reference with ESD-
protected Pads
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Chapter 7

Conclusion

In this thesis, various kinds of voltage reference are studied. Bandgap voltage refer-
ence is shown to be the best candidate for both low power and low voltage applica-
tions. The problem with this kind of reference, however, is the nonlinear temperature-
dependent term associated with the base-emitter voltage of a bipolar transistor nor-
mally used in the bandgap reference design. There have been a lot of proposed meth-
ods in the past for compensating this nonlinear term. The curvature-compensation
technique proposed here is to use a proportional sum of two currents. one (PTAT)?
and one (PTAT)*, as bias current to the transistor. This approach provides a better
linearized base-emitter voltage. The theoretical prediction shows that this technique
provides a bandgap reference with only 60 pV variation for the temperature range of
_55°C to 180 °C. In order to implement this technique, the bipolar translinear f:ircuit
principle is introduced. Based on this principle, a special circuit is designed for use
in the proposed bandgap reference design. This circuit is called translinear current
polynomial circuit and is utilized to generate the (PTAT)® and (PTAT)* currents.
Two versions of this circuit are designed. One is for 5 V supply voltage application
and the other for 3 V application. The basic circuit topology for the whole bandgap

reference circuit is presented in chapter four and two versions are designed out of it.
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These two circuits are designed for two different power supply voltage, one for 5 V
and one for 3 V. Both of them show a promising improvement through simulation.
The simulation result of the 5 V supply design shows a maximum variation of 1.4
mV (5 ppm/°C) while that of the 3 V supply design shows 2.3 mV (9 ppm/°C)
over the temperature range of -55 °C to 180 °C. The layouts for the two designs
are also provided and both of them also show a similar performance corresponding
to their transistor level counterparts. Although these results are not as low as the
theoretical prediction of 60 1V, they are already a significant improvements for such
a temperature range. This work is also published in [31].

There are two major areas that can be investigated in the future. The first one
is to identify the second order effect that makes the performance of the two circuits
presented here away {rom the theoretical derivation. There are a few places to be
focused. Firstly, the constant current source derived from the auxiliary bandgap
circuit is not a highly constant current. This effect can be explored by including
the exact expression of this current into the theoretical derivation of the proposed
technique. The effect of ignoring the non-constant term in this current source can then
be shown. Secondly, the accuracy of the (PTAT)® and (PTAT)* currents generated by
the translinear current polynomial circuit can be investigated. Thirdly, any possible
second order effects that might present in the main bandgap circuit can be identified.
If any of the above three shows prominent effect, appropriate adjustments can then
be made.

The second area to investigate is the use of a proportional sum of (PTAT)*? and
(PTAT)3™ currents as bias current to a bipolar transistor. With these two currents,
the achievable error should be smaller. It is not difficult to develop circuit to generate

these currents based on the bipolar translinear circuit principle. These two currents
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should, in theory, provide a better linearized base-emitter voltage based on the current
finding.
When all of the aforementioned improvements are taken into account, it should

be possible to develop a bandgap voltage reference with a fraction of ppm/°C perfor-

mance.
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