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ABSTRACT

THERMAL EFFECTS ON ANALOG INTEGRATED

CIRCUIT DESIGN

Publication No.

Md Mahbub Hossain, PhD.

The University of Texas at Arlington, 2007

Supervising Professor: Ronald L. Carter

Analog Integrated Circuit design (IC) is a big challenge in this modern age.
Thermal effect has a substantial role in analog ICs performance. Thermal effects on
analog IC design have been investigated in this dissertation project. National
Semiconductor Corporation’s Vertical Bipolar Inter-Company (VBIC) model of
dielectrically isolated bipolar junction transistors (DIBJT) with VIP10 and VIPI1
processes have been used for the research. These devices are used for the high speed IC
design. Self-heat generated inside these devices is confined within the device and

degrades the device performance. In addition, the thermal characteristic of a device
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surrounded by the multiple adjacent devices may be different from that of an isolated
device because of the thermal coupling effect. These in turn substantially affects the
circuit’s frequency, dc and time response.

This research explored the modeling, characterization, and extraction of the
thermal resistance which accounts for both self-heating and thermal coupling effects.
Thermal resistance for the self-heating is analyzed and extracted in both frequency and
dc methods. Thermal coupling resistance is extracted in dc method with different
spacings among the adjacent devices. A new small signal circuit model of a DIBJT is
developed for including the self-heating effect. A five element model of the thermal
resistance is studied. This five element thermal resistance includes components of
thermal resistances from all sides of a dielectrically isolated bipolar device. This
includes adjacent device or thermal coupling effect as well. These elements describe
multiple thermal poles. A simple time domain analysis is done to show their existence.

On the other side, the thermal effects have significant impact on the several
analog design’s performance or parameters. Therefore, several analog circuits are
designed and examined the thermal effect. They are current mirrors, Vi based bootstrap
current source, and high order bandgap reference. Thermal characterization of Y-
parameters and output resistance are done as well.

Theory, simulations, and measurement results agree with the modeling,
characterization, and designs presented in this dissertation. The simulations and

measurements have done primarily with cadence Spectre and HP4395A network
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analyzer, Agilent 87511A S-parameter test set, HP4142B Modular DC Source/Monitor,

and ICCAP interfaced evaluation system respectively.
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CHAPTER 1

INTRODUCTION

Analog Integrated Circuit design and its issues, in this high technology era, are
the most important and critical part for the IC world. The ever increasing growth of the
integrated circuit market demand ideal performance of the circuits. On the contrary, in
the real world, the perfect behavior of the analog circuits is a dream. There are several
issues affecting the performance of circuits. They need to be considered while designing
the analog blocks. One of the big issues, thermal effect has significant role in analog
integrated circuits performance [1] - [15]. Thermal effects on analog integrated circuit
design are investigated in this research work.

It is especially important to consider the thermal effects for the analog circuit
designed with the dielectrically isolated complementary bipolar devices [4], [5], [16],
and [17]. These devices are used for the high speed IC design [18]. Dielectrically
isolated devices are made by a trench isolation process, where a very narrow and
comparatively deep trench is etched on all sides of the device. The trench oxide
isolation, (SiO;), has 1% of the thermal conductivity than that of silicon (Table 1.1)
[19]. Thus, SiO, exhibits high resistance to heat flow due to its negligible thermal
conductivity. Heat generated inside the device is confined within the device and

degrades the device performance. That in turn substantially affects the complete



circuit’s frequency, dc and time response [1] - [3], [16], and [17]. In addition, the
thermal characteristic of a device, surrounded by the multiple adjacent devices, may be
different from that of an isolated device because of the thermal coupling effect [4].
Moreover due to the explosive growth of the packaging density, thermal effects are
becoming more and more important issue in analog circuit design [3].

Table 1.1 Thermal conductivity of Si and SiO,

Si Sio2

Thermal conductivity, k (W/cm-K) | 1.412 | 0.014

Thermal effects in integrated circuits can be categorized as thermal coupling,
self-heating and package thermal effect [3]. This research focused on self-heating and
thermal coupling. To describe the self-heating and the thermal coupling effect on the
semiconductor devices and analog circuits, the in depth knowledge of the modeling and
characterization of the thermal resistance must be understood. The analog circuit design
must be perceived as well to invent the thermal effect on the circuits.

1.1 The Dielectrically Isolated Device

A dielectrically isolated device from the National Semiconductor’s
complementary bipolar process, VIP10, is shown in Fig. 1.1 [18]. These devices are
complementary NPN and PNP bipolar devices. They offer the best possible
performance and features as required by the today's high speed amplifiers. The market
demand for high bandwidth is increasing everyday. As a whole, the high performance

amplifier need high bandwidth, low power consumption, low supply voltages, large
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output swing, high output current and low distortion. All of these can be achieved by

using the state of the art designs with these VIP10 devices.

Base Eﬂ::“' Collector
melal  omeey Metal

ﬂﬂ_—sﬁ—“_ E o
Emitter and Sinker

Callector Epl

Inirinsic Base

Tranch{Fill

Buried Layer

Buried Oxide

Substrate

Figure 1.1 Cross section of a DIBJT from VIP10 process [18].

The ICs build by these devices find their applications in high speed DSL and
cable modems, set-top boxes, contact image scanners, DVD players and CD-ROMs
[18]. In addition, for the portable device (USB, gaming, medical, camera and many
others) applications, power consumption must be low. They need single-supply
operation with low voltage. In order to meet these market demands, these devices are
developed.

The table 1.2 presents some of high profile characteristics for these
complementary bipolar processes. It includes the prime parameters for both the NPN

and PNP devices. In the table DI stands for dielectrically isolated.



Table 1.2 Important parameters for the DIBJT devices [18]

Devices | F; B | Vi |Cj | Emitter Min. Max. | Isolation
GHz fF | Width | Transistor | Supply
pum Area Voltage
],Lm2 \Y
NPN 9 100|120 5 1 300 12 DI
PNP 8 55140 | 5 1 300 12 DI

1.2 Organization of the Dissertation

This project involves several research works of thermal effect modeling,
characterization, analysis, analog circuit design and thermal effects on the performance
of the designs. The thesis is described as follows.

In chapter 2, the dielectrically isolated VBIC bipolar device is characterized.
This chapter describes the mechanism of the thermal effect as well. There are several
simulations and measurements have done to see the basic characteristics of the device
used for the research. They are 1) I, versus V., i1) Gummel plot (I, I, versus Vi), ii1) B
versus I etc. In addition, various simulations have done to see the temperature effect.
They include but not limited to 1) I, vs. V. at different temperature, ii) thermal
transconductances, iii) junction temperature (T;) versus nominal temperature (Thom), 1v)
thermal power (Py,) versus T; etc.

In chapter 3, thermal modeling and characterization in dc domain is presented.
This has been done for the adjacent device thermal effect. In doing so, a novel

procedure for modeling adjacent device heating effects (thermal coupling) has been



developed for the thermal coupling of multiple devices in an integrated circuit. But, part
of the procedure is equally applicable to a single device modeling in dc domain.

In this chapter a five element model of the thermal resistance is studied and
described. This five element thermal resistance includes components of thermal
resistances from all sides of a dielectrically isolated bipolar device of Fig. 1.1. This
includes an element for the adjacent device or thermal coupling effect as well. A
compact thermal circuit model is developed for the adjacent devices as well. In
addition, the thermal resistances for the self-heating and thermal coupling are extracted.
This is done in dc method. A set of I, versus V, plots at different temperatures are used
to extract the thermal resistance. In the I, versus V. plots a constant collector current
with constant gain and constant junction temperature at different ambient temperatures
plays a critical role for the extraction. Several test structures are fabricated and
measured to extract the thermal coupling resistance. This extraction is done by heating
the adjacent devices and measures the temperature rise of the other adjacent device. The
test structures also consider the variable spacings among the adjacent devices.

A time domain analysis for the VBIC dielectrically isolated device is shown in
chapter 3 as well to see the thermal behavior. This is done by plotting dt/Py, versus time
plot. This includes multiple poles simulation by externally adding the extra poles. These
poles are associated with the five elements of the thermal resistance.

Chapter 4 explores the frequency dependent modeling and characterization of
the thermal effects. A new small signal circuit model of a dielectrically isolated bipolar

transistor is developed for including the self-heating effect [2]. Two dependent current



sources are added are included at the collector and base node. They are associated with
the thermal transconductances at the base and collector and the temperature increment
by the self-heating effect.

The Y parameters are mostly affected by the thermal problem. Thus they are
used for the characterization with respect to the frequency. The Y, parameter is the
most affected parameter by the self-heating. Thus the Y, parameter versus frequency
bode plot is used for the thermal resistance extraction. Initially S parameter simulations
and measurements have done and then convert these in to Y parameters. The Y2
parameter is characterized and plotted with respect to several device and circuit
parameters including thermal resistance, thermal capacitance, saturation current,
collector current, bias points while considering self-heating effect. A balanced
differential amplifier is used for the simulations and measurement.

An analysis has been done to see the self-heating effect on the small signal open
loop gain. A differential amplifier with current mirror active load is designed, simulated
and measured to prove the analysis. It is found to be the gain of the amplifier is
decreased or distorted at low frequency for the effect of self-heating.

While considering the thermal effects, it is found that, they have significant
impact on the several analog circuits’ performances. This brings the rest of the research
to design several analog circuits and analyze the self-heating and thermal coupling
effects on them.

In chapter 5, the thermal effect on the current mirrors performance is

investigated and a theory is developed to express the thermal offset of a current mirror.



This research examines the impact of the thermal effect on the output characteristics of
the current mirrors. This research has found and emphasized the output resistance
decrement with the self-heating effect. In general all the frequently used current mirrors
in analog IC design are analyzed, simulated and measured. In a step by step procedure it
is shown that the self-heating thermal effect is reduced or can be made negligible for the
advanced mirrors; i.e. for the cascode connected and Wilson current mirrors. In
addition, thermal coupling effect on a simple current mirror is measured for a couple of
separations between the devices. A current feedback operational amplifier’s (CFOA)
high impedance node (which is comprised of two current mirrors) is simulated with and
without self-heating to observe the thermal problem [17]. Analog circuit without current
mirror is a kind of impossibility.

In chapter 6, another sub-circuit, the Vi, based bootstrap (self-bias) current
source is designed and measured. The self-heating effects on its sensitivity performance
are examined as well. The error due to the self-heating effect is identified and
minimized. The minimization is done by using several combinations of NPN and PNP
current mirrors and Vy, referenced current sources in the bootstrap topology. A current
source is proposed, which has improved sensitivity and less self-heating effect over the
conventional bootstrapped Vi, referenced current source. This sub-circuit finds many
applications as a bias circuit, especially in the input stage of an amplifier.

Chapter 7 presents one of the most important designs in analog domain, a high
order curvature corrected bandgap current/voltage reference circuit. A very high

performance high order bandgap reference circuit is designed and analyzed its



performance with considering the self-heating effect. Temperature is the most critical
parameter for a bandgap reference. The temperature sensitivity for the reference
becomes more critical when self-heating increases the devices temperature. This is
because the bandgap reference design topology mainly considers and depends on the
Vie and PTAT current source, which are affected by the temperature increment caused
by the thermal effect. It has been established the theory and procedure to compensate
the self-heating effect. A designed circuit is fabricated and measured. The design shows
improved thermal performance as compared to other published bandgap reference
circuits which also minimizes the self-heating effect properly. The proposed design can
accommodate a wide range of reference currents/voltages from a few pA to mA and a
few mV to a several V range.

Finally, some conclusions have drawn in chapter 8. It has given some future

scopes and extensions for this research as well.



CHAPTER 2

THERMAL CHARACTERIZATION OF THE VBIC DIELECTRICALLY
ISOLATED DEVICE

2.1 The VBIC Model
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Figure 2.1 VBIC model.

A VBIC model is shown in Fig. 2.1 [9], [20]. The detail about the VBIC model

is illustrated in Appendix A. The VBIC model incorporates the thermal nodes of a

device. Semiconductor devices are strongly influenced by the thermal effects. When the
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device is heated, it raises its local temperature which changes the device’s intrinsic
parameters. The VBIC model pseudo-code considers the thermal effects on all of the
related device parameters for perfect modeling with equations.

2.2 The Thermal Model

In Fig. 2.1 dt and tl are the temperature rise due to self-heating and local
temperature nodes respectively. Ry and Cy, are the thermal resistance and capacitance
respectively. Iy, is the thermal power, which can also be represented by Py,. The thermal
power and the temperature rise ‘dt’ can be expressed as [2], [4]

Pth = Vbe x Ib + Vee x Ic 2.1

dt = (T} - Tambient)= Reh Pn (2.2)
where T and Tampient are the junction and ambient temperatures respectively. Tambient 15
the same as Tyom for the simulation in this chapter. Tyom 1S the temperature at which the

device parameters are measured.

dt

tl E

Figure 2.2 A bipolar transistor including local temperature (tl), temperature rise
(dt) and substrate (S) nodes.
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In (2.2), it is found that, Ry, is the ratio of the temperature rise and the thermal
power (dt/Py). The units for Ry, and Cy, are °C/W and F respectively. In the frequency
and time domains Cy, helps determine the thermal time constant since it is the product
of the Ry, and Cy,. More about the thermal parameters will be described in detail in the
following chapters in dc, time and frequency domain.

A five terminal bipolar model including the local temperature (tl), the
temperature rise (dt) and the substrate nodes is shown in Fig 2.2. The dt and tl nodes
incorporate the Ry,, Cy, network with the device.

2.3 The Mechanism of the Thermal Effect on the Saturation Current

The saturation current of an NPN device can be expressed and formulated as
follows [21],

. qA niz Dn
Qs

I (2.3)

where, q is the electron charge, A is the cross sectional area of the emitter, n; is the
intrinsic carrier concentration, D, is the electron diffusion co-efficient and Qg is the
base charge. The electron diffusion co-efficient, intrinsic carrier concentration and the

electron mobility can be evaluated as [21]

Dn= Hn % (24)
ni? =DT? eXP(%EO)) (2.5)
HUn = cT™ (26)
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in which, k is the Boltzmann constant, p, is the electron mobility, T is the temperature,

E,(0) is the band-gap voltage of silicon at 0 °K and V; (=kT/q )is the thermal voltage.

It can be observed in equations (2.3)-(2.6) that, any temperature rise can affect
the Dy, n; and p,. The intrinsic carrier concentration, n; increases strongly with the
temperature. The n; doubles for every 8 °C temperature increase near room temperature
[19]. When the temperature increases, lattice vibrations are larger. Then the collisions
between electrons and the lattice vibrations are very important [19]. The theoretical and
experimental analyses indicate that the value of n in (2.6) varies from 1.5 to 3 [m&Kk].
Thus, the mobility decreases with the temperature but less strongly as compared to the
intrinsic carrier concentration. Therefore n; tends to dominate I, [3]. Including all the
effects the expression for the saturation is given by the following equation

Is= Ak CDT*" exp(—_E\i(O)
t

2.7

o ) @7
Now, since the self-heating is confined within the device for the dielectrically
isolated technology, it raises the device temperature. Thus, as seen from (2.7), Iy would

increase when the self-heating is significant. This in turn increases the collector current.

Now, the I equation with self-heating effect can be proposed as

_ 9Ak 4 | — 9Ex(0)
Is= g CD(T + dt) exp{k(T . dt)} (2.8)

where, dt is the temperature rise due to the self-heating effect. The Py, and Ry, values in

(2.1) determine the actual temperature increment of the device due to self-heating.
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2.4 Different Temperature and Thermal Simulations

It is very important to know the natural behavior of the device used for design
or research. Fig. 2.3 shows pretty good gain and Gummel (I, I, versus Vi)

characteristics over a wide range of collector current. These devices are robust and used

=: Betg s Ib =: I
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9Ed
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[
825 | - -
758t e
u 18u 188u m 10m 256m 430m 55Bm TA6m B5Fm

(A) (V)

Figure 2.3 Beta versus [ and Iy, I versus Vie.

for many analog circuits. In the following sections, several temperature characteristics
of the transistor are presented and explained as required. These include simulations and
measurements (only for I, vs. V. at different temperatures) from the fabricated chip.

2.4.1 Collector Current versus Collector Voltage at Different Temperatures
with and without Self-heating

The collector current increases with the temperature in forward active region.
There are sixteen I, graphs at four different temperatures shown in Fig. 2.4. In addition,
these plots include early voltage (VEF =100 or 0) and self-heating (selft = 1 or 0)
effects. In spice modeling, the early voltage ‘0’ means infinity. Therefore, the four sets
of plots correspond to 1) T =27 °C, VEF = 100 or 0, selft =0 or 1, ii) T = 30 °C, VEF =

100 or 0, selft =0 or 1, iii)) T =33 °C, VEF =100 or 0, selft =0 or 1 and iv) T = 36 °C,
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VEF = 100 or 0, selft = 0 or 1.The temperature characteristics of the collector current

become steeper

when self-heating is on in the device. The measurement result in Fig.

2.5 shows the similar plots. The measurement is done for the lower current. These

validate the self-heating theory as expected and derived earlier in this chapter.

2.6m
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Figure 2.4 1. vs. V. at different temperatures with and without self-heating turned

Figure 2.5
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Measurement of I vs. V. at different temperatures (part no. UTA208).
14



2.4.2 Collector Current (1) and dl./ dt versus Temperature

The collector current is simulated with respect to the temperature. The simulated
results of the collector current and its temperature derivative versus temperature are
shown in Fig. 2.6. The temperature derivative of the collector current is defined as the
thermal transconductance (g.) at the collector [2]. This will be used in chapter 5 for the

frequency dependent thermal analysis.
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Figure 2.6 I, and dI./dt versus T.
2.4.3 Base Current (1) and dl,/ dt versus Temperature
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Figure 2.7 I, and dIy/dt versus T.
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The base current is simulated with respect to the temperature. The simulated
results of the base current and its temperature derivative versus temperature are shown
in Fig. 2.7. The temperature derivative of the base current is defined as the thermal
transconductance (gbt) at the base [2]. This will also be used in chapter 5 for the
frequency dependent thermal analysis.

2.4.4 Junction Temperature versus Thermal Power

The junction temperature is plotted with respect to the thermal power. Fig. 2.8
shows how T;j increases with the thermal power, Py,. The dTj/dPy plot is the thermal
resistance. The derivative of the (Tj-Tambient) O Tj (When, Tampiene 1S constant) is the

thermal resistance. This can be found as

dT;
=Rt (2.9)
dPth
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Figure 2.8 Tj and dT;/dPy, versus Py,
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2.4.5 Ambient Temperature versus Thermal Power

The ambient temperature can be plotted with respect to the thermal power. The
T plot in Fig. 2.9 shows how the ambient temperature rises with increasing the thermal
power, Py. The dT/dPy, plot in Fig. 2.9 shows how the dT/dPy, decreases with increasing
the thermal power dPy. The nonlinear characteristics of the plots are expected as the

collector and base currents are nonlinear to the temperature variations.
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2.4.6 Temperature Rise versus Thermal Power
Again, the temperature rise, dt (=Tj-Tambient) versus Pth is plotted in Fig. 2.10.

So, the slope of the following plot is the thermal resistance as shown in (2.10).

A R (2.10)

2.5 Temperature Measurement

Temperature measurement is done by using a forward Gummel or a reverse
Gummel connected bipolar transistor inside the chip.

2.5.1 Temperature Measurement Using Standard Forward Gummel Connection

~OB.C

T C Vee

Y E

Figure 2.11 Standard forward Gummel set-up for the temperature measurement.

The standard forward Gummel configuration is shown in Fig. 2.11. A linear
voltage sweep is applied between the base and the emitter of the BJT. The base and
collector terminals are internally shorted in the chip. In this configuration, the variation
of collector current as a function of base-emitter voltage is measured. The following

equations describe the required voltage-current characteristics.
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Ie= Is{exp( Nl\fe\/tj - 1} (2.11)

Vbe

In Ic = Inls +
t

where the ideality factor (NF) is assumed unity.

8lnIc_L
aVbe_\/t
oV
T=1°V% (2.12)
k Oln Ic
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Figure 2.12 Standard forward Gummel set-up for temperature measurement.
A transform function is written in ICCAP By using the equations derived above.
The measurement is done by varying Vi, (=V.1=V,) of Fig. 2.11 and measuring I.. The
measurement is converted to a temperature plot (Fig. 2.12) by using (2.12). The
minimum temperature of the T vs. Vi plot is the measured temperature of the device

[22].
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2.5.2 Temperature Measurement Using Standard Reverse Gummel Connection

O

VBE

Figure 2.13 Standard reverse Gummel set-up for temperature measurement.

The standard reverse Gummel configuration is shown in Fig. 2.13. A linear
voltage sweep is applied between base and collector of the BJT. The base and emitter
terminals are internally shorted in the chip. In this configuration, the variation of emitter
current as a function of base-collector voltage is measured. The following equations

describe the required voltage-current characteristics.

o= IS{eXP( NI\{ftchJ_l} (2.13)

Vbe

Inle=1Inks +

t

Olnle _i
OVbe Vi

NR =1

T q OVbe
k Olnle

If Iy ignored,
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129 0Vee
k oln Ic

(2.14)

By using the equations derived above a transform function is written in ICCAP.
The measurement is done by varying Vi (-V.) of Fig. 2.13 and measure I.. The I versus
—V. graph for both the simulation and measurement is shown in Fig. 2.14. The
measurement is converted to a temperature plot (Fig. 2.15) by using (2.14). The

minimum temperature of the T vs. Vi (-V,) plot is the measured temperature of the

device [22].
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Figure 2.14 I vs. =V (=Vy.), simulation and measurement.

eSO T T T T [ T T T T [ T T T T T T T
- i i i
E T -
@ B
Ll -
o
E L -
o =
+ -
=20, 8 —
r ' ' '
ermoe v by e by ey by
a=m. @ EEEN] ===. = E3=. @ Fim. @

— = CE—31

Figure 2.15 Measurement of temperature vs. =V, (=Vy).
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2.6 Conclusion

The VBIC dielectrically isolated device is characterized in this chapter. This is
mostly done for the thermal effect. The basic I-V characteristics and the Gummel plot
included as well. The thermal resistance is assumed temperature independent in some
cases. For the measurement ICCAP and HP4142 measurement setup is used. But, for

the measurement, Cadence Spectre and ICCAP Spectre are used.
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CHAPTER 3
ADJACENT DEVICE THERMAL EFFECT MODELING AND DC
CHARACTERIZATION

A novel procedure for modeling and characterization of adjacent device heating
effects (thermal coupling) of dielectrically isolated bipolar junction transistors is
presented in this chapter [4]. A new thermal model has been studied and developed for
the thermal coupling of multiple devices in an integrated circuit. The spacings among
the adjacent devices are considered as well. A new measurement technique is developed
to find the self-heating thermal resistance and thermal coupling resistance for that
circuit. Multiple test structures have been fabricated and tested to see the thermal
coupling effect.

The existing VBIC model for bipolar devices considers the self-heating effect.
This includes the Ry, Cy and Py, effects in the modeling by using equations with the
Pseudo-codes [appendix B]. But the VBIC modeling techniques do not have parameters
to model the adjacent device heating effects. Hence it is essential to make necessary
changes in the VBIC model file or develop circuit level modifications to accommodate
the adjacent device heating effects. Thermal coupling presents a challenge because of
increased device density on a chip. Shelar and Visweswaran show how the current
mirror performance varies with the device heating, which is one of the principal circuits

in analog design [23].
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3.1 Five Element Thermal Resistance Model
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Figure 3.1 Five element thermal resistance model.

Advanced processes are used to fabricate bipolar devices with trench isolation.
This technique is suitable for very fine features. In this isolation technique, a very
narrow and relatively deep trench is etched around the device to be isolated. The trench
is filled with an insulating material like SiO,. Thus the device is surrounded on all sides
by SiO,, which offers high resistance to heat flow. Consequently, the devices are
affected by thermal heating. The maximum heat flow occurs through the
interconnecting conductors.

The physical dielectrically isolated bipolar device structure of is shown in Fig.
3.1. Using this physical structure and knowing the properties of the each region, a five
element thermal resistance model has been invented and developed previously [5] and
[20]. The five components of the thermal resistance of the dielectrically isolated BJT
are shown in Fig. 3.1. The five thermal resistance components are, i) Ry, for the active
region, i1) Ry for the isolation at the bottom of the tub, iii) Ry, for the wafer, iv) Ry, for

the peripheral trench oxide, and v) Ry for the inter device and distributed conduction.
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The maximum heat source region is indicated in the figure as a rectangle. The epitexial
depth, base diffusion depth, heat source to isolation layer depth, trench oxide thickness,
refill oxide depth and isolation oxide thickness etc. are known from the device
dimensions.

Thus the individual resistances can be evaluated by knowing the dimensions of
each region. The total thermal resistance of the dielectrically isolated device can be
computed from these elements as

1

Rox+ Rw Rper+ Rdist

3.2 Adjacent Device Model

Rth = Rab+

The dielectrically isolated devices (Fig. 3.1) are used in the integrated circuit
design. Thus they have an inter-device heating effect. A compact thermal circuit model
has been developed for the adjacent device heating effect, in which the thermal
resistance of each device is divided into five elements. Each of these five resistances
represents the thermal resistance of a particular part of the device. They depend upon
the geometry and the material properties in that region. This is shown in (3.1). One of
the five elements, Ryisr represents the inter device and distributed thermal resistance,

which accounts for the heating effect with the adjacent device.
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Figure 3.2 Adjacent device coupling parameter circuit model. (a) A single device
and (b) Two devices, ‘devicel’ and ‘device 2’ connected together The common
elements Rgis 12 and Cgist1 2 are high lighted.
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An equivalent compact circuit model is developed using the five elements for a t
device as shown in Fig. 3.2(a). coupling of two devices. The equivalent circuit for two
adjacent devices, ‘device 1’ and ‘device 2°, is shown in Fig. 3.2(b). The resistance
components in Fig. 3.2 accounts for five element thermal resistance. Iy, (Py) is the
thermal power. Each thermal resistance in Fig. 3.2 incorporates a corresponding thermal
capacitance to account for the thermal effect delay and thermal frequency response.
Thermal capacitances related to the thermal time constants.

Rihx .,y -Cthx ,y = Tthx .,y (3.2)
where ty, is the thermal time constant while subscript x,y stands for silicon or oxide.
This delay is a function of the physical dimension of each part of the thermal circuit.

The five element thermal model uses five thermal resistances and capacitances.
This brings the idea of multiple pole thermal model. It can be clarified in time domain
analysis. It can be understand that, the device has multiple thermal time constants
according to the multiple thermal resistance and capacitances. The analysis can be done

by plotting dt/Pu versus log (time) for the thermal model shown in Fig. 3.3(a). The dt

and Py, are the temperature rise due to the thermal effect and the thermal power

respectively. Actually, by definition dt/Pwmis the thermal resistance. The symbolic plots

in time domain are shown in Fig. 3.3(b). The plot uses three time constants corresponds
to R1Cy, RoC; and R3C;5 time constants. The three time constants are 11, T, and 3.

The equation (3.3) shows the relation among the thermal resistance
components and the time constants.

Riv=R1 (1 - e't/“)+ R2 (1 et 2)+ R3 (1 et 3) (3.3)
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Figure 3.3 A 3 pole thermal model (Fig. a) and its thermal time constants (Fig. b).

It can be observed in (3.3) that, at t = 0, Ry, = 0 and at t = oo, Ry, = Rj+Ry+R3.
This idea can be simulated in cadence by using the 6 terminal bipolar model shown in
Fig. 2.2. The poles are added externally with the ‘dt’ node. First, deactivate the internal

Rin, Ci network by adding —Ry, -Cy, network externally. The corresponding circuit
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diagram and simulations for two pole thermal network are illustrated in Fig. 3.4. In the

simulation result R simulated/Rth-nominal 1S plotted against time.
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Figure 3.4 Circuit and simulation of thermal time constants for a 2 pole thermal
resistance model. (dt/Py, (=Ry,) versus time plot). Riy-simulated 18 normalized with the
default Ry,.

A procedure can be established to make excellent estimates of the values of

each of these components [5] and [20]. The resistance component Ry in (3.1) and Figs.
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3.1 and 3.2 is modulated by adjacent devices. The value of this resistance depends upon
the number of adjacent devices, amount of epitexial depth, isolation depth, tub

perimeter, healing length etc.

¢t

|
—
1S
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,‘_>]| lt tr
L J S | L J
| : 1:tr

Figure 3.5 Two adjacent devices side by side.
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A cross section view of two adjacent devices side by side with a separation 2s is
shown in Fig. 3.5. Now, for a device area with trench, Agevice = (Ii+2t)(Wit2ty;) in an
assembly of devices with inter-device separation, 2s, the fraction of the area useful for
heat flow, f(s), and the ratio, r, of device area to total epi area used per device are:
fs) =1-r (3.4)

(lt + 2ttr)(wt + Zttr)

1rz(lt + 2t +s)(wt +2t,, +s) (3-5)
where 1; and w; are the inner tub dimensions and t; is the trench oxide thickness.

The value of Ryisir can be evaluated as [5]

R s = 1 - (3.6.1)

2”ksitepi (ro /rH + 1) f(S)
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where kg; is a function of s due to an adjacent device and r, and ry are the perimeters of
the tub and healing length respectively. C is a constant and t.,; is the epitexial depth.
The r, and ry are defined as [5],

.- 2l +w,)+8t, (3.6.2)

© 2n

kgt .t
ry = /% (3.6.3)
Ox

where, kg and kox are the silicon and oxide thermal conductivity respectively, tiso is the

1solation oxide thickness.

dt; dt,
diRH‘ﬂ dtRIhE
Cth,1 - Rin 1 Rth2 ==Cth 2
G‘ kn1=Ptn1 4 - tagp  th2=Ptn2 d)

() v

Cio0trie  Coqdtring

tl il
Figure 3.6 VCVS thermal coupling model.

The effect of heating on an adjacent device can be represented in a circuit
simulator in the manner shown in Fig. 3.6. A fraction (cj) of the portion of the
temperature increase due to heat generated in the Ry, Cy dissipation region 1 is
represented as a voltage dependent voltage source in series with the temperature
increase in region j. In general, there is a phase shift due to delay of heat diffusion from

1 to j in addition to reduction in magnitude. As a consequence, c; is complex with a
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b

magnitude less than 1. In Fig. 3.6, ‘tI’ is the local temperature node and ‘dt’ is the
temperature rise node. The voltage V; and V, correspond to c¢;,dT, and c,;dT;

respectively.

3.3 Measurement of Thermal Resistance

The thermal coupling or adjacent device heating depends on the i) number of
adjacent devices, ii) spacing between the devices, iii) nature of shared wall, iv) device
dimensions, and v) operating conditions of the adjacent devices [22]. To consider the
effect of all these parameters on thermal coupling of DIBJTs various test structures
were developed, where all the adjacent devices are the same. The test structures were
fabricated and measured. The measured test structure is shown in Fig. 3.7, in which one
central device (device under test, DUT) is surrounded by eight adjacent devices. All of
the nine devices are dielectrically isolated bipolar junction transistors with the same
sizes. Separation between the two devices is S in all sides. One or more of the outer
devices may be connected as an active or dummy depending on the test measurement. A
dummy device has no collector and base current.

The measurement is done in two parts, i) measurement of thermal resistance
(Rw) for self-heating, and ii) measurement of thermal resistance (Ru-coupting) for adjacent
device heating. Hence, all the adjacent devices are made dummy except the central
device is ON during the self-heating thermal resistance measurement and all the
adjacent transistors are made active during the adjacent device thermal measurement,

while the center device used for the temperature measurement.
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The temperature of a device is evaluated from the forward Gummel data using

equation 3.7.

9 OV (3.7)
Nk Olnlec

The HP4142B Modular DC Source/Monitor and ICCAP interfaced evaluation

system are used for the measurements.
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Figure 3.7 Thermal coupling measurement test structure of multiple device (1X:

8X) integrated circuit (S =2 um, 4 um, 8 um). A device C is at position “C”, the

adjacent devices 1 to 8 are at positions “1” to “8”. All the devices are npn 8x5x1

from P10 process.

3.3.1 Measurement of Thermal Resistance (Ry) for Self-Heating

To measure the thermal resistance of the central device (DIBJT), a direct
extraction technique is employed using collector current (I;) versus collector emitter
voltage (V) curves at different temperatures [15]. In Fig. 3.8, the VBIC device shows

the characteristics of increasing slopes in I.-V. plots for a constant base emitter voltage.

It can be easily found from these plots that at each temperature there is a bias point in
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each plot where a constant collector current can be measured. At each of these bias

points collector currents and base emitter voltages are constant.
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1.11E-04

Icin A

1.04E-04 |+~

9.70E-05

A,302 K B, 301 K C, 300 K|
9.00E-05 T T

0 3 6 9
VceinV

Figure 3.8 Measurement of I, versus V. at different temperatures.

Simulation and experimental examination found the constant base current and therefore
the current gain. Thus, the average junction temperature is obviously the same at those
bias points [15]. Thermal resistance is assumed constant with respect to the minimal
temperature change.

The junction temperature can be expressed as

Tj= Tambient + Rth Pth (3.8)
Tja=Ta + R Pa (3.9)
Tjg=Ts+ R PB (3.10)
Tic=Tc+ R Pc (3.11)

where Ta, Tg, and T¢ are the ambient temperatures while P, Pg, and Pc are the thermal
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powers at the bias points A, B, and C. A, B, and C bias points are at the temperatures
302°K, 301°K, and 300°K respectively.

The thermal power can be computed as

Pth = Vbe x Ib + Vee x Ic (3.12)

When the junction temperatures are equal at each bias point, then (3.9) and
(3.10) can be solved for the thermal resistance.

Ts-Ta
Pa-Ps (3.13.1)

When thermal resistance is considered as a function of temperature, then the
temperature dependent Ry, needs to be used in (3.9) — (3.11). In that case the expression
for the Ry, would be changed as well.

The junction temperature can also be evaluated by solving (3.9) — (3.11) [15].

The junction temperature can be expressed as

Tj=TB+AT{(PB—PBj/(PB+PB—2)} (3.13.2)
Pa Pc Pa Pc

3.3.2 Measurement of Thermal Resistance (Rup-coupiing for Adjacent Device
Heating

Consider the test structure in Fig. 3.7. The distances between the central device
and the outer devices are varied as 2 um, 4 um and 8 um. The adjacent outer devices
are connected in parallel and are powered up at various power levels with constant base
emitter voltage. The temperature of the central device is then measured. The dissipated
power of the outer devices can be computed by using (3.12). A set of plots showing the

change in apparent temperature of the central device with increasing power on the outer
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devices are plotted after measurement. These are presented in the following sections. In
this case, the thermal coupling resistance can best be defined as the rate of change of the
temperature of the center device with respect to the change of power at the outer

devices. This is expressed in (3.14)

& = Rth - coupling (314)

where T; is the temperature of the central device and P; is the power of the outer
devices.

The parameter c;j in Fig. 3.6 can now be evaluated as follows.

dT.
Rih - coupling = —+
pling dPJ

dT; = Rt - coupling de

(3.15)
Cij dTRch = cl_]Rth,JP_] = dTl
== Rin- coupling
Rth,j

where, Ry, jis the nominal model parameter value of the thermal resistance.

The measurement result for the 2 um spacings in the test structure is shown in
Fig. 3.9. The Rincoupting can be evaluated using (3.14). The slope of the trend line
indicates the thermal coupling resistance of the central device due to the adjacent device
heating effect. It can be normalized with respect to the self heating thermal resistance.
This is done in percentage with respect to the Ry, nominal value using (3.15). This is

written as,
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dT,;
Rth - coupling = d_Pl = cinth,ij = 72.4%
]

= c; =8.04%
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Figure 3.9 Temperature of central device versus power on outer devices (S =2 um
in Fig. 3.7).

Figure 3.10 Layout of the Adjacent Device Test Structure (Fig. 3.7) for S =4 um.

The measurement result for the 4 pum spacings in the test structure is shown in

Fig. 3.11. The Rucoupling can be evaluated using (3.14). The slope of the trend line
indicates the thermal coupling resistance of the central device due to the adjacent device

heating effect. It can be normalized with respect to the self heating thermal resistance.
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This is done in percentage with respect to the Ry, nominal value using (3.15). This is

written as,

dT,
Run- coupling = d_Pl = cinth,ij =59.6 %/-

J

¢
c 303.6
8
= y = 0.0596x + 302.01
9] ,
° 303.2 R? = 0.996
9
o)
O 302.8 1
o
9_; O Temp. of center
w  302.4 - device
g ——Linear (Temp. of
= center device)
F 302.0 ‘ ‘ ‘ ‘
0 5 10 15 20 25

Power at outer devices in mW

Figure 3.11 Temperature of central device versus power on outer devices (S = 4
um in Fig. 3.7).

Figure 3.12 Layout of the Adjacent Device Test Structure (Fig. 3.7) for S =4 um.

The measurement result for the 8 pm spacings in the test structure is shown in

Fig. 3.13. The Rincoupling can be evaluated using (3.14). The slope of the trend line
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indicates the thermal coupling resistance of the central device due to the adjacent device
heating effect. It can be normalized with respect to the self heating thermal resistance.
This is done in percentage with respect to the Ry, nominal value using (3.15). This is

written as,

dT;
Rth - coupling = d_Pl = cinth,ij =263 %N
]
= c; =2.92%

2
c 299.5
g _
S 2993 y = 0.02263x +298.63
S R° = 0.969
£ 299.1 -
8
)
8 298.9 A
§ o Temp. of center
C 5087 1 device
L : Linear (Temp. of
% center device)
— 298.5 w ‘ ‘ ‘
0 5 10 15 20 25

Power at outer devices in mW

Figure 3.13 Temperature of central device versus power on outer devices (S = 8
um in Fig. 3.7).

Figure 3.14 Layout of the Adjacent Device Test Structure (Fig. 3.7) for S =8 um.
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Figure 3.15 Adjacent device coupling space-dependence result.

3.3.3 Overall Measurement Result of the Adjacent Device Heating Effect for the

Test Structure

Table 3.1 Overall Results of the Thermal Coupling Measurement

Spacing Rth-coupling Cij
S
um C/W %
2 72.4 8.04
4 59.6 6.62
8 263 2.92

The overall measurement results for the R coupling are shown in Fig. 3.15 and
Table 3.1. The central device and the outer devices are spaced by 2 um, 4 um and 8 um.
The Fig. 3.15 represents the thermal coupling with respect to the space variation among
the adjacent devices. This shows decreasing logarithmic characteristics with spacing.

The equation (3.6.1) shows the inversely proportional distance characteristics for the
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Raist, which is equivalent to Rcoupling: This characteristic has been seen in the
measurement as well (Fig. 3.15).

3.4 Conclusion

A new technique for modeling and characterizing of thermal coupling effect is
illustrated. The developed compact thermal model for the adjacent device heating
provides inclusion of all thermal effects successfully as the sides of the devices are
isolated by insulator. Measurement data support the conclusion that the model topology
is correct. A macro can be developed to couple to the standard device model to fully
incorporate the compact model on the schematic page of the simulator. The VBIC
model can be used successfully to improve thermal tail behavior. This research gives an
idea how to continue the characterization of coupling coefficients for adjacent device
effects for varied spacing. Furthermore it refines the procedures for determining critical
points in circuit topologies with regard to thermal effects. This will evaluate the
effectiveness of variation in device and circuit layout in reducing thermal effects and

coupling.
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CHAPTER 4
FREQUENCY DEPENDENT THERMAL EFFECT MODELING AND
CHARACTERIZATION

Frequency dependent thermal characterization is very important to understand
the thermal behavior of analog circuit characteristics in the frequency domain. The Y
(admittance) parameters are significantly affected by the self-heating effect [1], [2], and
[24]. The Y parameters can be used to describe the self-heating effect in a transistor [1],
[2], [16], and [17] in the frequency domain. The Y,, parameter is the most sensitive to
self-heating [1] and [2]. Ry, can be extracted from Y, [2] and the thermal time constant
can also be estimated from the Y, versus frequency plot.

4.1 Electro-Thermal Model and Its Small Signal Diagram

The electro thermal model or network for a VBIC self-heating bipolar device is
shown in Fig. 4.1 [2], [16], and [17]. Py, is the thermal power and can be found as

Pth = Vie x Ib + Vee x Ie (4.1)

The thermal admittance and impedance Yy, and Zy, are expressed as,

Y =1/Rth + joCrh (4.2)

Zth=1/Y 4.3)
where, Ry, and Cy, are the thermal resistance and capacitance respectively. [Yi

increases as frequency increases. Thus, it can be concluded by observing (4.2) and (4.3)
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Figure 4.1 Electro thermal network.

that, at high frequencies the thermal impedance is shorted out and has no impact or very
little impact on the circuit performance. In reality the device thermal response can not
follow the applied electrical bias at high frequency [2], [16], and [17]. It is also found
in (4.2) and (4.3) that, at low frequency the thermal impedance is not zero and the
device characteristics (temperature) can be changed with the electrical signal.

A five terminal bipolar model including the local temperature (tl), the small
signal temperature rise (dts) and the substrate nodes is shown in Fig. 4.2 (referred from
Fig 2.2).

Now, the temperature rise due to self-heating can be computed as,

(Tj - Tambient) = Ren Pn 4.4)
where, (Ti~Tambient) 1S the temperature rise due to the self-heating. The junction
temperature, Tj can be evaluated by the method shown in [15].

The temperature change in a device with thermal resistance 2000 C/W for 1

mW of thermal power is

dt = 2000 C/W -1mW =2 °C
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Figure 4.2 A bipolar transistor model including local temperature (tl), small signal
temperature rise (dt;) and substrate (S) nodes.
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Figure 4.3 Small signal diagram of the electro thermal network in Fig. 4.1.
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The small signal diagram of the corresponding thermal model is shown in Fig.
4.3 [2], [6], [16], and [17]. The base and the collector currents and voltages are I, Vy
and I, V. respectively. The capacitances Cpe, Cp. and Cs are the base-emitter, base-
collector and collector-substrate capacitances. The ideal output conductance is notated

by g, (go=dle/dVc). Therefore, the ideal effective output resistance,

Rout = 1/g0 (45)
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The g« and gy are the thermal transconductances at the collector and base of a
transistor. They can be measured or calculated by differentiating the base current and
the collector current with respect to the temperature [2], [16], and [17]. Thus, the

expressions for the g, and g are given by,

gho=— (4.6)
ge = ZIT 4.7)
agy 1P
< Zly
0.0 Lol oinol
R oLl 12
temp [ C )
(a)
1.9m _©
950U
Iarﬁ -||||IIIIIIIIIIIIII
I, wliNi T
temp { C )
(b)
Figure 4.4 The simulations of I, and Iy, versus temperature for a single transistor
network.
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Thus, gy.dts and g..dts are the small signal currents at the base and the collector
due the self-heating effect [2]. The simulations of the collector and base currents with
respect to the temperature can find the thermal transconductances. The simulation
results are plotted in Fig. 4.4. The g, and gy are plotted (in ICCAP) in Figs. 2.6 and 2.8
as well.

The small signal AC currents at the base and collector terminals in Fig. 4.3 can
be written as [2],

ib = {gz + joo (Cbe + Cbe )} vb- jCheve + gor dts (4.8)

ic = (gm - joCoe)vb + {go + jo (Cbe + Ces )jve + gerdts (4.9)

The dt; is the small signal temperature increment for the self-heating effect. The
ve and vy, are the small signal AC voltages at the base and collector. The dt; can be
found by applying the through variable conservation law at the local temperature node
[2]. According to the through variable conservation law in a small signal electro thermal
diagram, the thermal power at the thermal network is equivalent to the summation of all
the powers at the electrical network. Therefore, the product of the small signal
temperature and the thermal admittance is given by [2]

Yindts = (Ic + gOVC) Ve + (Ib + gan + ngc) Vb + (gcth + gtib) dts (4 10)

Now, the small signal temperature rise dt; can be solved from (4.10)

_ (Ic + gOVC)VC + (Ib + chVb + ngc)Vb (4 1 1)
Yih - (getVe + gbtVb) '

dts
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4.2 The Y Parameters

A symbolic two port network and its Y parameter model showing the input base
port and the output collector port is shown in Fig. 4.5. It includes AC voltages and

currents (v, 1, and v, ic), DC voltages and currents (Ve I and Vg, I;,) and the power

supplies V. and V.
Vee
Ig le
O L ¥ ()
Iy
Porty v, Vee ve Ports
Ce— Vbe —>»)
Vee
(@)
Iy B C Ic
Y12Vc
Vo o Yy @ C‘V) Y| Ve
Y21Vp
F - E
(b)

Figure 4.5 (a) A two port network with a bipolar device including all (AC and
DC) the voltage and current components, (b) Common-emitter Y parameter
model.

By combining the frequency dependent small signal analysis for the electro

thermal model in (4.8), (4.9) and (4.11) and the definition of the Y parameters for a 2
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port network as shown in Fig. 4.5 (b), the four parameters Y1, Y12, Y21 and Y, can be

defined and evaluated as [2]

Yzt gy EbteVorenVe) Lo Ch) (4.12)
Vb|yeo Yih - (getVe + gbt Vo)
i I

ool elereVo oo (4.13)
Vel yb=0 Yith - (gcth + gtib)

Vai _ e - get (Ib + gzVo + gmVe) ~ joChe (4_ 14)
bl oo Yih - (getVe + gbtVb)

Yoot gy gtleteVI et G (4.15)
Vel yh=0 Yith - (getVe + gbtVb)

Among all the Y parameters Y, is found to be significantly affected by the
thermal effect [2], [16], and [17]. The self-heating also causes a considerable change of
Y, with respect to frequency and a moderate change with frequency of Y;; and Y»; [2].
There are several ways to see the self-heating effect on these Y parameters in simulation
or measurement. However, to see the simulated and measured data, a balanced
resistively loaded differential amplifier is designed, simulated, fabricated and measured.

4.3 Design and Thermal Simulations of the Balanced Differential Amplifier

4.3.1 Design of the Balanced Differential Amplifier

The balanced differential amplifier shown in Fig. 4.6 is designed to simulate and
measure the Y parameters. The input transistors Q; and Q, are biased with the current
mirror comprised of Q; and Q. The resistances R; and R, work as differential loads.
They are 1kQ each. The bias resistance Rj is used to vary the circuit current. The circuit

operates with = 3V power supply.
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port2 Cdc-block Cdc-block port4
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Port1 Port3
al Q
e N
VEE

Figure 4.6 A four port network showing the input base ports and the output
collector ports.
4.3.2 Thermal Simulations of the Y Parameters
The Y parameters versus frequency are plotted from the S parameter
simulations. This can be done with the AC analysis as well. These analyses initially
calculate a DC operating point and then linearize the devices about the operating point
values. The device needs to be operated in the forward active region.
4.3.2.1 S parameter to Y Parameter Conversion
The S parameter simulation is universal for the frequency domain analysis. But
the S parameters can be converted to the Y parameters by using the formulas illustrated

below. For a two port network as shown in Fig. 4.5, the conversion formulas are given
by
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N

-

output ports are connected to the AC signal through a capacitor. The capacitor works as

s-parameters
in terms of y-parameters

y-parameters
in terms of s-parameters

N el

(I-y11)(d+y22) +y12y¥21

5117
(I+y1)(+y22) -yizyai

-2y 12
s12 =

(I+y11)(A+y22) —yizyai

=2y
s J 21

1=
(I+y11)(A+y22) -yizyai

(I+y)(-ya) +y12ya

S22 =
(I+y1)(L+yz2)-vyizyal

(I+s22)(1-s11) +s12521
(I+s11)(1+s22) —s12521

Y=

—2512

Y1z =
(L+s11)(1+s22) —s12521

—2s 21

Ya1=
(1+s11) (1+522) —s12521

_(L+511)(1-522) + 512521
(L+s11)(+s2) —spps21' |

yaz2

Figure 4.7 S — Y parameter conversion table [25].

4.3.2.2 Simulation of the Y Parameters

The four ports shown in Fig. 4.6 are the S parameters ports. To block the DC the

a short circuit for the AC signal.

calculated by the following formula. The 10 mS is equivalent to 1/0.1 Q. The right hand

side of (4.16) can be any value that makes a very low resistance path (ideally) for the

The required capacitance value of the dc blocking capacitor at the ports can be

respective AC signal.

2chfmianlock >>10 mS
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The Spectre S parameter simulation provides the S parameters which are then
converted to Y parameters. Several different kinds of simulations have been done. The
simulations for a 4 port network (Fig. 4.6) are shown in Fig. 4.8 to Fig.4.12. Only the
Y2, simulation is shown for a bigger device. The inter-port simulations (Fig. 4.12) Y4,
and Y,; shows the self-heating effect as well. As seen in (4.2), Yy increases with
frequency. Thus, the Y parameters in (4.12) — (4.15) should decrease with the frequency
until the thermal effects become insignificant. After the thermal effect becomes

insignificant, the device capacitance dictates the Y parameters behavior.

Y11 & Y33 Plat with and with-out self-heating
1 .0E-04

—+— 11 Selft=0
—8—"11 Selft=1
—— 33 Seltt=0

90E-05 {

anEs J| —— V33 seit=1

J

|

7 0E-03 f
:

=

e

£

o

0 GOE-03

S0E-05 f
40E-05 /

e

30E-035

1.E+02 1 E+03 1 E+04 1 E+05 1.E+0E 1 E+07 1.E+0& 1E+09
Freg.in Hz

Figure 4.8 Y, and Y33 versus frequency with and without self-heating.

Y12 & Y34 Plot with and without self heating
7.E-08

6.E-03 =

5.E-08 / /‘*
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apgp || 5 12T

= —f— 34 Selft=0
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2E-08 A
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1E-08 F
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1.E+02 1.E+03 1 E+04 1.E+05 1 E+06
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Figure 4.9 Y, and Y34 versus frequency with and without self-heating.
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Y21 & Y43 Plot with & with-out self-heating
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Figure 4.10 Y, and Y43 versus frequency with and without self-heating.
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Figure 4.11 Y, and Y44 versus frequency with and without self-heating.
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Figure 4.12 Y4, and Y3 versus frequency with and without self-heating.
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4.4 The Y,, Parameter

As described earlier, the thermal response cannot follow the high frequency
circuit response. Thus at high frequency the output admittance (Y,) is merely the
electrical admittance. This can be seen in (4.15). But at low frequency the effective
output admittance (Y,;) differs from the electrical conductance due to the thermal
effect. The thermal behavior of Y»; is affected by the bias points, saturation current, and
device geometry.

4.4.1 Y, Simulation with Variable Thermal Resistance in the Frequency
Domain

The simulations of Y, versus frequency with different Ry, values are shown in
Fig. 4.13. The thermal resistance changes the low frequency magnitudes of the Yy,
parameter. The higher thermal resistance shows more effect on the Y. In this

simulation, the thermal capacitance is kept constant at its default value.

1 YZ22{Rth—nom} =1 YZ2{@ &Rth—nom)
| o@m & 122 {(1.2Rth—nom)

1.15m Lol LU
(¥
[ e F \a\
= 1.1E8m -
o L 1 a4
oy F~|_[4
1.85m - ha'ﬁ
1.88m [ T

Tk 1K TEER 1M TEm
Frequency in Hz

Figure 4.13 Yy, versus frequency with different Ry, values.
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4.4.2 Y, Simulation with Variable Thermal Capacitance in the Frequency
Domain

The simulations of Y, versus frequency with different Cy, values are shown in
Fig. 4.14. The thermal capacitance moves the low frequency pole. It does not have
significant effect on the magnitude of Y. In this simulation, the thermal resistance is

kept constant at its default value.

= YEQ&@.SCth—nom) 71 Y22{1.2Cth—nom)

1oBm ": F22{Cth—nom}
1.15m [
% :
= —a &=
" 1.18m [ o
& &
— L a
1.85m [ i \_\
1.88m [ A *

Tk 1k TEEAR T T
Frequency in Hz

Figure 4.14 Y, versus frequency with different Cy, values.

4.4.3 Y,; Simulation with Variable Thermal Time Constants (variable Ry, and
Cy) in the Frequency Domain

The thermal time constant (TC) is defined as the product of the Ry, and Cy,. In
chapter 3, it was found that multiple thermal TCs are present for the five element
thermal resistance in a dielectrically isolated device. Therefore, Y2, can be simulated for
the multiple thermal TCs. There are three simulations have been done, i) nominal

thermal time constant (TC), ii) 1.2 times the nominal thermal time constant, and iii) 0.8
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times the nominal thermal time constant. It can be observed that the low frequency pole

(corner frequency) of Y»; is varied in accordance with the thermal TCs.

= Y22$®.8Rth—nom,cth—nom}a: ¥22{1.2Rth—nom,Cth—nom)

1opm o8 122 Rth—nom,Cth—nom)
1.16m [
F i Eant?
1.12m | ™
— i {1 nl
i W‘\k
1.808m E r—
i sy
i g
[ I
1.84m
| Ny
1.08m L il -
T Tk TEAK, I T

Figure 4.15 Yy, versus frequency with different thermal time constants.

4.4.4 Y5, Simulation with Variable Bias Current in the Frequency Domain

The expression for Yy, in (4.15) shows that, Y;; has direct relationship with the
collector current. This demonstrates the higher thermal effect for a larger collector
current. The plots in Fig. 4.16 show the variation of Y,, with respect to the collector

current.

& Y22$Ic}=lc—nom) a: Y22{lc<lcnom)

1 2@gm 0 Y22{lc—nom}
1.15m
p = =1 R Imm !.'_\_"\—ﬁ
"\-\
1.10m s ™
— \ﬁ\
_l——.\EL\ﬂ
1.095m %%
: \g""\_ |
1.08m [ B an
1K 13K 1BAK M 1M

Figure 4.16 Yy, versus frequency at different collector currents.
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4.5 Thermal Resistance Extraction

4.5.1 Theory
Y2, can be used to extract the thermal resistance [2]. Now, Y, can be evaluated
by equations (4.2) and (4.15) as

et (Ic + gOVC)

Y =1/Rin+ joCun = -
Y2 - go - _]O)(Cbc + Ccs)

+ (gcth + gtib) (4 1 7)

Solving (4.17) for Ry, gives

Yoo - o - j(D(Cbc + Ccs)
R = 4.18
! [{ et (Ic + gOVc) } + [{ (gcth + gtib)- j(DCth }][ { Yoo - o - j(D(Cbc + Ccs) }] ( )

Now, Ry, can be found at dc from (4.18)

Y22 -go

Ran=
" [{ et (Ic + gch) }-‘r {(gcth + gtib) ( Y2 - go )}]

(4.19)

Distributed resistances, which were described as the five element thermal
resistance model (chapter 3), give multiple poles in the Y, function. Using the five
element thermal resistance model in (3.1), Y2, can be revaluated from (4.15)

et (Ic + gOVc)

Y22 =go+ +jo(Che+Ces)  (4.20)

+ joCith - (getVe + gotVb)

1
1 1
+
Rox + Rw Rper + Rudist

where, the five thermal resistance components are, 1) Ry, for the active region, ii) Rox

Rtub +

for the isolation, iii) R, for the wafer, iv) R, for the peripheral trench oxide, and v)

Ruistr for the inter device and distributed conduction. These are shown in Fig. 3.1.
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4.5.2 Layout

The layout of the balanced differential amplifier is shown in Fig. 4.17. There are
two similar test designs have been fabricated in the same chip. The current mirror
devices (Qs and Q4 in Fig. 4.6) in the differential amplifier are separated far away from
the measured devices (Q; and Q; in Fig. 4.6). So that, the mirror devices does not have

any adjacent device heating effect on the Q; and Q, devices.

Figure 4.17 The layout of the differential amplifier (UTA214).
4.5.3 Measurement set-up and the Measurement and Simulation Comparison for
theY,; parameter
The measurement set-up for the Y, is shown in Fig. 4.18. The S,, parameter
measurement is done with the HP 4395A network analyzer and Agilent 87511A S-
parameter test set. The measurement was done with the one port setup as shown in Fig.
4.18. Before the data is taken, open, short and 50 Q load calibrations have been

completed. The measured S parameter reflection or transmission data is converted to the
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equivalent admittance (Y) values. This is not the same as a two-port Y parameter
conversion. An S;; or S,, trace, measured as reflection, can be converted to an
equivalent parallel impedance or admittance. The admittance parameter is defined as

1 (1-52)
Y_%(l+822) (4.21)

where, Z is the characteristic impedance.

Agilent E 3631A

Vee DC Power supply
Ri R>
Cdc-block § §
|7
Port>
Rs § HP4395A & Qs Q2
HP87511A
\_1 }/
== AN
Vee

Figure 4.18 Measurement set-up.

Internal
Port R
— Cparasitic
External
— connection

Figure 4.19 The parasitic model that used at each pad.
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Figure 4.20 The Y, simulation with respect to the parasitic capacitance (Fig.
4.19).

De-embedding is required to get rid of the package, pad, and routing parasitics
[26]. This is accomplished in simulation to match the measurement data. A parametric
simulation is done by varying Cparasitic (Fig. 4.19). By comparing the measured data and
simulated results (with parasitic), it is found that, a 4.5 pF parasitic capacitance value
matched the simulated and measured data. The expression for the Y, with the parasitic
can be written as

et (Ic + gOVC)
I/Rih + joCih - (getVe + gbtVb)

Y22=go+ + j(D(Cbc + Ces+ Chparasitic) (42 1)

The measurement data and the simulation results (simulation is done using the
exactly same one port measurement setup) with and without parasitic capacitance are
shown in Fig. 4.20. By comparing and optimizing the plots the thermal resistance can
be estimated and extracted. In this measurement, after adding the parasitic capacitance

at the ports, it can be observed that, the Ry, value of the data matched with the default
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value of the model Ry, In the sense, the simulated and measured Y, matched. In both

simulations and measurements S-parameter analyses have done.

1.40E-03
o Measurement

1.23E-03 . . . -
n —0— Simulation(with parasitic) S
£
N ¢
N
> 1.07E-03

9.00E-04

1.E+03 1.E+05 1.E+07
Frequency in Hz
(a)
1.40E'03 L  ———— T T —————
O Measurement
—0— Simulation(with parasitic)
—a— Simulation(without parasitic)

1.23E-03
wn
=
n /
o A
> 1.07E-03

9.00E-04

1.E+03 1.E+05 1.E+07 1.E+09

Frequency in Hz

(b)

Figure 4.21 The simulation and data comparison for the Y, parameter. (a) 100
kHz to 10 MHz, (b) 100 kHz to 1 GHz.
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4.6 Conclusion

The frequency domain thermal analysis has been done. With the help of a
developed small signal thermal circuit, Y parameters are evaluated. The Y parameters
are simulated by using a balanced differential amplifier. Y, is simulated by varying
thermal parameters and the bias current. It has been observed that, by comparing and
optimizing the simulated and measures data, Ry can be extracted [2]. The measurement
of the admittance parameter was done using one port measurement technique. The
measured data is then compared with the simulated (with parasitic capacitance and self-
heating turned) data for the same setup.

The theoretical RyCy, product estimate is 4.95e-6(tox/ 1.5)2, where t,, is the
thickness of the isolation oxide in microns [5]. The RyCy, is the thermal time constant.
The thermal capacitance can be estimated by knowing the thermal time constant and the
thermal resistance. The typical value for the thermal time constant is about 2 ps.

The measurement and simulation for the Y, can be done by using a single
transistor as well. It requires two ‘bias-T’s, one end for the dc bias and the other end for
the ac signal. This will include actually an inductor through which the dc bias is applied

and a capacitor through which the as signal is applied.
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CHAPTER 5

THERMAL EFFECTS ON CURRENT MIRROR PERFORMANCE

Thermal effects on current mirror performance are significant. It is especially
important to consider the thermal effects for current mirrors designed with dielectrically
isolated bipolar devices. This research examines the impact of the self-heating and
thermal coupling effect on the output characteristics of a simple current mirror as well
as the self-heating effect on the output characteristics of the other frequently used
current mirrors in the analog integrated circuit design. The previously developed
(chapter 4) new small signal circuit model of a bipolar transistor [2], [6], [16], and [17],
which included the self-heating effect, is used to analyze the output characteristics of
the current mirrors. The circuits are analyzed using the VBIC model of DIBJTs as
usual.

As discussed before, the self-heating is fairly large in dielectrically isolated
bipolar technology. This effect has a substantial role in analog integrated circuit
performance. Dielectrically isolated devices are made by a trench isolation process,
where a very narrow and comparatively deep trench is etched on all sides of the device
[4]. SiO; exhibits high resistance to heat flow due to its negligible thermal conductivity,
so the device is affected by thermal heating. The self-heating effect is typically confined

within the heat generating device itself [4]. Self-heating causes a significant change of
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output resistance at low frequency or dc [1] and [2]. Such distortion can significantly
affect the large signal dc circuits and the frequency response (settling error) of high-
gain amplifiers. The self-heating effect in large-signal dc circuits is limited to those
precision analog circuits whose characteristics depend on the close matching of the
devices [3]. The current mirror circuits demand perfect matching of the shared devices
and very high output resistance (ideally infinity). Hence, these circuits are affected by
self-heating since their performances are dependent on the output resistance, which is
reduced by self-heating induced errors. Munro and Ye [27] show the self-heating effect
of a current mirror. Tenbroek et al. [28] examines the self-heating and thermal
coupling effect for current mirror using silicon on insulator (SOI) complementary metal
oxide semiconductor (CMOS) technology. Due to the increasing package density of
integrated circuits, thermal effects become more and more important.

5.1 The Output Resistance and the Self-heating Effect

By using the previously developed small signal model and circuit analysis, the
output impedance of a simple current mirror with self-heating can be evaluated as [17]

Zout = ! (5.1)

[{go + joa(cbc+ccs)}+{ get (le+goVe) }

Yith - (gcth + gbtVb )}

For the large signal dc analysis, the frequency dependent term can be ignored in

(5.1). Then the expression of the output resistance is simplified to [16] and [17]

1

Zout(f =0)=Rout =
Om( O) ot gct (Ic+g0Vc)

(5.2)

go+

i - (gcth + gtib)
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Therefore, the magnitude of the output resistance depends on the thermal
resistance (Ry,), thermal capacitance (Cy) when frequency is considered, device
dimensions, and the operating conditions of the transistor. It is evident from (5.2) that,
the output resistance of the current mirror is decreased for the self-heating (Ry,) effect
[16] and [17]. This indicates the reduction of early voltage as well. There are several
ways to measure the thermal resistance. Two methods described in the previous
chapters 3 and 4 at both dc and over frequency. If no self-heating is considered, then the
thermal resistance component can be set to zero in (5.2). Hence, it is simply the inverse
of the effective output conductance of the device [2], [16], and [17]. So, the expression
for the output resistance can simply be written as

1

Rout = (53)
go
st Zout{selft=1
IEEK _u: Zoutl selft=&
Fet
2epK £ | [T l\}\x\
1,
B
E
.|
n
B.o8 e AN
&k 1K 1M 1&h4 1R
freq ( Hz )

Figure 5.1 Magnitude of the output impedance for a CE single transistor system,
as simulated with and without accounting for self-heating.

The Zou or Ry expressed in (5.1) — (5.3) did not included any load resistance.

These equations clearly show that, the output resistance is reduced by the thermal
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effect. At high frequency the thermal network is shorted out and has no effect on the

circuit operation. The graph in Fig. 5.1 shows the R, versus frequency of a single

transistor common emitter circuit. The Vi, used is 0.8 V and the V.. used as 3 V. It is

observed that at low frequency Ry is lower than the normal value of Ry, when the self-

heating is considered. No thermal effect is noticed at high frequency and the effects of

the transistors capacitances become significant.

5.2 Current Mirror and Self-heating

VCC

Reference
Device

Figure 5.2 A simple current mirror.

A simple current mirror is shown in Fig. 5.2. Assume the two devices, the

reference device and the output device are similar with high beta (gain), thus have

negligible base current. So, the reference current can be expressed as

Vel
Tref =Tei=Isie VYt (1 + Vrefj
Vai
Vbe2
Lou=lo=Ise Vt (1 + V"‘“j
Va2
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By subtracting (5.4) from (5.5)

Vie
Tout - Iret =1Is e Vi (Mj (56)
Va
When, Isi=1Is2=1s, Vbel = Vbe2 = Vbe, VAl = Va2 =Va =1
(5.6) can be simplified as
Tout = Iref + Ic [Mj (57)
Va

Vbe
in which, Ie=Ise Vt

The output resistance of a current mirror is the reciprocal of the slope of the
output characteristic at a given operating point [21]. The output resistance (Roy) can

also be defined as

VA
I

Rout =

(5.8)

Hence, the relation between the reference current and the output current expressed in

(5.7) can be modified as

(5.9)

Tout = Iref + (Mj

Rout

The output current is a function of the output voltage and the reference current is a

function of the reference voltage. Thus,

Iout(Vout) = Iref(Vref) + (%J (5 . 1 0)
out
For an unbalanced mirror, the reference and output devices are mismatched and
Vout 3'é Vref (51 1)
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Therefore, the output current is affected by the finite Ry, (output resistance). For this
non ideal condition an additional part (Alfnite-rout) 1S included to the current mirror

equation [16]. This is shown in (5.12)

Iout(Vout) = Iref(Vref) + Alfinite - Rout (5 1 2)
Where, Alfinite - Rout = M (5 N 3)
Rout

Equation (5.2) proves that the self-heating effect by the thermal resistance (Ry,)
decreases the output resistance. The output and the reference voltages are assumed
constant with respect to the other circuit parameters. In the real world the output voltage
is not constant and depends on several factors; i.e. base current, gain, early voltage,
circuit configuration etc. These effects are not considered here. The inclusion of this
thermal effect in (5.10) shows that the non-ideal term increases by a significant amount

when self-heating decreases output resistance.

Vout - Vref
1 go+ gct(Ic + gOVC)
1/Reh — (getVe + gotVb)

Where’ Rout = /{go + gct(lc + gch) }

1/Rth — (getVe + gotVo)

Iout(Vout) = Iref(Vref) + (5 1 4)

Therefore, the denominator in (5.14) is less than the ideal dc value (1/g,) of the
output resistance. If the reduction of Ry is expressed by ARgycself-heating, then (5.14) can

be rewritten as

(5.15)

Tout (Vout) = Iref (Vref ) + ( Vout - Vref J

Rout - ARout - self - heating

67



Where, (Rout - ARout - self - heating) = Rout - self - heating (5 16)

By comparing second term (non ideal part) of (5.15) and (5.10) it can be concluded that,

( Vout - Viet j - (vout -Vrefj (5.17)

Rout - ARout - self - heating Rout

Therefore by using (5.15) and the non equality shown in (5.17) an additional error
current, Algeif heating 1S Included to the current mirror equation (5.12). This is shown in
(5.18)

Tout (Vout) = Iref (Vref) + Alfinite - Rout + Alself heating (5 18. 1)

So, the non-ideal parts are induced because of 1) finite output resistance, and ii) the self-
heating effect. Hence, the output current consists of three terms as shown in (5.18.1).
This can be re-formulated as

Tout = Iref (l + Ofinite - Rout + Oth - self - heating) (5 1 82)

where, Ofinite-Rout 18 the current mirror due to finite output resistance and Ofinite-self-heating 15
for the self-heating induced error.

5.3 The Output Characteristics Model of a Simple Current Mirror with and
without Self-heating

5.3.1 A Simple Current Mirror’s Output Characteristics Model with and without
Self-heating

As shown in Fig. 5.2, for a simple current mirror, the output characteristics are
affected by the self-heating effect [16] and [17]. The three plots in this figure show

different slopes which are explained as follows.
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Figure 5.3 A simple current mirror and its output characteristics model with and
without self-heating effect.

1) The slope, dlout/dVou=0 is for g, = 0, R = 0 in (5.14). In this case, [oy = Ler in
(5.14) or (5.18).

i1) The slope dlout/dVout=1/Rout=gois for g, # 0, Ry, = 0 in (5.14). In this case,
Tout(Vout) = Iref(Vrer) + Alfinite - Rout @S shown in (5.12). The term Alfipite-rout accounts for the
finite Ryye (g0 # 0) affected increment of the Ioy.

ii1) The slope dlout/dVout = /Rout - self - heating 1S for g, # 0, Ry, # 0 in (5.14). In this
case, lout(Vout) = Iref(Vref) + Alfinite - Rout + Alself heating @S shown in (5.18.1). The term Algs

heating accounts for the self-heating affected increment of the Loy

5.3.2 Simulation and Measurement Result of a Simple Current Mirror’s Output
Characteristics with and without Self-heating

Cadence Spectre simulation was done for the current mirror shown in Fig. 5.2

using dielectrically isolated bipolar devices. In order to bias the circuit, the reference
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resistance, Ry.r at the collector node of Q; sets to 2 kQ. The output voltage was varied
from 0 to 3 V. The simulation was done for both self-heating on and off conditions. The
R, Cy, values used according to manufacturing the process. The term “selft” activates
the thermal simulation in Spectre when it is set to 1. The simulation result is shown in
Fig. 5.4.

A similar circuit has been fabricated with the VIP10 process with 2 um device
spacing between Q; and Q,. The layout is shown in Fig. 5.5. Measurement result has
been included in Fig. 5.4 as well. The HP4142B Modular DC Source/Monitor and

ICCAP interfaced evaluation system are used for the measurements.

1.40

1.13

—o— Simulation, self-heating off
0.87 - —=— Simulation, self-heating on

A Measurement(2um device spacing)
—¥— Simulation, self-heating off, go=0

Iout in mA

060 - T T
0 1 2 3
Vout in V

Figure 5.4 Simulation and measurement of a simple current mirror’s output
characteristics with considering self-heating effect.
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Figure 5.5 Layout a simple current mirror (UTA213).

The following Tables 5.1 shows the comparison chart of the temperature

increase at the output device due to the self-heating.

Table 5.1 Simulation and measurement of the simple
current mirror’s temperature rise at the output device Q.

Current Mirror | Data Type dt
Type self-heating
ON (output
device)
Simple Simulation 3.255°C
Current Mirror | Measurement 4.0920 °C

5.4 Analysis, Simulation, and Measurement of Different Current Mirrors

Considering Self Heating Effect

5.4.1 Analysis, Simulation and Measurement Results of the Different Current
Mirrors with the Self-heating Effect

The discussions in earlier sections proved that, if the Ry, can be increased, then
the thermal effect is reduced or made negligible. At the circuit design level there are

several ways to increase the Ry, to reduce the self-heating error. They include 1)
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emitter degeneration, ii) cascode connection, and iii) Wilson connection. The current
mirrors mentioned above can either increase the output resistance or have more
feedback to control the output current. In addition to improving the self-heating effect,
the high output resistance has several other advantages in analog circuit design.

A simple current mirror with a beta helper (buffer type) has been used in analog
circuit designs greatly. Thus, this circuit is analyzed, simulated and measured as well.
This mirror improves the base current error but does not increase the output resistance,
so0, does not found to improve the self-heating effect. All the circuits are shown in Fig.
5.6 to Fig. 5.9.

In order to bias the current mirror circuits shown in Fig. 5.6 through Fig. 5.9, a
reference resistance, R.r 1S connected at each reference node for all the current mirrors.
The Rt is set to 2 kQ for each case. The output voltage (Vo) was varied from 0 to 3 V
for the emitter degenerated and beta helper current mirrors. For the cascode and Wilson
current mirrors Vg, varies from 0 to 4 V. The simulations and measurements for all the
designs are done by the method described in section 5.3.2.

The simulation with and without considering self-heating and the measurement
results of the output characteristics for i) emitter degenerated, ii) beta helper (buffer
type), iii) cascode, and iv) Wilson current mirrors are shown in from Figs. 5.6-5.9. It is
observed that the current level is different and higher than the ideal when self heating is
considered. The slope of the Loy vs. Vou shows the deviation for this thermal effect. It is
also observed that as the R, increases for the advanced current mirrors, the slopes are

more flat, and thus have less thermal effect.
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The small signal output resistances of the current mirrors seen at the collectors

of the output transistors are [21]

Beta helper mirror, Ro=ro2 (5.19)
Emitter degenerated mirror, Ro=ro (1 + gmRe2) (5.20)
Cascode mirror, Ro=poro4 (5.21)
Wilson mirror, Ro=Bo-5- (5.22)

The Wilson mirror has the limitation of having less output resistance than the
cascode connection. But this limitation can be overcome by introducing a diode

connected device between the collector of Q; and the base of Q3 in Fig. 5.9.

V 1.20
out
AQl0AAA60601‘0AAOAQAOQ&OAAQAQ‘OQAOAAQAOM‘
< | AL“‘ =
Tout g 1.07
£
5 7
N 2 0.93 1 _ _ _
—o— Simulation, self-heating off
—e=— Simulation, self-heating on
Rex 0.80 A Measurement
0 1 2 3

Vout in V

Figure 5.6 A simple current mirror with emitter degeneration (emitter
degeneration resistance = 50 ohm) and the simulation and measurement of its
output characteristics with considering self-heating effect.
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Figure 5.7 A simple current mirror with beta helper (buffer type) and the
simulation and measurement its output characteristics with considering self-
heating effect.
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Figure 5.8 A cascode connected current mirror and the simulation and
measurement its output characteristics with considering self-heating effect.
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Figure 5.9 A Wilson current mirror and the simulation and measurement its output
characteristics with considering self-heating effect.

5.4.2 Layout and Fabrication

The layouts for all the current mirrors are fabricated on the same chip. The chip

device ID 1s UTA 213. A 14 pin DIP package is used. This is illustrated in Fig. 5.10.

Figure 5.10 Layout of the different current mirrors in a single chip (UTA213).
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5.5 A Simple Current Mirror and Thermal Coupling

1.40

1.13

—o— Simulation, self-heating off
0.87 —=— Simulation, self-heating on
A Measurement(2um device spacing)
¢ Measurement(8um device spacing)
—*%— Simulation, self-heating off, go=0

Iout in mA

0-60 ™ T Y
0 1 2 3

Vout in V

Figure 5.11 Simulation and measurement of a simple current mirror’s output
characteristics with considering self-heating and thermal coupling effect.

A simple current mirror shown in Fig. 5.2 is laid out and fabricated with
different spacing between the reference device, Q; and the output device, Q,. The
spacings used for fabrication are 2 pm and 8 pum. It is noticed that for the adjacent
device heating effects the current mirror with the larger separation between the devices
shows less errors than the current mirror with closer devices. The detailed modeling and
characterization analysis of the adjacent device heating effects is described in chapter 3.
The Ry;str part of the five element thermal resistance for both Q; and Q; are activated for
the thermal coupling. The transistor Q, is diode connected, so, temperature increase due
to the thermal effect is less than the Q, transistor. These temperature increments affect
each other device and can also be represented in a circuit simulator as a VCVS model
with the dt (temperature rise) and tl (local temperature) nodes. Naturally devices spaced
far away have less thermal coupling effect. It is shown in chapter 3 that, thermal
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coupling decreases logarithmically with the space (distance between the transistors).
The thermal coupling effect measurement for the simple current mirror is added in Fig.
5.11. It is observed that, when the devices are more apart, then the output characteristics

have less error.

(a) (b)

Figure 5.12 Layout of a simple current mirror with different device spacings
(UTA213 and UTA225). (a) 2 um and (b) 4 um.

5.6 Current Feedback Amplifier High Impedance Node Simulation with Current
Mirrors in the Middle Stage

Current
mirror

] L

i- i~ High Z
V+ V-
O— Input > >
buffer
a

node | Output
1 [
Current R1
mirror

Figure 5.13 Current feedback operational amplifier (CFOA) block.
77




a: High Z{jf) {selft=1
1.6 21 High Z(if) (selft=0

800K I

GEEK E
4EEAK \
ZEAK \
@.e -\a\‘ﬂm

1@ Tk 1EEK 1@ 1G 1GEG
freq ( Hz )

Figure 5.14 Simulation of the CFOA’s high impedance node versus frequency.

The high speed CFOA uses the current mirrors as one of its fundamental
components. The gain of the CFOA’s (Fig. 5.13) depends on the high impedance (high
Z) node. The impedance at this node depends directly on the R, of the current mirrors,
which is affected by the thermal effect. So, CFOA operation is affected by the thermal
effect as well. It is observed that at low frequency the impedance at the high Z node
significantly reduced with self-heating (Fig. 5.14), which in turn affects the gain. The
gain of a transimpedance CFOA (Fig. 5.13) is expressed by [29]

Vout/ i - = Z(jf) (5.23)

5.7 Conclusion

It is clearly observed that the advanced mirrors have less self-heating effect on
their output characteristics than that of the simple mirrors. A current mirror with wide
device spacing has reduced thermal coupling effect. The early voltage is also affected
by the self-heating effect, as seen from the I, versus Vq plots (Figs. 5.6 — 5.9) when
considering the self-heating effect. So, by proper design, the transistor’s Ry, can be

reduced to get less self-heating. The current mirror error analysis present in this chapter

78



did not include any other error like process error or saturation current error etc. In
addition wide spacing between the transistors, different circuit layout structure may
need to be considered to reduce the thermal coupling effect. If a different thermal
resistance value is used in the simulation, which may show little difference in the plots.

The devices used for the simulation, and fabrication can work in the mA range.
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CHAPTER 6
Ve REFERENCED BOOTSTRAP CURRENT SOURCE, SENSITIVITY
AND SELF-HEATING EFFECT

This research presents the design of Vi, based bootstrap (self-bias) current
source and self-heating effects on its performance. The performance of this reference
circuit is measured by the sensitivity of the output current with respect to the power
supply voltage. The self-heating effect on the base emitter voltage is presented as well.
In addition, previously discussed output resistance of a device and its dependency on
the self-heating effect is used to clarify the design requirements. Based upon the basic
principle of the Vi, referenced bootstrap current source, several combinations of current
sources and current mirrors are used for the design to compensate the self-heating effect
degraded circuit’s sensitivity. Simulation and measurement results validate the design
and show that the proposed current source has improved sensitivity and less self-heating
effect over the conventional bootstrapped Vi, referenced current source [30].

Self-heating effects in large-signal dc circuits are limited to those precision
analog circuits whose characteristics depend on close matching of devices. The self-
biased V. based current source is the other large-signal analog circuits in which the
sensitivity is affected by self-heating since Vi, and output resistance is decreased by
self-heating induced errors [1], [17], and [30]. The Vye referenced bias circuit is used in

both bipolar and CMOS technology for supply insensitive biasing in many analog,
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digital and power electronic system designs [31] - [33]. A limited discussion has been
reported by Fox regarding the examination of the self-heating effect on the Vy. based
self-bias circuit [1]. This research observed comparable results to the published paper,
but intended to discuss more elaborately with respect to comparative studies,
simulations and measurement results.

The comparison of the different Vi reference bootstrap current source design
options to reduce the sensitivity and self-heating effect is presented. The computer
optimized design was fabricated. A start-up circuit is also included in the final design to
make sure the circuit is not operating in the zero current condition.

6.1 Vg Referenced Current Source and the Bootstrap (self-biasing) Principle

6.1.1 Vg referenced current source

To achieve supply insensitive biasing, a Vi, referenced current source is used
for analog integrated circuit designs [21]. The Ve referenced current source is shown in
Fig. 6.1. I, and I,y are the input and the output currents respectively. For this design, it
can be observed that, the output current is dependent on the base emitter voltage not on

the supply voltage. By ignoring the effects of Iy, Br, and V4 the I,y can be evaluated as

Tout = Vel = & ln(ll—n] (6 1)
Rz Ro Is
where, Vbei = Vi ln(IIi—n] (6.2)
S
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VC C

R1 Iout

Figure 6.1 V. referenced current source.

The parameter for describing the variation of the output current (y) with the

power-supply voltage (x) is the sensitivity S and is defined as [21]

gy — limAy_/yziﬁ (6.3)
X x50 Ax/x y 0x '

If y and x corresponds to I, and V. respectively, then (6.3) can be re-written as

Tout Vee Olout
Syt ==
€ Tout OVee

(6.4)
The sensitivity of the Vg referenced current source (Fig.1.) can be simplified

by using (6.2) and (6.4) as [21]

Tout Vi Iin Vi (I 6 5
S = S =—8 .
VCC IoutRZ VCC Vbe VCC ( )

in which the expression for I, and the sensitivity of Ij, to V¢ are given by

Tin = Vee ;{ZVbe (66)
1
T Vee Olin
\llncc - Iin OVee (67)
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and the sensitivity of I;, to V. can be set to one if V. >> 2V So, using (6.5) — (6.7),

the sensitivity of I, to Ve can be re-evaluated as

Tout Vi Vi
grout _ - 6.8
Ve ToutR2 Vbe ( )

Hence, the output current sensitivity depends on I,y and Vi, which are affected
by the self-heating [2-3].

6.1.2 The Bootstrap (self-biasing) principle

Figure 6.2 Standard bootstrap block diagram [21].

The bootstrap or self-biasing technique is used to minimize the power supply
sensitivity to the output current [21]. The block diagram of the bootstrap technique is
shown in Fig. 6.2. The input current is not developed by connecting a resistor to the
supply. In principle, a current mirror and a current source are connected in such a way
that, a feedback loop is generated, where the input current is made dependent on the
output current. The current mirror can be any type used in analog design, and the

current source in this case is Vi, referenced.
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The input and output current relationships of the current mirror and current
source of the bootstrap block are shown in Fig. 6.3. From the standpoint of current
source I,y is almost independent of I, for a wide range of I,. From the standpoint of the
current mirror Ii, = Ioy (assume gain = 1). The operating point of the circuit must satisfy
a stable condition, and this must be at the intersection of the two characteristics. As a
result, point 1 is undesired (because I,y = Iin = 0) and point 2 is desired. Thus, between

the two intersected operating points, point 1 is unstable, and point 2 is stable.

Iout
A
Current Source 2
Stable
Current Mirror
1
& 4 Unstable R

Iil'l
Figure 6.3 Determination of the operating point of the standard bootstrap current
source.

The operation of the bootstrap circuit can be described as follows:

Suppose I, increases for any reason — current mirror increases li, (same
amount, because gain = 1) — then current source increases I, (depend on the gain of
the current source) — so, they form a positive feedback loop. Thus, in Fig. 6.3 point 1 is
unstable operating point (zero current and gain > 1). Point 2 is stable operating point
(reasonable current and gain < 1, as needed for a stable +ve feedback). The Nyquist

criterion can test the stability, which states that a circuit with positive feedback is stable
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if the loop gain is less than unity [21]. Actually the loop gain of a self-biased circuit is
determined by the gain of the current source, since the gain of the current mirror is
usually unity.

Hence, as a whole, the Vy. referenced bootstrap current source (Fig. 6.2.) may
operate in the zero current condition even with non zero supply voltage (Fig. 6.3). A
start-up circuit can be used to eliminate this problem.

The current mirror output resistance is extremely important for the current
mirror itself and for the whole bootstrap circuit. This requires very high output
resistance. Current mismatch between I;, and I,y increases in the current mirror as the
output resistance is decreased by self-heating [17].

6.2 Self-Heating Effect on Base Emitter (Vy.) Voltage and Output Resistance

6.2.1 Self-Heating on the Base Emitter (Vi) Voltage
The expression for the base emitter voltage is given by (6.9) [34]. The details of

this equation will be shown in chapter 7 and in the appendix.

Vbe(T) = Eg(0) - {Ee(0)- Vbe(To)}[lj —(XIS-1)x Vi(T)x ln(lj (6.9)

To To
where, Ey0) is the extrapolated bandgap voltage at 0 K, V(To) is the base-emitter
voltage at the reference temperature T, XIS is the saturation current temperature
coefficient and V(T) is the thermal voltage at the temperature T.
But, when self-heating occurs, device temperature increases. Thus, the base
emitter voltage is reduced by self-heating in (6.9). The relation between the base-emitter

voltage and self-heating is [30]
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T + ATsH
To

T+ATSHj

Vbe(T + ATsH)= Eg(O) - {Eg(o)' Vbe(TO»E To

j — (XIS-1)x V(T + ATsn)x ln[

(6.10)

in which, ATgy is the temperature that is increased by self-heating.

0.92

0.82 1
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0.72
——— self-heating off
—A— self-heating on

0.62 ‘ ‘ ‘
-50 0 50 100 150

Temperature in C

Figure 6.4 Simulation of Vi versus temperature (with and without self-heating)
for a single transistor system.

Table 6.1 Ve and Temperature with and without self-heating effect

Temperature in Self-heating OFF | Self-heating ON

Centigrade Vi In V VieIn V
-50 0.9212 0.9194
-34 0.9014 0.8994
-14 0.8755 0.8733

6 0.8486 0.8462

26 0.8207 0.8182

46 0.7918 0.7893

66 0.7621 0.7595

86 0.7316 0.7290

106 0.7003 0.6977
126 0.6683 0.6657
146 0.6357 0.6331
150 0.6291 0.6265
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The temperature change ATsy in (6.10) can be calculated by the methods and formulas
shown in chapter 4. The temperature change ATsy is actually equivalent to the
temperature (Tj-Tambient), at the dt node of a device in Spice.

It is found that, self heating causes the base emitter voltage to drop by about -
1.80 mV to -2.6 mV at different temperatures as shown in Fig. 6.4 and Table 6.1.

6.2.2 Self-Heating Effect on the Output Resistance

Most of the thermally induced errors in large-signal modeling can be understood
by extrapolating from the small-signal behavior [1], [3]. Thus, the detailed small signal
and dc analysis of the output resistance and the self-heating effect is presented in
chapters 4 and 5.

It is found that the output resistance for a transistor or current mirror is reduced
by self-heating at low frequencies. This error is maximum at dc. This is not expected for
the bootstrap design where the matching of the input and the output currents of the
current mirror is extremely important.

6.3 Simulating Bootstrapped (Self-Biased) V. Referenced Current Source with
and without Self-Heating

Current mirrors and current sources can be made with npn and pnp devices.
There are several ways to connect BJTs together to make a bootstrapped (self biased)
Ve based current source. Two examples are shown in Fig. 6.5. In Fig. 6.5(a) the design
is made by a pnp current mirror and a npn current source. In Fig. 6.5(b) a npn current
mirror and a pnp current source are used.

For both the Figures 6.5 (a) and (b), the current I, is nominally not dependent

on V. But the finite Ry, of current mirrors made of Q3 and Q4 in Fig. 6.5(a) and Q
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and Q; in Fig. 6.5(b) causes I, sensitive to V. or any external effect. In addition, self-
heating reduces the output resistance. The finite Ry, values of Q; in Fig. 6.5(a) and Q;
in Fig. 6.5(b) affects the sensitivities as well [1]. The sensitivities for both cases are
found by plotting I, vs. V. and listed in Table 6.2. The sensitivity data in Table 6.2
show that, self-heating deteriorates the sensitivity of the output current with respect to
supply voltage. Hence, for proper circuit operation this error must be considered and

removed in the design process.

Ve Ve
R
S
Q4
Iin Lout
4 —K%
—Eg2
Iln Y Y Iout
Q:'—-

T T

Figure 6.5 Self-biased Vi, referenced current source made by (a) pnp current
mirror and npn current source, (b) npn current mirror and pnp current source.

The VBIC model parameter, ‘selft’, needs to be set to the value of ‘1’ to turn on

self-heating in the circuit.
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Table 6.2 Self-heating and Sensitivity Data
for the Figures 6.5 (a) and (b)

SV SV
Fig. 6.5(a) Fig. 6.5(a)
Self-heating OFF 0.0128 0.01905
Self-heating ON 0.0225 0.0279

6.4 Self-Heating Minimization Techniques

It has been clear from the earlier discussions that, techniques that increase the
output resistance of current mirrors can reduce the affect of self-heating [17]. In
practice, it has been found that, by increasing the output resistance of a current mirror,
better matching between the input and output currents can be achieved as well. So,
increasing output resistance not only reduces the difference between the input and
output current, it will also reduce the self-heating effect.

There are several ways to increase the output resistance of the current mirrors
shown in Fig. 6.5. These include using emitter degeneration, cascode, and Wilson type
current mirrors. In addition, the Wilson current mirror has control on current through
feedback and gives less sensitivity than others. Fig. 6.6 shows the three improved
circuits. In Fig. 6.6(a) the self-biased V. referenced current source uses a pnp emitter
degenerated current mirror and npn current source, in Fig. 6.6(b) the pnp cascode
current mirror and npn current source are used and the Fig. 6.6(c) a pnp Wilson current
mirror and npn current source are used to realize the design. Table 6.3 shows the

sensitivity of the improved circuits with self-heating on and off.

89



VCC

Tin v - Tout Iin v ot Tin v v Tout
Qz Q2 Q2
Q1 Qi Q.
R R R

1

Figure 6.6 Self-biased Vi, referenced current source made by (a) pnp emitter
degenerated current mirror and npn current source, (b) pnp cascode current mirror
and npn current source, (c) pnp Wilson current mirror and npn current source
(proposed circuit).

Table 6.3 Self-heating and Sensitivity Data of the improved circuits

shown in Figs. 6.6 (a), (b) and (c¢)

SV SV SV
Fig. 6.6 (a) | Fig. 6.6 (b) | Fig. 6.6 (c)
Self-heating OFF 0.00594 0.00220 0.00 1754
Self-heating ON 0.01254 0.00221 0.001763

It is found that Fig 6.6 (c) has the optimum sensitivity and minimum self-

heating effect, which is designed with pnp Wilson current mirror and npn Vi,
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referenced current source. It is also estimated that, the output current error due to base
emitter voltage reduction caused by self-heating, is controlled by Wilson mirror
feedback. Thus, this circuit is proposed to use when self-heating is significant and
considered in dielectrically isolated technology.

6.5 Design and Working Principle of the Self-heating Minimized Bootstrapped
Vi Referenced Current Source

6.5.1 Design and Working Principle

The sensitivity data in Table 6.3 indicates that, the combination of the Wilson
current mirror and a V. based current source provides the minimum sensitivity and the
lowest self-heating effect. To operate in a stable condition, this design may need a start-
up circuit to remove the zero current condition. Hence a start-up circuit is added with
the proposed V. referenced bootstrap circuit [21]. A resistance R; is added at the
collector of Q; to support the stability and biasing of the circuit. The proposed design is
shown in Fig. 6.7. The circuit operation is given as follows [21].

* First, assume the circuit is in the undesired zero-current state — Vi of Q

would be zero — Vi, of Q, would be few milivolts determined by the leakage

current — voltage at left side of Q; = 4 diode drop — so voltage across R; = 3

diode drop — So, a current would flow through R; into Q; — Q, combination —

this action would cause a current to flow in Q4, Qs, and Qg — avoiding zero

current state.

* The circuit then drives itself toward the desired stable state.

* Start-up circuit must not interfere with the normal operation of the reference

once the desired operating is reached.
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 Under steady state current condition in Q;— V. of Q; = 2 diode drop — the
voltage drop across R; needs to be large enough to reverse bias Q; — thus,
design [;;R; >2 diode drop — so, voltage drop across R; >4 diode drop — now,
voltage at left side of Q7 (4 diode drop) < voltage at right side of Q7 (> 4 diode
drop) — so, the start-up circuit would be disconnected from the reference circuit

and has no impact on the normal circuit operation.
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Figure 6.7 Fabricated Vi, referenced bootstrap circuit with start-up.

6.6 Simulation, Layout, Fabrication and Measurement

The simulation result of the final circuit (Fig. 6.7) is shown in Fig. 6.8. The
transient simulation in Fig. 6.9 shows no start-up error. It appears that the self-heating
effect is minimized in this design. An 8 pin dual inline packaged chip is fabricated using

National Semiconductor’s VIP 10 process with dielectrically isolated devices. The
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layout is shown in Fig. 6.10. The measurement result of the fabricated circuit is added
in Fig. 6.8 as well. The measurement result validates the simulation result. In addition,

the simulation is optimized by varying IS to match the measurement result.

1.E-03

B PS O BB

7( —>— simulation(self-heating off)

i 7K —aA— Simulation(self-heating on)

Iout in Amp
5.E-04

<f < Measurement
Simulation (self-heating on,
8 AZ( IS optimized)
u-i_-, 3 00 T T T
S 1 3.75 6.5 9.25 12
Vcc in Volt

Figure 6.8 Simulation and measurement result of output current versus supply
voltage fabricated Vy referenced bootstrap circuit.
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Figure 6.9 Transient simulation of the output current.
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The sensitivity of the output current with respect to the supply voltage is 0.001
when simulated, neglecting self-heating and 0.001 with self-heating. The measurement
gives a sensitivity of 0.0015 between 5V to 12V.

Table 6.4 Self-heating and Sensitivity Data of
the Fabricated circuit in Measurements

SV SV SV
Simulation Self- Simulation Measurement
heating off Self-heating on 5-12V

5-12V 5-12V
0.001 0.001 0.0015

Figure 6.10 Layout of the fabricated circuit (UTA181).
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Figure 6.11 Output current for low current operation.

Qs

A —
\"/
7T%

e
G

r Lstart
Q"j Tpias1 Y Tvias2 y
Qs
9
R1§ L Tout Rs g R4§

o\ o\

=1

/ o\

|
Ty
||}—_/\/\/\/

Figure 6.12 Copying current to the external circuit.

6.7 Conclusion

In this chapter the self-heating effect on the base emitter voltage referenced

bootstrap current source is simulated and measured. The fabricated circuit includes a
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start-up circuit [21], which gives 0.0005 more sensitivity due to the additional circuitry.
All the circuits have been designed and simulated by using the VIP10 process of the
National Semiconductor Corporation. The designed current source was fabricated to
provide =ImA current, but it can be reconfigured to work as a very low current source
(Fig. 6.11) by changing the resistors R and R;in the circuit shown in Fig.6.8. The Fig.

6.12 shows an example of the application of the design as a bias circuit.
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CHAPTER 7
DESIGN OF HIGH ORDER CURVATURE CORRECTED BANDGAP
REFERENCE AND SELF-HEATING

The bandgap reference circuit is one of the key sub-circuits in analog circuit
design. This circuit is used in many analog designs for temperature insensitive biasing.
For high-performance operation in analog, radio frequency, digital and mixed signal
circuits, a high precision, temperature-compensated reference is needed [34]. Power
management circuits have a significant role in portable devices. The bandgap reference
is the primary component in power management circuits.

Temperature is one of the principal factors for the bandgap reference design,
performance, and application. Any temperature change inside or outside the transistors
used in a design affects or degrades the performance of any analog circuit. But as a
reference, the bandgap reference needs to have stable performance over wide
temperature range. Therefore, self-heating is a big factor in bandgap reference design,
and needs to be considered in its effect on the design. This research focuses on the high
order curvature corrected bandgap reference design and the self heating effects on the
design performance. This identifies the errors due to self-heating and a proposed
solution for the thermal effect reduction.

For a high precision reference, the temperature drift (working temperature

range) should be as high as possible. The temperature variation must include both
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negative and positive temperature variation. For constant, stable, and accurate
operation, the temperature coefficient should be within a few parts per million per
degree centigrade (ppm/°C) range. The bandgap reference circuit requires highly
accurate temperature correction. The design described here works for a very large
temperature range and with a smaller temperature coefficient (for the same temperature
variation). In addition, the proposed circuit requires small silicon area as well. This
design shows improved thermal performance as compared to other published bandgap
reference circuits. The design topology works for very low supply voltage as well.

The base emitter voltage is the basis for the bandgap reference. The proposed
design first generates a current that is proportional to the base emitter voltage. Then, it
generates two other currents, one is proportional to the absolute temperature, and the
other one is a nonlinear current (high order curvature corrected current) which has
logarithmic temperature characteristics [34] and [43]. The high order curvature
compensation of the bandgap reference is done by adding the three currents mentioned
above.

Two bandgap reference circuits have been designed and simulated with a
similar topology but with different circuit configurations. This includes a self-heating
minimized reference as well. One of the circuits is fabricated and measured. The used
topology can accommodate a wide range of reference currents/voltages from a few pA
to several mA and a few mV to several V [34]. The circuit uses 5V and 1.5 V as the
supply voltages for the two designs. The designs use the current mode design technique

to establish the reference current or voltage.
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7.1 The Bandgap Reference Principle

The basic principle of the bandgap reference is to create a very stable voltage
reference in regard to both temperature (self-heating effect included) and power supply
variations.

7.1.1 The Base Emitter Voltage

The base emitter voltage, Vi(T) of a bipolar device is temperature dependent.

This can be expressed as [34]

V()= o) - Bu(0)- Vis(To)} = (XIS n) < Vi (T) m[%J (7.1.1)

where, Eg(0) is the bandgap voltage of silicon at 0 K in V, Ty is the reference
temperature, Vpe(To) is the base emitter voltage at Ty in V, n is the exponent constant for
base region electron mobility that is dependent on the doping level in the base [21], XIS

is temperature constant of the saturation current for VBIC model, and Vi=kT/qis the

thermal voltage. The detailed analysis and derivation of the base emitter voltage are
presented in the appendix B.

The Taylor series expansion (appendix B) of (7.1.1) can be done for the
perfect representation of the nonlinear temperature terms associated with the
logarithmic term. Hence, (7.1.1) can be rewritten by replacing the 3 term with a 3"

order Taylor series expansion. This is shown in (7.1.2).

Voe(T)=Eg(0) - {Eg(0)- Vbe(TO)}%

—(XIS-n)Q{l_llJﬂd_l(lT} (7.1.2)

q |3 2To 6\ To
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Thus, (7.1.1) and (7.1.2) show the temperature dependency of the base emitter
voltage, Vi(T). Essentially, it is observed that V,.(T) has a negative temperature
coefficient. It roughly decreases -1.25 mV/°C to -2.5 mV/°C at room temperature
depending on the process type [21]. Vie(T) has three components; i) a constant, ii) a
linear temperature dependent term contains T, and iii) a nonlinear (log) temperature
dependent term that contains T" (n>1). It is also noticed that, the constant term is
independent of the supply voltage. Therefore, the base emitter voltage can be
compensated with respect to the temperature and the supply voltage to achieve a
constant reference. The compensation can be done in two ways, i) 1% order: this
compensate only the 2" term of the Vie(T) in (7.1), ii) high order: this compensate the
2" and 3™ terms of the Vie(T) in (7.1), thus, this method compensates all the
temperature dependent terms in Vie(T).

Moreover, the proposed relation between the base-emitter voltage and self-

heating is expressed in (6.10), repeated here for convenience.

Vie(T + ATsn) = Eg(0) - {E¢(0)- Vbe(To){ : +§>TSHJ )
T + ATsH Y
(XIS-1)x V(T + ATsn) ln( = j

where, ATsy is the temperature increase for the self-heating. ATsy can be evaluated by
the method and formula discussed in the previous chapters. Thus, for a precision
reference design, both the 1% and high order temperature compensation require the

consideration of the thermal effect.
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7.1.2 The 1" Order Bandgap Reference Principle

The symbolic diagram in Fig. 7.1 is drawn to show the basic principle of the
conventional bandgap reference circuit with the 1% order temperature compensation. To
compensate only the linear temperature dependent term of Vi(T) (2™ term in 7.1), a
thermal voltage, which has a positive temperature coefficient can be generated. This is
directly proportional to the absolute temperature (PTAT). This voltage increases at
roughly 0.085 mV/°C at room temperature. Now, Vi.(T) and V(T) have opposite
temperature coefficients (TCr). So, by proper weighting, zero temperature coefficient
can be attainable. Thus, multiply V; by a constant M, and summed with the M;Vy. to
get a constant reference voltage. The reference voltage (Fig. 7.1) can be expressed as

Viet = M1 Vpe + My Vi (7.3)

The corresponding plots for the Vi, Vi, and Vi, are shown are shown in Fig.
7.2. The Fig. 7.2(c) is the expected graph for the ideal reference. But for the 1% order
design, high order temperature terms are not compensated. Therefore, practically the

reference voltage looks like the shape shown in Fig. 7.2(d).

|: Vbe
M,
J? Reference

= :>—0

Vi=kT/q M-

Figure 7.1 The principle of the standard 1* order bandgap reference.
g princip
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Figure 7.2 Temperature dependence of the different bandgap reference (1* order)
components. (a) Ve versus temperature, (b) V; versus temperature, (c) reference
voltage/current versus temperature (ideal), and (d) reference voltage/current
versus temperature (actual).
7.1.3 The High Order Curvature Corrected Bandgap Reference Principle
In order to design a high order curvature corrected bandgap reference circuit, all
the temperature dependent terms in Vi (T) must be compensated. Hence, to compensate
the proportional to T (temperature) and proportional to T" (non-linear temperature, n >
1) terms, two current or voltage sources, linearly temperature dependent and nonlinearly
temperature dependent, can be generated. The symbolic diagram in Fig. 7.3 is drawn to
show the proposed bandgap reference operation. Compared to Fig. 7.1, an additional

block, T", with a multiplier, M3, is added. The linear (M,V,) and nonlinear (M;T")

compensating currents or voltages must be positive and added with the M Vye (T). The
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Figure 7.3 The principle of the high order bandgap reference.
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Figure 7.4 Temperature dependence of the different bandgap reference (high
order) components. (a) Vi, versus temperature, (b) V; versus temperature, (c¢)
Vu/In versus temperature, (d) reference voltage/current versus temperature
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(ideal), and (e) reference voltage/current versus temperature (actual).
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M, multiplier is applied to set Vi, to a correct value for optimization. The multiplication
can be done by using different area ratios of the transistors. The resistor ratio multiplier
in the current mirror can be employed as well. Thus, the reference voltage in (7.3) can
be modified to set for a high order compensated reference as

Viet = MiVie + My Vi +M;3 T" (7.4)

The compensation can be done with respect to the voltages or currents. Thus,
the corresponding graphs (not to the scale) for the Vie/Iybe, Vi/IptaT, VNL/INL and Viep/Irer
are shown in Fig. 7.4. Figure 7.2(d) is the expected graph for the ideal reference. But,
practically it looks like the shape shown in Fig. 7.4(e). In this case the temperature
coefficient for the reference is extremely small.

7.1.4 The High Order Curvature Corrected Bandgap Reference Output Stage

Vraf
Tvie ‘
M, ‘ Ms
lp‘m‘r/‘\ I My I
LN, -,
I

IR ‘M ref
LN, ‘ ©

Figure 7.5 The output stage of the high order bandgap reference.
Figure 7.5 represents the output stage of the bandgap reference. Three currents,
Ivbe, IpraT, and Inp, are added through a common branch M. The reference current and
voltage are shown in the figure. The multipliers M4, Ms, and Mg may or may not be
related to M, M», and M3 of Fig. 7.3. Each of My, Ms, and Mg is one in the proposed

designs. Added currents or voltages will give a constant temperature independent

104



reference. The two temperature dependent negative terms in Vie(T) will be compensated
by the positive linear and nonlinear temperature dependent currents [34].

7.2 The High Order Curvature Corrected Bandgap Reference Design Procedure

It appears that the compensation can be done by generating the currents to
establish the reference voltage or current. In this case, current compensation technique
is more effective and flexible when considering high order curvature correction. The
current compensation technique will generate three currents, i) a base emitter current,
Iype, 11) @ PTAT current, Iprat, and iii) a nonlinear current, Iy, as shown in Fig. 7.5.
This is appropriate for low voltage applications. This topology can accommodate a wide
range of reference voltage or current [35]. The generations of the current components
are described in the following sections.

7.2.1 The Generation of the Base Emitter Current (Iyp,) Current

+ Iype+In
IpraT
Ine
Q3 O+
Y Lipe
Ryvbe Vi
O -
Gnd

Figure 7.6 Generation of the Base Emitter Current (Iype).

A current Iype, proportional to Vi, can be generated by placing a resistor Rype

across the base and emitter of bipolar transistor [34]. The corresponding current Iyye(T)
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can be expressed as

)= 0 B - -
0 (7.5)
1 T
. (XIS - n)x V(T )T x h{T—OJ

The transistor Qs needs to be biased in the forward active region by a pre-
specified current. In the proposed design, the collector current for the Qs is the PTAT
current. The two temperature dependent terms in (7.5) will be compensated by
generating the proportional to the absolute temperature (PTAT) current, Iprar and the
nonlinear (NL) current, Inp. Thus, after compensation, the summation of the three
currents Iype, Iprat, and Inp must be constant and equivalent to the only constant term,

Eq(0)/Rype 0f (7.5). This can be written as,

Ivbe + IPTAT + INL = constant = E«(0) (7.6)
Rvbe

The simulation of the Iyne(T) versus temperature is shown in Fig. 7.7.

a5y 0 Vbe(selft=F)

I2Fu %

T,

_ e,

—eg.6 325 125
temp [ C )

(A)

ZBEu

Figure 7.7 Simulation of the Base Emitter Current (Iype).
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7.2.2 The Generation of the PTAT Voltage (Vprar) and Current (Ipraz)

The PTAT current generates a current that is proportional to the absolute
temperature. In principle this can be done in one basic way, but with several different
circuit configurations depending on the method used for the bandgap reference design.

7.2.2.1 Generation of the PTAT Voltage

To generate a PTAT voltage, the transistors Q; and Q, need to be connected as
shown in Fig. 7.8 [21]. The transistor Q; carries a current of nl with saturation current
I;. The other transistor Q, carries a current of I with saturation current mls. Therefore,

the transistor Q, has an area factor of m times that of transistor Q;.

nl
AVbe
+ = -

VPTAT

Q
Is N : mig

Gnd

Figure 7.8 Generation of the PTAT voltage.

Neglecting the base current it can be written that,
AVype = Vi In (nl/I5) — Vi In (I/ml)

=V In (nm) (7.7)
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Thus, AVye in (7.7) is a PTAT voltage and can be differentiated to see the slope.

GAa\;be :g In (nm) (7.8)

7.2.2.2 Generation of the PTAT Current

By using a similar circuit configuration (Fig. 7.8), a resistance Rprat can be
added to the emitter of Q, (Fig. 7.9) to generate the PTAT current. Here, the current I of
Fig. 7.8 is replaced by Iprar in Fig. 7.9. Now, a loop analysis gives,

AVgg = Iptat Rprar = Vi In (nlprat/ls) — Vi In (Iprar/mly)

= V; In (nm)

TPTaT = — {Eln(nm)}T (7.9)
ReraT | q

NlptaT

IptaT
+ A\""'be -
Q Q
Ig ’ mig
Iotar
Retat
Gnd

Figure 7.9 Generation of the PTAT Current.

Equation (7.9) shows the required temperature proportionality of the PTAT current. The

values of the n and m can be set to the required value. In the proposed design n = 1 and
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m = 4 are used. The value of the Iprat is specified in the design. The simulation of the

PTAT current is shown in Fig. 10.

166U
1330

=T,

@@y
7@.0u F

—e@.@ 325

11 IPTAT(selft=0)

e

e

M

125

temp [ C )

Figure 7.10 Simulation of the PTAT Current.

7.2.3 The Generation of the Nonlinear Current (In)

Tvpet+In
Ine
RnL
I‘u’be
RVbe {Q-i
A=p
Gnd

Figure 7.11 Generation of the nonlinear current.
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The generation of the nonlinear current for the curvature correction in the
bandgap reference can be done by using the circuit configuration shown in Fig. 7.11
[35].The transistors Qs, Qu, and a resistor Ryp comprise a loop that will generate the
nonlinear (logarithmic) current. The transistor Q4 has an area factor of f compared to
the device Qs. The transistor Qs carries a current of Iprat with saturation current I;. The
other transistor Q4 carries a current of (IypetIpraT+2InL) With saturation current Bls. Due
to the inequalities in currents, the base emitter voltages of Qs and Q4 are different. A
voltage equivalent to the difference of these two base emitter voltages is the same as the
drop across Rnr. A loop voltage equation can be written using Kirchhoff’s voltage law
(KVL) to find the value of Ry and Iny.

AVbe = Vbe3 - Vbed = INL. RNL

So, the nonlinear current can be calculated as

INL = . (Vbe3 - Vbe4)
NL

1 Viln IpTAT Viln Ivbe + IPTAT + 2INL
L Is BIS

RN

INnL= ! Vtln BlrraT
RNL Ivbe + IPTAT + 2INL

(7.10)
_ 1k T ( n BIpTAT J
RNL q Eg(0)/Rvbe + INL
where, Ivbe + IpTAT + INL = Eg(0)/Rvee from (7.6). The expression in (7.10) is the nonlinear

current that will compensate the 3 term of (7.5). The simulation of the nonlinear

current is shown in Fig. 7.12.
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Figure 7.12 Simulation of the Nonlinear Current.

7.2.4 The Design of the High order Bandgap Reference
It is observed that, the curvature correction of a high-order bandgap reference
can be practically generated through the use of different temperature-dependent currents
and a diode voltage loop [34]. The designed high order curvature corrected bandgap
reference is shown in Fig. 7.13. The description of the design as follows.
e The transistors Q; and Q, generate the PTAT current. Q, has an area
factor of 4 times that of Q. The transistors Q7 — Q;o and Q15 bias Q; and
Q; in the forward active region. They use emitter degenerated current
mirror topology with a buffer transistor Q;s.
e The PTAT current is mirrored to the rest of the circuit (as required) by
using the transistors Q;i, Qi2, and Q4.
e The device Q; is for the generation of the base emitter current by using
the resistor Ryye. This is biased with the PTAT current. The transistor

Q20 make sure that Qs is in the active region.
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Figure 7.13 The design of the high order curvature corrected bandgap reference

[34].
The transistors Q¢ — Q19 produce Iyye + Inp to the circuit.
The loop composed of Qs3, Qs, and Rxp. produces the nonlinear current.
The device Q4 has an area factor of 4 times that of Q3 as required by the
design.
In the output stage, Q9 and Q14 supply the currents Iyye + Inp and Iprat
respectively to the resistor, Rs. The reference voltage and current are
Vier and Ies respectively.
The devices Qs and Qg are work together as a start-up circuit.

The Vcc used for the designis 5 V.
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The compensation is done as the following way. The correction procedures find
the values of the Rprart, Rvbe, Rnr, and the area factors, m and  for Q, and Qq
respectively.

7.2.4.1 Finding Rprat

The IpraT current is generated using the loop comprised of Q;, Q,, and Rprat
(Fig. 7.13) [35]. The method described in 7.2.2.1 can be used to find the Rprat. Thus, an
equation, (7.11) can be written in this loop using KVL.

Vbel = Vbe2 + IPTAT. RPTAT (7.11)

By using (7.11), Rprat can be solved as

! vt{ln(ﬁ—m Iszj} (7.12)
IpTAT Is1 Ie2

where, V; is the thermal voltage, 1., Iy and I, Iy are the collector and saturation

RpTAT =

currents of Q; and Q respectively, and m is the area multiplying factor of Q,. Iptat
needs to be set by design specification. Iprat can be controlled by Rprar and m.

In this case, Iprat = known from specification, m = 4 (chosen), T = 27 °C, 1| =
Ie2, Is1 = I = 5. Therefore using (7.12) Rprat can be solved as

~0.025852*In4
IpTAT

RPTAT (7.13)

7.2.4.2 Finding Rype and Ry and the High order Curvature Correction
The first order temperature dependent term (2nd term) in (7.5) is compensated by
the current which is proportional to the absolute temperature (Iptat) [35]. Thus the Iprat

current must be equal to the 2" term in the Ivpe equation shown in (7.5). This will
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establish the 1* order temperature compensation. The value of the Ry can be solved by

equating the IpraT value and the second term of the Iy, equation.

N T
IPTAT= -~ {E<(0)- Vbe(TO)}E (7.14)
T
Rvbe = — {Ex(0)- Vbe(To)}T—O (7.15)

Therefore, Ryne can be evaluated using (7.15). Here, Iprar is known from the
specification, E,(0) is known from the model parameters, Vi(To) is the base emitter
voltage at the reference temperature Ty, and T is the room temperature.

The higher order nonlinear terms can be compensated by a nonlinear current
(Inp). The generation of the nonlinear current using the loop comprised of Qs, Rnr, and
Q4 (Fig. 7.13) is described in section 7.2.2. Hence by equating (7.10) and the nonlinear

term (3" term) of (7.5), Ry. and P can be found.

k BIpTAT 1 T

- = = - In| — 1

INL R g T{ n Eg(O)/RVbe N INL} — (XIS n)>< Vt(T)X n (Toj (7.16)
The solution (7.16) provides,
Rvbe
RNL = 7.17
i (X1S-n) (7.17)

po T ElO/Rvee _, (7.18)

To  IpraT

where, E,(0) >> Inp. Here, XIS is known from the model, n=1, while Ry, 1s already
extracted. Therefore, the value of the resistor Rny, and the area factor (B) of Q4 are

evaluated.
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7.2.4.3 Finding the Reference Voltage, Vi.¢

After compensation, as shown in (7.6), the summation of the currents is the
temperature independent reference current and the reference voltage can be generated
by letting the currents flow through a reference resistance, Ry (Fig. 7.13). In both the
current and voltage reference cases, optimization can be done by varying Rprat, Rype, OF

Rxi. Thus, the reference voltage can be evaluated as

Viref = Eg(()) Ruref (7 1 9)

Rvbe

It is observed that, by varying Ryye, RpraT and Ryp, the compensation can be
done. The reference voltage, V.r can be changed by varying R..s. There are two sets of
different characteristics shown in the following section, i) one for the 1.25 V reference
and i1) the other for the 200 mV reference.

7.3 Computer Simulations

Cadence Spectre simulations have been done using the DIBJTs of National
Semiconductor’s VIP10 and VIP11 processes. Figs. 7.15 to 7.20 present several
different characteristics of the designed bandgap reference.

7.3.1 The Simulations of the Current Components, Iype, Iprar, and Iy

The temperature characteristics of the three principal currents of the design are
shown in Fig. 7.14. It can be observed from the figure that, Iy, and Iy have nonlinear
temperature characteristics and Iprat has linear temperature characteristics. These

characteristics were desirable in high order bandgap reference design.
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Figure 7.14 Different current components of the proposed bandgap design.

7.3.2 The Simulations of the Reference Voltage, V,.r with Temperature

The temperature coefficient of the reference voltage can be found using (7.20).

1 OVref _ Vref (TZ)- Vref (Tl) 106 (720)
Vref(27°C) 0T Vet (27°C)T2-T1)

TCF (Vrer) [ppm/ °C] =
where, TCr(Vye) 1s the temperature co-efficient of the reference voltage in parts per
million per degree centigrade (ppm/°C), V.fT,) is the reference voltage at the
maximum temperature T, Vif(T)) is the reference voltage at the minimum temperature

Ti, and Vier (27 °C) is the reference voltage at room temperature (27 °C).

2a@.87pm 25 Ve

280.852m

200.834m : ) o /

oy [ TCr=1.14 ppm/ °C

~200.816m| N
200.798m
sl S D D DS D
—EB.D o5 2.0 B0 280 125
temp ( C 3

Figure 7.15 Simulation of 200 mV reference of the proposed bandgap design.
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Figure 7.16 Simulation of 1.25V reference of the proposed bandgap design.

The temperature coefficients and the temperature drifts of the reference are shown
in Table 7.1.

Table 7.1 Temperature coefficients for the reference voltage

1.25 V Reference

200 mV Reference

TCk

1.98 ppm/ °C

1.14 ppm/ °C

Temperature Drift

-60 °Cto 125 °C

-60 °Cto 125 °C

7.3.3 The Simulations of the Reference Voltage, V,r with Time (Transient

Simulation)
1.055¢ i Vref ogp.8am. 2 Vref
1.2540 200.83mf
12530 - 200.82m]
1.2520 208.81m}
12510 Foo i L 2008 L
53] 1.0 2.0u @.@ ' 1.8
time (s ) time ( s )

Figure 7.17 Transient simulation of the bandgap reference.
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The simulation plot shown in Fig. 7.17 demonstrates the start up problem in the
design. Transient simulation was done between 0 to 2 ps to achieve these plots. The plot
does not show any start up problem.

7.3.4 The Simulation for the Line Regulation of the Reference Voltage, V.o

The line regulation is another very important property of a bandgap reference.
This describes the change in the reference voltage due to a specified change in input
supply voltage. The reference voltage should be stable when the supply voltage varies.
Figure 7.18 shows the line regulation plot at three different temperatures. The line

regulation can be calculated as follows

Line regulation _ Vref (Vcc, max) - Vref (Vcc, min) % (72 1)

Vcc, max - Vcc, min
where, Ve max and Ve min refer to the maximum and minimum specified supply.
The line regulation and the working supply voltage range for the designed

reference is shown in table 7.2.

a1 Vref(temp=88) 1. Vref(temp=—40) o1 Vref(temp=—4@)s: Vref(temp=82)
(ogy 1 Vref(temp=27 op.4m V¢ Vrefitemp=27)

1258 2011 : e
: M o :

1256 | i - %

%/ _ ZGG,Bm/

350 775 12.8 3.50 175 12.8

de (V) de (V)

(V)

1.254

1.252

Figure 7.18 Line regulation simulation of the bandgap reference.
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Table 7.2 Line regulation and supply voltage range for the reference

1.25 V Reference | 200 mV Reference

Line Regulation 0.59 mV/V 70.6 uV/V

Supply Voltage Range 35V-12V 35V-12V

Temperature drift -60°Cto 125°C | -60°Cto 125°C

7.3.5 The Noise Simulation of the Reference Voltage, Vs

The noise simulation of the reference appears very low for the design. The noise
simulation has been done for 1 to 10 Hz. This is shown in Fig. 7.19. The noise shown in
the figure is at the reference node.

Moise Response

21.8n (2 YNZO
16.8n | \\“\“
e “‘\&H‘L
6.00n | 2
“B—LB_B_LH—ﬂ_
|- LB_H_‘B“‘B—EH
1.68n [ [+
1%
freq ( Hz )

Figure 7.19 Noise simulation of the bandgap reference.

7.4 Self-heating Effect on Bandgap Reference

The self-heating on the bandgap reference design with the dielectrically isolated
device is significant. Temperature compensation would not be perfect if self-heating is

not considered for the high precision reference. The self-heating affected error
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correction in the bandgap reference can be done by analyzing and simulating the three
current components (Iype, Iprat and Inp) with and without self-heating. Then by varying
and optimizing the three resistor elements (Rprat, Rybe and Rxp) in Fig. 7.13, optimum
high order curvature corrected reference design is possible. The following section
analyzes the current components while considering the self-heating effect.

7.4.1 Self-heating on Base Emitter Voltage (Vpg) / current (Iyp.)

The base emitter voltage and the self-heating relation are expressed in (6.10),
(7.2), and Fig.6.4. It is found that V. is reduced by the self-heating effect due to
temperature increment by the thermal power and thermal resistance (ATsy = Rn-Pin). Tvbe
is produced from Vi, by dividing by Rype. So, Iyhe is reduced due to the self-heating as
well. This is shown in Fig. 7.20. The equations (7.22) and (7.23) are written to show the

relation between Iy, and self-heat affected temperature rise by using (7.1.1) and (7.1.2).

1 I\f’begselﬁﬂﬁ?
56 _=-: IWhe(=zalft=1

3200 \

Figure 7.20 Simulation of the Base Emitter Current (Iype) with and without self-
heating effect.
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1 T+At

IvbelT ) = Egl0) -——{Eg(0)- VoelT
Vb( ) Rvbe g( ) RVbe{ g( ) b( 0)} To (7 22)
1 T+ At ’
-~ (XIS-n)x Vi (T +At)x ln( j
Rvbe To

T+ At
Ivoe(T + At )= E¢0) - Eg(0) - Vel T
e ( i t) Rvbe g( ) RVbe{ (0) b( 0)} To
3 (7.23)
1 kTo |1 1T+At _2 1(T+At
- (XIS-n)x—x{——— +T -—( j }
Rvbe q 3 2 To 6\ TO

7.4.2 Self-heating Effect on the PTAT Current, Iprar

The self-heating error on the PTAT current source is significant. If &y, is the
error between the collector current of Q, and Q; in Fig. 7.13 due to the thermal effect,
then the relation between the I; and I, can be expressed as

L2 = Lot (1 + Stn) (7. 24)

Combining (7.12) and (7.24) gives

1 Le1 m Is2
Vieln| ————
RprAT Ist Tea(l+8m)

Vi m
IPTAT - Thermal - Error = In
Rerat | (1+ m)

IPTAT - Thermal - Error =

A\

IPTAT - Thermal - Error = Inm- In (1+8th)
RpraT ReraT
Vi
IPTAT - Thermal - Error & Inm- Sth (7.25)
RpraT ReraT
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Figure 7.21 Simulation of the PTAT Current (Ipra7) With and without self-heating

effect.

So, if the thermal error, dy in (7.25) becomes zero, then the value of the PTAT
current would be ideal. But the PTAT current may still have the error due to the finite
output resistances of the transistors. The value of the 6, can be evaluated by the method
discussed in chapter 5 (section 5.2).

The error due to the self-heating effect on the PTAT current can be reduced or
removed by changing the value of the of the Rprar. This error can be minimized by
reducing the value of the thermal resistance, Ry, as well. The self-heating effect on the
PTAT current is shown in Fig. 7.21.

7.4.3 Self-heating Effect on the Nonlinear Current, Iy,

The nonlinear current found in (7.10) can be re-written (when INL << Eg(0)/Rvbe )

to see the self-heating effect.

INL;LET(lnMJ (7.26)
Eg(O)/RVbe
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Figure 7.22 Simulation of the nonlinear current (Iny) with and without self-heating

It is seen in section 7.3.2 that IPTAT is reduced by the self-heating effect.

Equation (7.26) shows the logarithmic proportionality of the INL on IPTAT. Therefore,

ol INLEselft=1%

selft=F

Sy -=-: IML

effect.

INL is reduced due to self-heating as well. The simulation is shown in Fig. 7.22.

7.4.4 Self-heating Effect on the Bandgap Reference Current/Voltage

The self-heating effect on the reference voltage is shown in table 7.3. It appears

that, without compensation of the self-heating effect, the temperature co-efficients

become worsen.

Table 7.3 Temperature coefficients for the reference with self-heating effect

1.25 V Reference | 200 mV Reference | Temperature drift
TCp (selft=0) 1.98 ppm/ °C 1.14 ppm/ °C
TCr (selft=1) 88 ppm/ °C 81 ppm/ °C -60 °C to 125 °C

123




7.5 Design of Bandgap Reference with Different PTAT Current Source

Another bandgap reference is designed with a different PTAT current source.
This design followed exactly the same topology as discussed in sections 7.2 and 7.3.
This uses a PTAT current source made by PNP devices. In addition this is designed for
very low voltage and low current applications. This uses only 1.5 V as a supply voltage
with fewer transistors than the design shown in Fig. 7.13. The area factor B (Q) is
modified to 3 according to the design requirement. The proposed design is shown in

Fig. 7.23 [34].

Vee
RpTaT %ﬂ( 1k %ﬂ(
Q4 Q> Iptat q,, Qs Qua
A=m=4
§1k 1k 1k ¥ IpTaT 1k
Qs Qa7 Qs

IVbE+INL

In
Qoo
RnL

=

Figure 7.23 Bandgap reference with different PTAT current source (fundamental
topology is same as Fig. 7.13).
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The temperature coefficients for this design are found to be 2.87 ppm/°C in the
temperature range between -25°C and 125°C and 10.144 ppm/°C in the temperature
range between -50°C and 250°C without considering self-heating effect.

The design procedure and self-heating effect analyses and discussions proved
that the self-heating effect can be minimized by optimizing the resistors Rype, RpraT,
and Rnp. This is because the currents are controlled by these three resistances. The
optimization may include changing the area factor of m (Q,) and B (Q4). The self-
heating needs to be turned on during the optimization. The parametric analyses have
been done using Cadence to optimize the self-heating effect and to achieve minimum
temperature coefficient for the reference. It is found that with self-heating (after
compensation) the temperature coefficient is 11.17 ppm/°C between -50 °C to 250 °C.

The optimized simulations results for this design including self-heating effect

are shown in Figs. 7.24 and 7.25.

o: Iref{selft=@
19 7300 A Irefiselft=1

19.7 10U zﬁ%
19,6900 ﬁ“ mﬁﬂgﬂ%\
Zi1o.6700 jg 8

/
12 6580 [ qs#;\ﬁ\ﬁj
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i

198300 Eo oo b L
—5. 500 150 250
temp [ © }

Figure 7.24 Bandgap reference (Fig. 7.23) current at a supply voltage of 1.5 V.
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Figure 7.25 Transient simulation of the bandgap reference circuit (Fig. 7.23).

7.6 Fabrication and Measurement

7.6.1 Layout and Fabrication

The design shown in Fig. 7.13 is fabricated. In the design (Fig. 7.13), there are
two of the transistors Q, (in PTAT block) and Qg (in nonlinear current generator block)
have the area factor more than one. Thus, multiple transistors are used in parallel to
achieve the required higher saturation current or the required area factor. So that, each
of the PTAT (Q,) and the nonlinear (Q4) blocks uses four transistors in parallel. In the
layout, there are several internal test ports have been added to measure and verify the
different current elements or voltages. These include the currents Iype, IptaT, Inp etc. To
test more points, more external connections are needed. Consequently, a 14 pin dual
inline package (DIP) chip is fabricated with the National Semiconductor’s VIP10

process with the dielectrically isolated devices. But only 12 pins are used for the
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measurement. The device name is UTA198. The layout of the bandgap reference is
shown in Fig. 7.26.

To measure an accurate temperature of the chip, a reverse Gummel (RG)
connected bipolar transistor is fabricated on-chip with the design. This can be done with
a forward Gummel (FG) connected bipolar device as well. The detailed procedures for
the temperature measurement with FG or RG connected bipolar transistor are presented

in chapter 2. This required writing a transform function and plotting using ICCAP.

Figure 7.26 Layout of the fabricated bandgap reference (UTA198).

7.6.2 Measurement for Bandgap Reference Voltage versus Temperature
The measurement setup for the reference voltage measurement versus
temperature is shown in Fig. 7.27. The HP4142B Modular DC Source/Monitor and

ICCAP interfaced evaluation system are used for the measurements [20], [22].
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Figure 7.27 Reference voltage and temperature measurement setup.

For the temperature measurement of the chip a reverse Gummel connected
bipolar device is fabricated inside the die. For the reference voltage measurement, the 4
SMUs (source monitoring unit) and the ground of the HP4142 are used. The four pins
Ve, Vier, Ve and Vype are connected to the SMU4, SMU6, SMU2, and SMUI
respectively. The ground of the chip is connected to the ground of the measurement

device. The input-output set-up in ICCAP is shown in Fig. 7.28 [20].

=
hocie: hdode: | ocie: fdode:
+ Maode: 1 To Mace: m + Made: BE + Maode:
- Mode: SROUMD Fram Mode: GROUND - Mods: SROURND - Made: SROURD
Unit: Spad4 unit: ShUE Unit: SmU2 Unit: Sk
Compliance: 50.00m Compliance: S0.00m compliance: 20.00m Compliance:  20.00m
Swveep Type: QO Swveep Type: Ciop Swweep Type: COR Swweep Tvpe: LN
Walue: 5000 Walue: 0.000 Walug: 0.000 [Fwweep Order: 1
Start: _300.0m
Stop: _300.0m
# of Points: &1
Step Sizel 10.00m
Output: [ N Output: EEE Cutp
Mode: £
+ Mode: m 2
From Mode: GROUMND Mode: GROUMD - Mode: GROUMD - Mode: GROURD
Unit: =g Unit: SmUE Unit: S0z Unit: Shae
Tvpe: M Tvpe: M Type: M Tvpe: M

Figure 7.28 ICCAP input-output set-ups for the reference voltage and temperature
measurement.
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Figure 7.29 The reference voltage measurement with a fabricated chip (-18.31 °C
to +113.09 °C).

The measurement has been done for the 200 mV reference. The measurement

result is shown in Fig. 7.29 and table 7.4.

Table 7.4 Measured Temperature coefficients for the bandgap reference

200 mV Reference

TCr 19.465 ppm/ °C

Temperature drift | -18.31 °C to +113.09 °C

7.7 The Effect of Temperature Coefficients of the Resistors in the Design

The temperature performance of the bandgap reference can be affected by the

temperature coefficient of the resistors, especially for voltage mode topology. But in a

current mode topology, for a voltage reference, the resistors’ TC does not degrade the

performance of the voltage reference circuit as compared to a voltage mode topology

[36]. The TC of the resistors is actually canceled [36].

Vief = (IVbe +IPTAT + INL) Rref
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Vref = (Cx Vbe + Cy & +Cz VNLJ Reer (727)
Rx Ry
The temperature co-efficient of a resistor can be expressed as
R (T)=R(Te)[1+ A(T - To) + B(T - T (7.28)

Cx, Cy, C, are temperature independent constants. A and B are the linear and the
quadratic temperature coefficients. R(T;) is the resistance at room temperature.

From the V.t equation,

Vbe

Rx(Tr) [1 +A(T-Tr)+B(T - Tr)ZJ
Vi

Ry (Te) [ 1+ AT -Tr)  B(T - o)’
VNL

Ro(Te) [ 1+ A(T - Tr)+ B(T - Tr)?

Cx +

Vief =4 Cy + ¢ Reef(Tr) [1+A(T -Tr)+ B(T—Tr)z]

Cz

(7.29)

Vbe

Vi VNL
={ Cr e @) +Cy &) sy (Tr)} Reef (Tr)

So, as proved in (7.29), if all the resistors are fabricated by the same material,
the temperature coefficients of the resistors would cancel out.

7.8 Conclusion

A bandgap reference with wide temperature range (drift), low temperature
coefficient (TC), and which can work at a low supply voltage is presented in this
research. The origin of the self-heating effect on the current mode high order curvature
corrected bandgap is identified. The self-heating effect minimization techniques have

been discussed. The self-heating resistor trimming procedures requires very precise and
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in some cases very small resistances. Thus, for this topology resistor accuracy is a big
factor for self-heating optimization.

The designed bandgap reference has the minimal effect from the thermal
coefficient (TC) of resistance [36]. This is expected for the use of current mode output
stage [36]. There can be several other effects in the design, which are resistor mismatch,
resistor tolerance, early effect, and transistor mismatch, etc. The design shown in Fig.
7.23 may have a resistance temperature coefficient problem. This is because it uses
current as the reference, and does not canceling the resistor’s temperature coefficients as
described in section 7.7. But the corresponding design may be helpful for the future
research.

This design topology can also be used for 1* order temperature compensation by
removing the nonlinear resistance Rynr. But high order temperature compensation is
desirable for many analog applications; hence this must be included in the design. The
line regulation appears to be very good for this design. The reference voltage/current
can be easily adjustable to a different value by varying the Rprat, Rybe, and Ryp resistor
values. A 3" order Taylor series expansion has been done to prove that, higher order
temperature dependent terms have a significant effect on the reference current or

voltage.
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CHAPTER 8

CONCLUSION AND RECOMMENDATIONS

Thermal modeling and characterization and its effects on analog integrated
circuit design are analyzed in this dissertation. This research emphasizes self-heating
and thermal coupling of a single device and multiple devices respectively. Modeling
and characterization of thermal effect is primarily illustrated in dc and frequency
domain. In addition, several analog circuits are designed and thermal effects on their
performances have been investigated.

A new dc technique has been developed to extract the thermal resistance for the
dielectrically isolated bipolar device. The new method uses I.-V.. plots at different
temperatures to determine the constant collector current data at different temperatures
and different collector voltages, when Vi, was held constant. The extraction of the
junction temperature of a dielectrically isolated device using I.-V. plots at different
temperatures is also discussed.

A novel procedure is developed and for the measurement of thermal coupling
effect. The thermal coupling effect was found less than 10% (maximum) of the self-
heating effect. The thermal coupling effect is reduced inversely with respect to the

device separation.
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A five element thermal resistance model is studied and successfully included in
cadence simulation. The compact thermal circuit model for a single device and multiple
devices are analyzed using the five element thermal resistance. The multiple pole idea
of the thermal effect for the DIBJT devices is illustrated in the time domain using the
five element model. The delay associated with the multiple pole thermal model is
simulated and discussed.

Frequency dependent thermal modeling and characterization have been
investigated using Y parameters. This is done with a designed balanced differential
amplifier fabricated in a dual inline packaged chip. A 4.5 pF parasitic capacitance (from
the package, pad, and routing wires) was found in the frequency domain thermal
analysis. The corner frequency for the Y parameters due to thermal effect was found
around 10 kHz.

On the other side, several analog circuits have been analyzed, designed,
simulated, fabricated, and measured. Then, simultaneously the self-heating effect on
these designs has been investigated. The designs include all the frequently used current
mirrors, Vi based bootstrap current source, and high order bandgap reference.

A theory 1is developed to show the self-heating effect on the output
characteristics of a simple current mirror. It is proved that, the output resistance is
reduced by the self-heating effect. This in turn increases the current mismatch in the
current mirror. It is shown that, the cascode and Wilson current mirrors have less self-

heating effect.
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The self-heating affect in the V.. referenced bootstrap current source is
minimized. The sensitivity of the output current with respect to the supply voltage for
this Vi, referenced bootstrap current source is analyzed incorporating the self-heating
effect. The sensitivity of the circuit (with considering self-heating effect) was found to
be 0.001 in simulation and 0.0015 in measurement between 5V -12V of the supply
voltage.

A high order bandgap reference circuit is designed and fabricated. The self-
heating effect on the bandgap reference is analyzed, and this illustrated how to
compensate for the self-heating effect. The simulated temperature coefficient for the
bandgap reference from -60 °C to 125 °C was found as low as 1.14 ppm/°C. The
simulation for the bandgap reference was done for a maximum temperature range
between -50 °C to 250 °C with observed TC approximately between 11 ppm/ °C to 15
ppn/ °C. The measured TC of the reference was found to be 19.465 ppm/ °C between -
18.31 °C to 113.09 °C.

8.1 Recommendations for the Future work

For the frequency domain thermal analysis, a single device with two bias-T’s
one at the base and the other at the collector can be used. This structure can be used to
extract the thermal resistance as well. The ‘bias-T’ has an inductor at one end and
capacitor at the other end. So that, each port can have dc blocking capacitor (work as ac
short) and dc short inductor (work as ac block). Therefore, the base and collector can
work with both ac and dc. Adjacent device modeling results can be included in the

VBIC pseudo code. Adjacent device effect can be included in the circuit simulator as
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well. The bandgap reference design topology used in this research can be successfully
used for BICMOS process. VBIC model can be used successfully to improve thermal
tail behavior. This research gives the procedures for determining critical points in

circuit topologies with regard to thermal effects.
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APPENDIX A

THE VBIC MODEL
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The VBIC stands for “Vertical Bipolar Inter-Company Model”. In 1995, an US
industry consortium has developed and proposed a new bipolar model, called VBIC95.
It includes better modeling than the G-P model. This model is developed to incorporate
the effects of self-heating network, phase network, parasitic transistor, base width
modulation, improve capacitance model etc. The parasitic transistor is formed by the
substrate, base, and the collector. Now the VBIC95 is called VBIC. The VBIC model is

shown in Fig. A.1. The VBIC model parameters are presented in table A.1.

S C
o Ceco o dt
|
= Rs
Parasitic P §R L
N Transistor Rex § ( th t Cin
'_'Z Sl Ibcp 1
= @ T Rewraop X t
@ W Thermal
Ibep Intrinsic gRCI Network
:r Transistor
chx ch 2 xf1 xf2
b RBI,’qb T T |_I_$ 5 lef
ot AAN M e s §
Bl Rex L @ = @ 1 Q 7 Quoxt
Qbex—_ Ibex Qbe—— Ibe —‘7
ei -
Excess phase
Ceeo Re Network
[l
1

Figure A.1: VBIC Model [20].
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Table A.1: Model parameters and their brief explanation [20].

VBIC Parameter Definition

Parameters

IS Transport saturation current

NF Forward current emission coefficient

NR Reverse current emission coefficient

IKF Forward High level injection current

IKR Reverse High level injection current

IBEI Base-Emitter ideal saturation current

NEI Base-Emitter ideal current co-efficient
IBEN Base-Emitter non-ideal saturation current
NEN Base-Emitter non-ideal current co-efficient
WBE Distributed Base parameter

IBCI Base-Collector ideal saturation current
NCI Base-Collector ideal current co-efficient
IBCN Base-Collector non-ideal saturation current
NEN Base-Collector non-ideal current co-efficient
VEF Forward Early Voltage

VER Reverse Early Voltage

RE Emitter Resistance

RBI Current dependent Base Resistance

RBX Current independent Base Resistance

RCI Current dependent Collector Resistance
RCX Current independent Collector Resistance
RTH Thermal Resistance

CTH Thermal Capacitance

SELFT Thermal Network Switch (‘1” or ‘0’)
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APPENDIX B

THE BASE EMITTER VOLTAGE ANALYSIS
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The base emitter voltage and the temperature relation can be analyzed as
follows.

Now, the base emitter voltage, collector current, and the saturation current are

defined as
Vie(T)=n Vi (T)ln{lc (T)} (B.1)
Is(T)
1(T)=Ie(To) (TlJ (B.2)
(T [Ee(To) Ee()
1s(T)= Is(To)(Rj exp {Vt s W} (B.3)

where, ideality factor, n = 1, saturation current temperature coefficient, XIS, bandgap
voltage E,, E,(0) is the bandgap voltage at 0 K, thermal voltage Vi, and T, = 27 °C. XIS

is process dependent parameter. The bandgap voltage at temperature T is defined as

2
Ee(T) = Ex(0) - ;‘I ; (B.4)

in which, a =4.73e-4 eV/K, = 636 °K.

Thus, (B.1) — (B.3), the base emitter voltage can be recalculated as

oy

XIS
14(To) (Tj oxp { Ee(To) Eg (T)}

To Vi(To) Vi(T)

Voe(T)=Vi(T) In

= Vi(T)In igzg +n(n - XIS) Vt(T)ln(%) V() {@ ] EgT(T)}
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Lt nle-ispvr] i) 0 B

= Vi(T)xIn Egzg +1x (n - XIS) x Vi(T) x 1n(Tlo) +1Mx [Eg(T)— Eg(To)Tle

= {Eg(T)- Eg(To)Tl} +Vi(T)x In igzg — (XIS-n)x Vi(T)x In (%j (B.5)

0

At T =T,, (B.1) becomes,

Vie(To)= Vi (To)In {%}

_ T KTy ln{lc (To)}

? T Is (TO)

(B.6)

So,  Vi(T)n { L gz;} - % Voe(To)

Using (B.5) and (B.6),
Vbe(T) = {Eg(T) - Eg(To)%} + % Vbe(To) — (XIS-n) x Vi(T)x In (%} (B.7)

(B.4) and (B.7) gives,

2 2
oT aTo T T
Vbe(T) = I:Eg(o) - T__f_B - {Eg( ) - TJ’_B} E] + E Vbe(TO) — (XIS - n) X Vt(T) x In (Toj

This can be simplified as

2
Ve(T )= Eg(0) - {Eg(0) - Vbe(TO)}% —(XIS-n)x Vi(T)x In (%j - % + % (B.8)

So, by canceling the last two terms in (B.8), the base emitter voltage can be written as,
Vbe(T) = Eg(0) - {Eg(0) - vbe(To)}Tl —(XIS-n) x V{(T)x In (T—] (B.9)
0 0
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Now, by differentiating (B.9) dVue(T)/dT can be evaluated,

Vie(T) 1 e ok T
o Eg(0) - {Eg(0) - Vie(To)} o (XIS-n) ; {1 +1n (TO j} (B.10)

Thus, by using the nominal values of the parameters in (B.10), the rate of
change of base emitter voltage with respect to the temperature is found to be around 1.5
mV/°C.

The 3™ logarithmic term of the base emitter voltage in (B.9) has the nonlinear
relationship to the temperature. It is useful to develop the Taylor series expansion of the
logarithmic term. The purpose is to do more accurate design & cancel the linear as well
as the non linear (curvature correcting) components of the bandgap reference.

Now, the Taylor series expansion of the logarithmic term about the reference

temperature Ty is given by

~(X1S—n) V¢ (T)In (lj

To
kTo 1 T
=—(XIS-n)— —TIn| — B.11
(cas—n) 2 L7n( - (B.11)
:—(XIS-n)QL{a0+al (T-T0) +a (T-T0)2 Frrrrererenenes +3nm} (B.12)
q To 1! 2! n!

The coefficients can be expressed as,

m
am=-2 [Tlnlj (B.13)
om0 |p,
0
-t (n 1] ~0 (B.14)
o°T T/ |
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-1 (B.15)

62T TO T=To
(B.16)
,(Bl_j L
Ut 10 ) |pop, To
o3 T o (1 1
a3 =—— [Tln—j =—[—j = (B.17)
a T TO T:T() 6T T T:TO TO

Now, by using (B.8) and (B.11) — (B.17), the base emitter voltage can be re

evaluated as (by considering up to 3™ order temperature dependent terms)

Vie(T)=Eg(0) - {Eg(0)- Vbe(TO)}Tlo

-<Xls-n>@{l_iinz-1[if}

q (3 2TO0 6\ TO

(B.18)
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