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Abstract
An existing application at ATET involves the design of an IC using
CMOS devices. In addition, the. application requires that the inputs to this IC

be ECL(Emitter-Coupled-Logic) compatible. 1t is well known that interfacing

between CMOS and ECL is a tedious task.

This paper descibes a system that meets the interface requirements as well

as other necessary specifications involving stability, power supply rejection and .

buffering. A description of the system is presented as well as the simulated

results. The system ‘s found to exhibit propagation delays as small as 1.2ns,

and rise and fall times as low as 0.2ns which is expected for ECL compatible
circuits. The system performance is guaranteed over a power supply range of

59 + 5% and a temperature range of 0 to 75° C.




" Chapter 1 w
INTRODUCTION "

Generally a digital system is constructed using only a single logic family,
such as CMOS, ECL, TTL, or NMOS. However, sometimes this is impossible
or not advantageous. Sometimes the desired components such as gates,
registers, memories, and microprocessors are not available in‘ a.sing'le logic
family. Also, it may be only the ”front-end” logic that.requires the high speed
of ECL ; for the slower logic the lower power TTL, or even CMOS, may be
adequate. Then it becomes necessary to interconnect components from different
logic families. Accomplfgli}lg this requires that the input characteristics of the
interface be similar to those of the driving gate, while the output characteristics
of the interface match the input characteristics of the receiver gate. Then it
will appear as if the driving gate is driving a gate of the same logic family as
" the driver, and the reciever gate is being driven from a gate of the same logic
family as the receiver.

In the past, most of the interfacing circuits that exist were between the
TTl and CMOS logic families. - This -iS'\/because' the input/output levels of
CMOS and TTL gates are compatible with each other. However, we are faced
with a problem when an a_ppl.ication requires the high speed of EFCL gates and
the low power consumption of CMOS gates ‘because the input/output levels of a
typical ECL gate 1is not compatible N’with CMOS levels. This mandates the
modification of our application slightly by using TTL gates to obtain the high
speed requirements.

Internally, there are a few ECL to CMOS interfacing circuit available, but

their performance characteristics are not what you would normally expect from

gV
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ECL compatible circuitry. HoweVer, at"the present this problem is slowly being
resolved due to the newest development in the ’Bz'CMOS technology. Although,
thé BiCMOS technology costs about 10% more to manufacture, it has a definite
advantage over the now used CMOS "tech_nology in that it is ECL_ﬂcmeatib‘le.
Thus, by using this technology a suitable ECL to CMOS interface is obtainable.

At present(1987) CMOS is still the most widely used form of digital IC ,
especially in the area of LSI and VLSI. Hence, in this paper, we will primarly
be concerned with interfacing between the ECL and the CMOS l‘ogic family con-
structed in the CMOS process.

The components of the system that illustrates the interfacing between the
two logic families are show?n in Figure 1. The interfacing between each com-
ponent is as follows:

o First,”the start-up circuit 'in‘te‘-rafa‘ce's with the internally generated reference
blas network to insure that the reference circui.‘p starts up and operates in its
proper bias state. An additional requirement s that the circuitry added to do
this must not interfere with the normal operation of the reference once the cir-
cut has reached the desired operating point. Furthermore, this circuit serves as
a bi‘é_s'ing network to the current sources used in the op-amp circuit shown in
Figure 11.

Next, the interfacing of the reference voltage is shown in block 2. The
reference voltage 1s provided by an internal temperature .and voltage-

compensated bias driver. The bias driver is capable of generating any dc volt-

age level within a given range. However, our application requires that the bias

driver sets the reference voltage, V_ref at the midpoint of the ECL input logic

swing logic swing relatively independent of the temperature as/}:llustrated in

3
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Figure 2. This i1s done to minimize the switching time skews that would nor-

mally accur if the reference®were not :'ce‘nt'ered.-. With the V.,  supply set at

-5.2V, the reference voltage turns out to be approximately -1.8V at room tem-

perature when referenced from V, . This is an additional requirement of the

reference voltage namely to insure that this voltage is ECL compatible. The

use of a negative supply for V,, with V.. at ground potential reduces the ef-
fects of noise voltages which may be 'c.O_upled in to the power supply connec-
tions.

The third component used in <interfacing ECL and CMOS levels is the

unity-gain op-amp employed as a voltage follower. The E)p-amp‘ serves as a

 buffer between the reference and the voltage comparator circuit. The jb‘ufferihg

of the reference is needed to reduce the impedance mismatch problem between
the reference circuit output -and the comparator input, and to insure optimum
drive to the comparator circuit. In additi‘on,_ the op-amp 1s used also to en-
hance the reference current.

The comparator makes up the last block of the ECL-To-CMOS interface. |
The inputs are two ECL voltages V. and Vref. Vref is internally generated and
the other ECL input V., 1s externally applied V;fith a swit_&ﬁng voltage range of
0.8V. The comparator converts a single-ended ECL input signal to CMOS out-
pﬁt' levels.  The desired level-shifting and amplifying take place in two different
stages to insure optimum drive to a CMOS load.

Since the comparator output voltages are intended for CMOS inputs, the
recieving logic gate is a CMOS inverter. The inverter is designed in such a
way to Insure optimum drive to a standard CMOS load with a fan-out of three.

The content of this paper will be discussed as follows: First, a brief in-




troduction to the overall system is discussed, followed in Chapter 2 with an in-
troduction to several reference circuts exarﬁined for possible consideration as the
stable reference voltage within the ECL-To-CMOS translator. Chapter 3 deal
with tvhef'actl;al CMOS voltage re_ferénce circuit chosen for the system applica:
tion. In addition, the performance characteristics of the circuit examined under
worst case is presented. Chapter 4 discusses several discrete components of the
system which include the design and analysis of the following circuits; a start-up
circuit, a unity-gain CMOS op-amp, a voltage comparator and the CMOS gain-
stage output load. This is followed in Chapter 5 with performance characteris-
tics of the overall system _simulf;ted_ under all possible conditions ;Jvhich' included
process, temperature and power supply variations. Also, the sensitivity of ﬂeach
parameter to the final output node is discussed. Finally, a summary and con-

clusion of the system is presented




Chapter 2 |
INTRODUCTION TO REFERENCED-
CIRCUITS |

i

2.1 Introduction

During the last few years, there has been an increasing trénd to realize
aneﬂog and digital circuits on the same chip. Bipolar technol‘ogies are more ap-
propriate to implement analog functions, but CMOS technologies are more inter-

esting if large digital parts have to be realized. The implementation of analog

and digital circuits on the same chip would require some type of reference volt-

age which determines the full-scale analog input or output level.

Voltage references are a key element-of analog and digital circuits.” In the
past, several CMOS "comrp”eit-i'ble voltage reference [14, 10, 11, 13, 15| have al-
ready been proposed but none of them achieves the".pre_s-icion of purely bipolar
bandgap referencés. The circuits suffer from the weakness of CMOS technologies
(large amplifier offset, poor matching of transistors, etc.) or are quite complex
and do not deliver a continuous reference voltage (13]. The reference voltage
must be stable with variation in temperature and must be precisely controlled
in spite of process and _powér supply variations.

As shown in Figure 2, our application requires the reference voltage gener-
ator providing a temperatur.e and power supply tracking reference potential that
is somewhere midway between a V), (maximum available gate voltage for a

logic 1) and V,, (minimum gate voltage for a logic 0) signal input level and 1s

to be set by the transistor whose gate is connected to the reference voltage

supply, VBB' Furthermore, a centered '*VBB minimizes switching time skews that




would occur if the reference supply were not centered. This is dqne. to optimize
noise immunity so that a gate can reliably detect the difference between a logic
1 high state(~-0.7v) and a logic 0 low state(z-].gv).' An addi_tiona'l requirement
is that the voltages V, , V, and Vg, be rnefere‘nced from the nominal supply
voltage rail, V,, which will range from a -4.94V to -5.46V.

The first approach In generating an internal reference supply voltage uses
the difference between the threshold voltages of enhancement and depletion mode
devices. Although this approach realizes a voltage which exhibits low thermal
drift, the_v- value of the output voltage is poorly controlled b‘e‘céus_e 1t depends on
the accuracy of depletion and enhancement implants. In addition the threshowl;d'
differencing scheme requires an extra depletion implant, not normally needed in
the CMOS process. A complete analysis of the theory will be presented, fol-
lowed by the complete circuit realization.

- The second approach used in generating a reference voltage utilizes the
bandgap principle. TWo reference diodes are forward biased by ratioed currents,
and the positive temperature coefficient of the voltage difference is offset by the
negative temperature coefficient of the single diode. This approach is used
mostly in bipolar IC’s, where both reference devices and precision resistors are
available. The basic principle of the reference is studied in detail, followed by a
brief example of how to vary the circuit or the device parameter to yield a
desirable output voltage.

In the next section, the design of a simple bandgap circuit that can be
conveniently implemented in CMOS technology is presented. . The unique ap-

proach is to use p’-diffusion temperature dependent resistors to provide bias

currents to the reference diode{s, which are the emitter-base junctions of the

TN R vt e T ame



bipolar transistors formed by the p* diffusion inside the n-well on a p-substrate.
Finally, enhancements to the CMOS reference circult will be presented.
Simulation results of the circuit perforrpancé under worst case conditon will be

illustrated.
2.2 The Threshold-Referenced Voltage Source

2.2.1 The Basic Reference

The first step in realizing a complete volt’ag_é reference is to find a stable
unit of voltage, such as the Zener or bandgap voltage used in bipolar reference
circuits [17). Individual terms that make up the threshold voltage ( given as
(2.1) for an enhancement device) include components that are both highly tem-

perature sensitive and process dependent.

&

QSS’ IQdI

.nwznm_g—qw%+ﬂgkw?f | (2.1)
0X 0X

In Eq. (2.1) V

FBlis the flat-band voltage, QSS 1s the surface charge per

unit area, C,, 1s the gate oxide capacitance per unit area, V, is the source
voltage, 2|4, is the voltage required for strong inversion, and @, is the charge
per unit area in the inversion layer. Both V_, and ¢, vary with temperature,
and all terms (except V() are process dependent.

If an implant is added to the process to yield depletion devices, the deple-

tion threshold is given by:

. 9, 19, 2
Voo =Vio —— 4V + ¢, + + 2.2) ,
TD FB R - - - T

where (). is the implanted charge per unit area, ¢ . is the built-in potential be-

tween the channel and the substrate, and C consists of the series connection of | \

C,y and a capacitance defined by the depth of the implanted channel [8]. The

]
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depletion-thre_shold"equati()n contains many of the same temperature and process-
dependent terms as the enhancement equation, and therefore, neither threshold

voltage alone 1s suitable for use as a reference.

Substracting Eq. (2.2) from Eq. (2.1) yields

VTE o VTD = 2|¢p‘— ¢.bi + ""'é—' + ‘Qd‘ (—é;; — _6') (23)

Many of the temperature-sensitive terms have been cancelled, and since

2|¢,| is approximately equal to ¢,. and C,y is about equal to C (8], the dif-

ference between the enhancement and depletion thresholds is mainly fixed by the

magitude of the implant charge Q. This quanity depends on an easily control-
lable and reproducible proce\és step, and to a first order is independent of tem-
perature. A stable voltage reference can thus be obtained by realizing a circuit
that generates a v_g)'ltagei' proportional to the difference between the enhancement-

and depletion-threshold voltages.

Analogous to bipolar references [17] in which the base-emitter voltage is

used to sense the magnitude of the silicon bandgap, the gate/source voltage of a
MOS device can be used to sense the threshol(i voltage.

A circuit that produces a reference voltage sensit-ive to the VGS differences
is shown in Figure 3. In the figure, transistors M, and M, are the

enhancement /depletion reference pair and the output voltage 1s seen to be the

difference between V.. and Vespr BY using an operational amplifier in a

negative feedback configuration, the output voltage is forced to a level ‘that
causes the reference devices to operate at equal V. and IDS values.
To analyze the temperature sensitivity of erﬁ we make use of the equa-

"tion for a saturated MOS transistor to derive




——

"Hps
GSs

p
where Ip¢ 1s the drain-to-source current, V. 1s the threshold voltage, and 8 =
pkC,,W/L is the gain factor for the device.

Considering all possible variations in Eg. (2.4), we can derive

Vase ~ VGSD)

+2\/11 <\/1,BE_ \/2‘) ccil;“

D

(2.5)

v .IDS[ 1 1 dﬂp 1 1 d“E}
2 undl o podT
.\/ﬁD D \/ﬂE E

where the subscripts £ and D refer to the enhancement and depletion devices.
The three factors in Eq. (2.5) that show appreciable temperature sensitivity are
the thrgshold voltages, the device drain currents (assumed equal for both
devices), and the channel mobilities. Overall reference performance can be

predicted by separately considering the effects of each of these terms.

2.2.2 Threshold-Voltage Consideration

The foregoing discussion of ’the basic reference has emphasized it depen-
dence on the threshold VO]tages of the enhancement and de_pletion‘MOS transis-
tors. The basic equation that have been given for the thréshol’d voltages |Eqgs.
(2.1) and (2.2)] were derived for MOS transistors having constant doping near
the surface under idealized conditions, and should be regarded as first-order

theory.

Lee [9] has considered the threshold voltage of MOS transistors In

10
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elaborate - detail. ~ His analysis shows that the threshold” voltage depends on
geométry and drain and substrate bias as well as on the specific dopant density
near the surface. The dependence of V.T on drain bias makes it imﬁ_erative to
use a consistent bias scheme when specifing the threshold voltage. In particular,
VT as determined from channel' conductance at zero bias is different from VT as

determined from the square root of I, in the saturation region.

2.2.3 Bias-Current Consideration

The second term in Eq. (2.5) shows that the reference voltage can be
made insensitive to drain current variations by equating Bg and By . This can
be done by mismatching the aspect ratios éf the enhancement and depletion
devices so that

W W
FEy  —HEDp7
"Ly " YLlp

I(2.6)_
absolute bias current also appears as a coefficient of the mobility variation term
in Eq. (2.5), and since that term does not cancel by equating the device gain
factors, correct choice of operating current is necessary for bptimum reference
performance.

The drain current in a MOS transistor tends to increase with temperature
because of its dependence on the threshold voltage, a,.nd to decrease with tem-
peraure because of the temperature sensitivity of the mobility. These tendencies
are_nearly in balance at a bias level that is itself only slightly variable with
temperature. If the reference MOS transistors are biased at this current level,
the individual variations in V . will be reduced. Although the voltage reference
1s sensitive to the difference between V.s In the depletion and enhancement

MOS transistors, simulations show that the temperature sensitivity of the refer-

11
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ence 1s also improved by using bias currents that desensitixe the in(iividual‘ VGS
values. To obtain an equation for the bpti’mal bias cu“rrent in the reference, we
assume that m(l)'bility-.,varie‘s roughly as T-3/2 7]; that is

b= (g T/ T2 - (2.7
where p, and T, are convenient reference mobility and temperature values.
Since the threshold voltage can be characterized by V,xV_ —aT over the useful

range of temperatures, we can express the derivative of V.o with respect to

temperature by using these expressions in Eq. (2.4).

dv 7 g ey ' X
L —a+ . e -d. \/ DS( T>3/2 (2.8)
dT \kwe,  dT\ p, \T,

If Eq. (2.8) is set to zero, we can derive

2 m 324 S

W

= uCOX-_L—k(aT)z | (2.9)

When the MOS transistor is biased with the current given in Eq. (2.9), its

gate voltage will be constant at Voo It’ 1s neither practical nor necessary to
cause. the bias: current to have the exact variation with temperature that is
predicted by Eq. '(2.9),' because the reference is sensitive to the differences in
Vesg and Vi, not to their individual values. The design value for the bias
current in therefore 9uA, which corresponds roughly to Eq. (2.9) evaluated in

the middle of the temperature range.

12




2.2.4 Mobility Versus Temperature

The initial consideration of the‘basic reference neglected sensitivity of Vr.ef
to the variation of mobility with temperature based upon an assumption that
mobilities vary as T-3/2 boft_h for the depletion and enhancement devices. This
~assumption is. only approximately true. Scattering by impurity centers plays a
more dominant role in the depletion MOS transistor than it does in the en-
hancement devices. This is true because the total impurity density in the chan-
nel region is greater in the. depletion MOS transistor than in the enhancement
MOS transistor. As a result, the ratio uj /p_E increases with temperature in the
]oW-Jtempetature range |1]. The ratio becomes more nea}ly constant in the mid-
and hig -temperature range where lattice scattering dominates in betermiining.
the mobility value.

Mobility variations introduces a positive derivative to dVref/dT that tends
to cancel the negative temperature gradient from the threshold-voltage varia-
tioné. True variations in mobility produces variations in Vref that are of the or-
der of the variation in VTE'VTD and of opposite sign. Simui’ations have shown
that for different temperatures, the mobility variation term dominates at low
temperatures, and  the threshold-variation term dominates at high
temperatures [1]. This leads to a voltage drift versus temperature curve similar
to that of bipolar bandgap reference in that the temperature coefficient is posi-

tive for low temperatures, flattens to zero near room temperature, and then be-

comes negative for high temperatures.

13
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2.2.5 Reference Circuit

The considerations of the previous sections have shown that a stable
NMOS refergnce can be made ’by taking the difference between the gate/source
voltages of enhancement and depletion NMOS devices operating at appropriate
current levels near threshold.

Figure 3 shows the full schematic of a low TC NMOS voltage reference

based on this principle. Transistors M, and M, are the differential

enhancement /depletion pair, loaded by depletion-current sources M, and M s The

matching of these loads is important, since mismatch in t'_h,e reference-pair drain
cur.fents. degrades the output-voltage temperature coefficient. The geometry used
has a 7-um channel width and a 40-pm gate length, which yields high ou%fput
resistance, and, therefore, high gain when used as a load:. While the individual
values of channel width and gate length were chosen to insure proper matching, -
the device aspect ratio was chosen to supply the reference pair wﬁiith the drain
current in the low dVGs/dT range, as previously described. Since the threshold
vol:oag‘es of M, and M y must mat_ch to provide equal bias currents, it 1S neces-
sary to maintain equal voltages at their respectives drain. This is achieved by
adding a second differential gain stage (M, - M,) in the main feedback loop.

Balance of this stage is improved by use of M, which also provides balance- to

single-ended conversion. If equal currents flow through matched depletion transis-

tors M, and M, then VGS7 must equal zero, since the gate and drain of M, are
shorted. Thus, M5 and M, always operate with equal V, regardless of the ab-
solute voltage swing caused by output load current variations changing Vg In

the output buffer Mg._ To obtain equal currents in M,/, and Mg, it 1s necessary

to make M, with the same geometry as M., and make the aspect ratio of M, y

14




twice that of M13'-' All geometries must be designed to nominally equate the
~voltages at the drains of M, and M,, so that métching is preserved for varia-
tions in threshold voltage caused by negative supply voltage changes.

Loop gain of the two-étage unity-gain feedback amplifier 1s 40d'B, which 1s
large enough to yield proper load regulation, but low enough to allow frequency
compeﬁsatiop with .a small capacitor placed between the sources of M, and M,
Corﬁ,mon-mode bias l-oops-'consist_ing of transistors M, - M, provide feedback to
insure that all depletion-current sources operate in their saturated regions.
More than 50dB of supply rejection 1s va,chieve'd_, since all voltages and currents
depend on individual device geometries.

Using the correct geometries from the final reference design (including the
optimizing mismatch of the aspect ratios of the enhancement/ depletion reference
pair, which compensates for the mobility differences), ADVICE predicts a TC
greater than 500ppm/° C which is not compable to the TC obtained in bipolar
reference. circuits. The choice of the optimum'reference-pair bias current was

verified, as the substrate voltages of M, and M 4 (Figure 3) were varied to

produce reference-pair currents of 6 and 9uA.

2.3 Bipolar Referenced-Circuit

The drawbacks of y threshold-referenced circuit using the difference be-
tween threshold voltage»;?\enhancement_ and depletion devices [3] are as follow:
Although this approach realizes voltages which exhibits low thermal drift, the
value of the output is poorly controlled because it depends on the accuracy of
the depletion and enhancement implants. The‘ accuracy of the implants in-

fluences the accuracy of the threshold voltage which is sensitive to process

variations. Threshold voltages are adjusted with a single implant that causes

15




an é.qual but opposite- chéng_e in both the enhancement and depletion threshold
voltage. For example, if the implant is adjusted (say 10%) is such a,'way ‘that
the threshold voltage ';)f the enhancement device increases (say 209r;1/)L), this will
cause the depletion-threshold to decrease by the same amount. These values are
based on a combination of process data and simulation for the MOS process ;a,t
ATET. Thus we are led to examine other possibilities for the realization of a
biasing circuit_ with a low temperature coefficient.

The second appraoch used in precision bipolar analog circuit utilizes the
bandgap principle. We assume for simplicity that the objective is a voltage
source of a low but controllable temperature coefficient. The first step in ob-
taining a voltage reference is to generate a relatively temperature independent
current reference. Figure 4 shows the classical Widlar Bipolar PTAT

(Proportional- To-Absolute-Temperature) current reference upon which the

CMOS reference circuit discussed later is based. The circuit application is as

follow; the current mirror consisting of ¢,y @, combined with reference resistor

o

R_, satifies the relationship
ref

11, |

| - [T1is2

LR, ,=V,n [ — } (2.10)
2751

| , o | - T kT
where Ig,, Iy, are the saturation currents of Q,, @, respectively and VT:-q—. The

feedback loop consisting of transistors 'QJ-Q4 force the bias current

=1, (2.11)

j Von (n)
| Ippar=1,= 1, =—— (2.12)
‘ref
Igo | |
where 'n:-IfS—I is the area factor that differ Q, to Q.[ As can be seen from Eq.
16
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(2.12), the current produnced is proportional to absolute temperature (PTAT). |

The magnitude of this current is physically controlled by proper sizing of chj

and n. The possibility exists .forA 'refe__renci'ng the output current, Ipp, . to a
“ composite voltage that is a weighted sum of VBE(on} and V. By mirroring this

PTAT current into a series combination of a resistor and a diode. a tempera-

i ture j‘stable voltage can be obtained. The positive temperature coefficient of the
E » | voltage across the resi.stuor is cancelled by the inherent negative temperature
i coefficient of the diode. By propér sizing of devices @, R,, and D,, the point
in temperature at which this canc’e’l.lation occurs can be controlled. In order to
determine the required value for @, R, and D, we must determine the tem-
perature coefficient of the .ou-tput vO‘Tl'tage VBB more precisely.

From Figure 4, tfhe output voltage can be expressed as

VBB - VBEl(‘on)‘ T IoutR-l (2'13)

where I, =mlp .. and m:ﬂMps/‘ﬁMpa. The VBE(on) can be written, neglecting
base current,

I

out

VBE(on) = VTI"H I '(2'14)

55

The saturation current, I, can be related to device structure by [5]

R. 2T {
= Bn “Tu, (2.15)
where n, is the intrinsic minority-carrier concentration, Qg is the total base

doping per unit area, pp Is the average hole mobility in the base, A is the
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emitter-base junction area, and T 1is the temperature in degrees kelvin. The

D ‘
. . . e ta— P .. : . — ] .
Einstein relation pp=7- Was used to write ]S- in terms of Ep and nie._ The
T

quantities 1n Eq. (2.15), that are temperature ‘dependent are given by

A

 Bp=CT™" (2.16)
-V
o GO | |
n.?= DT° exp(——) (2.17)
1 VT s

where V. is the bandgap voltage of silicon extrapolated to zero degrees kelvin.

Combining Egs. (2.15), (2.16) and (2.17)

I = ET’ exp(—Vo/Vq)

= N(1.964E—16) | (2.18)
¥
where
E=BcCD (2.19)
and
§=4-T | (2.20)

and N is the number of aiodes connected in parallel to produce V

BE(on) The

value 1.964E-16A is the saturation current needed for a one unit diode. This
value was extracted from the BIMOS process at ATET. Combining Eq (2.12)

and Eq. (2.13)

mVTl'n (n)
Iout = R / (2'21)

Substituting Eq. (2.14), Eq. (2.18), and Eq. (2.21) into Eq. (2.13) and rearrang-

ing, it follows that

- r Tﬁ(ﬁ VGO mVT]n (n)Rl
Vep = Vn | AmV,In (n)mE—— exp(—r) + R (2.22)
ref T ref
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where A = 1/E is a temperature independent quanity. Simplying Eq. (2.22)

yields

VBB — | TQ_(T) + Ve . (2.23)
where
mk gln (n) AT ~4)
T) = mln (n)z + In 2.24
Q(T) = min (n)z i (2.24)
and
R,
T =— (2.25)
ref

This expression gives the output voltage as a function of temperature in term of
circuit parameters, z and § and the device para'meters- m and n. Our primary
objective is to be able to have complete control of dV,,/dT and to this end we

take the derivative of Vp, with respect to temperature.  Differentiating Eq.

(2.23),
p Vpp
™= yr
'VT i kall'l (n)AT(l - 6.) »" .
S zmln (n) + In qu.f ——+ (L - §) - T(TCFR ) ret (2.26)
where
TCFR. .= — Rppp -
ref Rréf dT | &

and T is the reference temperature at which the parameters in Eq. (2.26) is

evaluated. Shown in Figure 2, the VB_B is specified to lie between VIL- and V.

It also shows that V,, should have a slope approximately equal to the slope of

V

i By knowing the slope of V,, and the current level at which the reference

should operate, we can rearrange Eqg. (226) to find the value for z. Once the

value of z is known, this value is placed into Eq. (2.24) then into Eq. (2.23) to-
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give the desirea value of V. that corresponds to the desired slope. An eample
1s given below to illustrates how we can achieve the value for the expression
Vpg/dT~dV . /dT at 25° C.

Suppose that an application requires that the magnitude of the reference
voltage Voo be centered in order to minimizes switching time skews. Extract-

ing the necessary data from Figure 2 the magnitude

VIHmz'n T V]Lmaz

Vgl = ; (2.28)

Is approximately equal to 1.8V. In addition, the slope should be chosen such

that
dVBB dV]N
m, = ~ (2.29)
1 dT dT

The extracted value of the slope is approximately equal to 1.83mV/° C
and should maintain this regulation over a temperature range of 0 to 75° C
and a power supply range of 4.94 to 5.46V.

Assume that the reference current is not to exceed a value of 10pA, the
feedback loop of Q, - Q4 1s 1deal, and that area factor n equals 5.

The reference resistor is given by Eq. (2.15) as

B Viin (n)

Rref I (2'30)
PTAT
| 25.73m z In (5) \
R .= = 4.14k0) (2.31)
ref 10u

Using the data summarized in Table 4, the value of E needed to produce

VBE(on) is given by Eq. (2.18). Assume N = (5 z n), we get:
16— 6 Voo
E=(5zn)z1.964210 " °T" exp(V—) =44.997° K (2.32)
T

and
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1
=—-=22227 1073/ ° K " (2.33)

The desired slope m, can be calculated by rearranging Eq. (2.26) and is given

by

R +m _ mkln (n) AT °
ML 1, ¥ 1)+TCF(Rref)——17-,ln( BqR )J (2.34)

Rref min (n) VT r ref

Figure 2 shows that the reference voltage slope m, should be chosen such
that its value is closer to V, . Thus, the desired slope is to be less than
max ‘

zero. Again, using the data in Table 4, the ratio resistor is calculated to be

R,
I
Rref
Thus, the output resistor, R is designed to equal

Rl =6.840 z Rref: 28.32kS] (2.36)

Neglecting base currents, V

BE(on) ©31 be calculated by using Eq. (2.14) and

1s given as

I

' oul m
VBE(on)-——VTln 7 (2.37)
55
Given that the saturation current is
I, =(52n)21.964210 '°A=49.102 107164, | - (2.38)
A comparable value for the base-emitter voltage is calculated
‘ 104
VpE(on) = 25-T3mln [ } = 0.552V (2.39)
. 49.10 £ 1071
This value is exactly as ADVICE predicts.
. The resulting output voltage is given from Ekq. (2.13) as
Vg = VBE2(on) + :z:mVTln (n) =0.835<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>