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ABSTRACT 0

A macromodel containing two transistors can accurately predict how

amplitude modulated RF signals with RF carrier frequencies in the .05 to

-< 100 MHz range are demodulated in bipolar operational amplifiers (pA741

and LMIO op amps) to cause undesired low frequency responses related to

the modulation envelope of the RF signals. The original op amp macro-

V. model which was developed by Boyle et al. was modified by adding four

capacitors C to account for parasitic capacitance effects in inte-
sub

grated circuit op amps. A procedure for assigning Csub values is given.

The macromodel can be used when the RFI signals are incident upon the op

amp input terminals. The use of the macromodel leads to a substantial

reduction in computer time and expense.

The ability of the nonlinear macromodel to represent the overall -"

integrated circuit nonlinear response with only two transistors at the

input stage is explained using the feedback theory of cascaded nonlinear

transfer functions. In an operational amplifier with a linear feedback

I "in its second stage, the nonlinear response of the second stage is sup-

pressed. The overall nonlinear response is dominated by the nonlinear-

ities of the input stage.
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CHAPTER ONE

INTRODUCTION

Progress in the prediction of electromagnetic interference (EMI)

has occurred on many fronts in recent years. A particularly important

development in EMII prediction involves the nonlinear modeling of the

Bipolar Junction Transistor (BJT) and computer-aided analysis proced-

C,",

ures.E[1 A large number of pioneering research efforts have cul-

minated in the successful EMI analysis of the bipolar integrated

circuit (IC) operational amplifier (Op Amp).E143 The engineering ef-

fort.and computer time, and hence the cost, required for EMI analysis

of the full IC Op Amp are large. The high costs involved in predict-

ing EMI using a full IC Op Amp model may affect the wide application

of the powerful computer-aided EMI analysis techniques which have been

developed. The research which will be described in this report uses a

simplified model called a macromodel for EMI analysis of Op Amps. In

using the Op Amp macromodel for EMI an4lysis, the situation of the

practicing electromagnetic compatibility (EMC) engineer is considered.

* An important goal of the present research is that techniques general-

ly not available to the EMC engineer (such as the laboratory character-

Aization of integrated electronic devices) are to be circumvented.

Z1
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This report is organized in the following manner. Chapter One

contains a review of material relevant to this report. An introduction

to the theory and techniques of analysis of a weakly nonlinear system

is presented. Next, an analysis of EMI in the 741 IC Op Amp made with

a full model is reviewed.E18 ] Finally, the IC Op Amp macromodel de-
.4 ' veloped by Boyle et al. is presented and discussed. 2 g]  In Chapter

Two the nonlinear macromodel for the BJT IC Op Amp derived from the

Boyle model is presented. Predictions made using the Nonlinear Circuit

Analysis Program (NCAP)EIg] and the nonlinear macromodel for the 741

. Op Amp are compared with full model predictions and experimental results.

Substrate effects on macromodeling accuracy are also presented. In

Chapter Three. nonlinear macromodeling techniques are presented in detail.

The LMIOE57] IC Op Amp is used as a concrete example. It is shown how

.4 the macromodel BJT parameters and circuit parameters are extracted from

published information. The NCAP predictions on how amplitude modulated

RF signals are demodulated in-an LM1O buffer amplifier are compared with

experimental results. In Chapter Four the network theory for the non-

linear macromodel is developed. Based on the nonlinear transfer function

approach, it is shown that an IC Op Amp which consists of cascaded stages

with internal feedback has nonlinear characteristics dominated by the in-

.-.. put stage. The analysis shows that the input BJTs which are in two cascade

configurations can be represented with a pair of single BJTs. Chapter

Five Is the conclusion. The effectiveness and validity of the non-

'.
; 2

,..,:"
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linear macromodel is discussed. A number of new research topics arising '

from this research are suggested.

1.1 EMI, Nonlinearity, and Nonlinear Transfer Function.

*' ,As communication channels become increasingly crowded, unwanted

signals often accompany the desired signal. The unwanted signals can

. ,cause interference which can be classified as being caused by either

linear effects or nonlinear effects. Linear interference effects may *5*.

occur when the frequency of the interfering signal is very close to .

that of the desired signal. Nonlinear interference effects may occur

when the unwanted signals cause new signals to be generated by the non-

linearities in the electronic devices and the new signal frequencies

are close to that of tne desired signal. Linear interference effects

can often be avoided by improved tuning and selectivity. The nonlinear

interference effects are more complex and not subject to any universal

solution.

Among the nonlinear electromagnetic interference effects, inter-

- modulation is an important example. Intermodulation interference may

occur when signals with frequencies outside of a receiver's pass-band

are combined nonlinearly to produce signals with new frequencies

which then fall within the receiver's passband. "

Intermodulation EMI is a result of electronic device nonlinearity.
S..',

As illustrated in Figure 1-1, two sinusoidal signals with frequencies

3
'... ,

* .~.5* .-.. S. *~' *'.*
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f and f2 falling outside the passband of a receiver having second de-

gree nonlinearities produce signals with new frequencies.
17] Some of

these new frequencies may fall within the receiver's passband and be-

come interfering signals. The nonlinearities being referred to in

this work are termed "weak" as opposed to the switching type of non-

linearity found, for example, in a modulator.[
16]

In order to analyse an electronic circuit to predict EMI, equiva-

lent circuits are used in which the electronic devices are represented
4-.,

by nonlinear models. The BJT can be represented by the Nonlinear In-

cremental T-model shown in Figure 1.2, for a device exhibiting weak -%

E17,22]
nonlinearities under small-signal operation. In this model, the

nonlinear base-emitter resistor is represented by *he nonlinear incre-

mental current generator K(v2 ). The nonlinear collector capacitance

is represented by the nonlinear incremental current generator y (V
* c v3-v2).

The dependent current source in the collector circuit containing the

hFE nonlinearity and the avalanche nonlinearity is represented by the

nonlinear current generator g(v2,v3-v2 ). The nonlinear emitter cap-

acitance is represented by the nonlinear incremental current generator

Ye(V2). The resistors r b and rc are the incremental base and collector

resistances respectively. For the case of low-level interference (usual-

ly labeled as weak interference), the nonlinear incremental current

generators are represented by Taylor series. 1 5]  This is a basic dif-

ference between the small-signal linear [45] and nonlinear BJT models.

V5

N. . .. . . . . . . .- .-
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For example [18 ]  O

i= K(v2) = iE - = kj(VBE - i= J (1-1)
.,j B BE j=l -

is the Taylor expansion for the base-emitter nonlinear current about.

the operating point (IE,VBE). The currents iE, IE, and are the

total instantaneous, dc and incremental emitter currents and the

voltages VBE' VBE' and v2 are total instantaneous, dc, and incremental

base-emitter voltages respectively. The nonlinear current source re-

presenting the collector capacitance nonlinearity is given by

Y d (v3-v2)3  (1-2)
:,.- j=1 d-'.

where C.'s are the coefficients of the series. The collector dependent

current source is expressed as I,

n
g(v2 ,v3-v2) = . (v3-v2) (1-3)

k-O

where the gjk's are the coefficients of the series, and g00=O. The

nonlinear current source representing the emitter capacitance non-

linearity is
n dv

I .n Id d2 -4)-Ye(v2) = I 1v2) + C d (I-4)

-'.-.i=l :: dt 2

where TF is the emitter capacitance time constant, C. the base-emitterF je

Junction space charge capacitance and (kT/q) the equivalent thermal

potential. The BJT device nonlinearities therefore are represented by

series expansions. An example of the series coefficients appear in

4..D

.4 -O
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TABLE 1-1

NoNLI1wAR coEFFCIENT FoR 2N5109 BJTa

Nolnar IncrementaColfin
Cu~rent Generator Coefficient Value

* 1 (WhO) 1.9724 ,

% (2) K2(sho/V) 38.419

u. (.o/IV) 498.87

C1 (7) 0.26549 x 1 1

yc(V3-V2) C2 (F/V) -0.75664 x i0-14

C3 (7/V2) 0.64819 x 10- 15

3-6

C,0 .(" ) 0.22851 x 10
- 6

..O (aho) 1.9446

,g8 (who/V) 0.11426 x 10-6

g 20 (uho/V) 37.754

8C2'V3-1V) all (sholV) -0.28734 x 10
- 7

. (zho/V
2 ) 0.30475 x 10

- 7

-> 2
4,;., ir~30 (aho/V ) 487.88

,12 (aho/V
2 ) -0.14367 x 10

- 7

21 (aho/V
2 ) -0.2718 x 10

-6

ayalues reported by Fang, Ref. 18, p.4 6 .

4.

I'" . '
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Table 1-1. The computation of the nonlinear coefficients indicated was 9

-* made by the Nonlinear Circuit Analysis Program (NCAP)E1'9 which has a

built-in device model for the BJT. The computer code requires only that

the BJT model parameters be entered. An example of NCAP input para-

meters for a BJT is shown in Table 1-2. The parameters are determined
l 81

experimentally 1  utilizing several parameter extraction methods.

The purpose of an NCAP analysis is to predict quantitative EMI

effects. By comparing the NCAP predicted results with laboratory

measured interference effects, the modeling accuracy can be evaluated.

An experimental system for measuring a second-order intermodulation

effect is shown in Figure 1-3[20] This experimental system which simul-

ates directly a practical interference situation has the advantage of

being controlled and therefore amenable to analysis. The experimental

data may be plotted as shown in Figure 1-4. The data points represent

the strength of the interfering signal at the new frequency f2 - fI as

a function of the input RF power at RF frequencies. 50 kHz, 1 MHz, and

10 MHz. The AF voltage which is the interfering signal is proportional

to the available input RF power, as expected, at low RF power levels.

Measurements can be carried out at a fixed input RF power while

the RF frequency is varied. The result of such an experiment is illus-

trated in Figure 1-5. The most susceptible RF frequency interval where

the largest magnitude interference is obtained is apparent.

It is desirable that the interference phenomena be expressed as a

N4..

- gZ

**. *** ".
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TABLE 1-2

N AP iNPUT PARAMETERS FOR 2N5109 BJTa

Param&ter amse Description Value

Avalanche exponent 6.0

SVC3 (V) Collector base bias voltage 5.0 .

VCB (V) Avalanche voltage 40.0

HU Collector capscitznce exponent O.285

IC (uL) Collector bias current 50.0

I x (m) Collector current at maximum 18.0

Dc current gain

h ., nonlinearity cobhfidcent 0.363

bft= Maximum d.c. current gain 84.6

k (pF-V&'). Collector capacitor scale factor 0.42

Raf Diode nonlinearity factor 1.0

CJe (pF) Base-ewitter junction space 10.0

charge capacitance

C'2 (pF/mO) Derivative of base-emitter 3.6

" - diffusion capacitance

rb (a) Base resistance 5 %

r(kf) Collector resistance 32.9

C, (pr) Base-emitter capacitance 0.1

C3 (p1) Base-collector and overlap 0.56

capacitance

&Parameter values r3ported by Fang, Ref. 18, p. 45.

10
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paamte of th elecroni circuit or syte inqeto namne

similar- totelna otg anprmtr h NnierTase

prahmr ofd hea eletrni cirscui op r sste. innsqeston a maklnnnr

network with input x(t) and output y(t). Let X(f) and Y(f) be the

Fourier transforms of 'x(t) and y(t). Then Y(fj is related to X(f) by the

*expression E17]

Y(f) H z J..JH(flI**... X(f)*Xfn

1- 2-*- df I df 2 -*df n (I5

-In the above equation Y(f) is the sum of all orders of nonlinear re-

sponses; X(f) is the input signal spectrum, t(f-f1-f2- f .f is the

delta function defined by the integral

6'fp f f IIxp (-j2-r(f-.f1 -f 2 -. -f n)t} dt .(1-6)

and H (f1 sf2~ .... is the nth order nonlinear transfer function. The

first order (linear) transfer function can be expressed a

Hl(f 1 ) =[Y(f)Y
1 Jyf~ i 1.l2....,n (1-7)

where Y(f1) is the network admittance matrix evaluated at fand

J f)the first order current source vector that excites the network.

The second order nonlinear transfer function H2( 1 f)cnb xrse

H2(fl~f) ca (1/2 expfrefsed

12
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where Y(f +f. is the network admittance matrix evaluated at the
J

frequency (f.+f.), and J i the second order nonlinear current

source vector that excites the network. The third order nonlinear

tranfer uncton 3(filf,fk) can be expressed as18

-..-

3(i-.lk ry(fi+f.+f J~flf k)

4I 1 1929 ... n; j =1,2,...,n; k 1.l2,...,n (1-9)

.. 5

-::

where Y(fi+fj)_ is the admittance matrix evaluated at the frequency.

frun fikand Jdiff) is the average nonlinear third order cur-

rent source vector that excites the network. Higher order nonlinear

- .

transfer functions can be expressed in a similar manner.

The experimental system of Figure 1-3 is used t) measure the

second order nonlinear transfer function. Let the two input signal

frequencies fl and f2 be denoted as f2 = f and f, = (fRF - where

fRF is the RF carrier frequency and fAF is the AM modulation frequency.

The AF voltmeter is tuned to the frequency AF =f - f = f + (-fl).

The component of the output voltage at f2 - f can be expressed as[15]  :"

v(t) = ,A2 H2(f2, - f,) cos[2T(f2 - f1)t] (1-10)

where A is the amplitude of the RF carrier at f2 = fRF' and m is the

modulation index. The rms voltage read on the AF voltmeter is

V = 0.707mA2IH2(f2,-fl)I . (1-11)

* For the third order current vector averaging process, see Chapter 5

of Reference 15.

13
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Expressed in dB with respect to a 1 mV reference level, Equation 1-11

becomes

20logJv/lmVJ = 20log[0.707 mA2IH2(f2,-fl)I] - 20log (10" )

= 57 + 20logm + 401ogA + 20loglH 2(f2,-fl)j (1-12) . -

When the RF generator impedance equals 50 a, the RF carrier amplitude

A Is related to the available generator power by P = A2/400. 181]gen ..

With m = 0.5, Equation (1-12) can be written as

20logIV/lmVI = 2Pgen(dbm) + 43 + 20loglH 2(f2 ,-fl)I , (1-13)

or
'- 20logH 2(fz,-f 1)I = 20logjV/lmVj -43 - 2P (dBm) (1-14)

2 q' 4gen

Equation 1-13 indicates that the AF voltmeter reading V is proportional-
to P At low values of P the data plotted in Fig. 1-4 obey

gen- gen

Equation (1-13). Using Equation (1-14) and the data in Figure 1-4 at

K low P values, values of the second order transfer function H2(fz,-f1)gen (2fl
can be determined. Values of H2(f2,-fl) vs frequency f2 are plotted as

illustrated in Figure 1-6. It is to be noted that in both Figures 1-5

and 1-6 the frequency (-f,) is varied in step with f2 to keep (f2 - fl)

a constant at a value fAF = f

An experimental system for measuring a third order nonlinear

transfer function is shown in Figure 1-7.E201 For an electronic circuit

with third degree nonlinearities, two tone excitation can give rise to

the following third order frequency mixes: (2fl-f 2), (2f-f I), (3fl),

(2fl+f 2), (2f2+fl), and (3f2). Since any one of the third order 0

,'

14
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frequency mixes is representative of the circuit third degree nonlinear-

Itles, only the output at one such frequency 2f2 - f1 will be considered

as an example. The spectrum analyzer rms voltage V(2f2 - f) at fre-

quency 2f2 - fl is related to the third order nonlinear transfer func- .

tion H3(-fl-f2-f2) by the expression

= 2V(2ff2 - fl) (3/4)1H3(-f1,f2,f2)1A1A , (-15)

where A1 and A2 are the voltage amplitude of the two input signals

at frequencies f, and f2 "

1.2 System Nonlinearity of the Integrated BJT Operational Amplifier

" The application of integrated circuits, especially the integrated

BJT Op Amp, permeates modern electronic equipment design. The EMI

analysis of the IC Op Amp has become an important consideration. Such

" "- an analysis poses a number of challenges. The first is the complexity

of the circuitry where 20 to 30 BJT's are interconnected. The second

"'* Is the need to know the nonlinear parameters of each and every indivi-

dual BJT. Finally, the effects of the parasitic elements associated

with the BJT's have to be accounted for. Recently the nonlinear

analysis of the uA741 Op Amp was successfully achieved by Fang.18]

The schematic circuit diagram of this widely used IC is shown in
e. -23

Figure 1-8.E23] The Nonlinear Circuit Analysis Program (NCAP) was the I
k'

main analysis tool used by Fang. The NCAP input coding diagram for

the 741 buffer amplifier is shown in Figure 1-9. 18) The NCAP pre-

17
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diction for the first order transfer function VOuT/VIN vs frequency is

compared with the experimental data in Figure 1-10. The NCAP calcula-

tion of the second order nonlinear transfer function H2 (f2,-fl) vs RF

frequency is compared with the experimental data in Figure 1-11. It

can be seen that the nonlinear analysis utilizing NCAP predicts accurate-

ly the location of the most susceptible RFI RF frequency range and the

general shape of the RFI frequency response. The accuracy achieved O

establishes the nonlinear analysis techniques as a useful tool for EMI

prediction.

The NCAP input coding diagram shown in Figure 1-9 with 104 nodes

creates a very large admittance matrix. The NCAP computer code employs a

sparse matrix technique to reduce the in-core storage. The data are pass-

ed back and forth between the Central Processing Unit (CPU) and the pe-

ripheral accessory memories. For a five-frequency sweep, determining the

741 buffer amplifier second order transfer function requires approximately

half an hour CPU time and another half hour peripheral time on a Honeywell

6180 computer. Up to 500 nodes can be handled by the present NCAP

algorithm. The computational procedure used by NCAP begins with the con-

struction of nodal equations using Kirchhoff's Voltage Law. The first ".

order transfer function in Equation (1-7) is calculated next at each

frequency f1 required. The second order nonlinear current source vector

Sd(filfk) is then determined at the frequency (f1 + fk
) using the first

order nodal voltages at frequencies fi and fk" The appropriate second

-O.

19
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order transfer function is then calculated from Equation 
(1-8). The

procedure is repeated for each combination of frequencies (fi,f.) re-

* - quired. Similarly, the third and higher order transfer functions are

calculated. The NCAP program can calculate up to the sixth order trans-

fer function. It is to be noted that a calculation of a third order

transfer function for a two tone excitation requires that first order

transfer functions at f1 and f2 and second order transfer functions at

f - fit 2fl, f + f2 and 2f2 be calculated first.

The NCAP model parameters for the BJTs in the UA741 were deter-

" mined by Fang ["'] in two ways. Fang used-the modified Ebers-Moll BJT

model parameters reported by Wooley et al J 24] for the Intersil 741

type chip. Fang also measured parameters in situ on a Fairchild

,A741 devices using probe methods.[18 ]  Input parameters for both the

/4 SPICE2 (Simulation Program with Integrated Circuit Emphasis)
[53] "

Computer Program and NCAP were determined. There are six BJT types in

the 741 IC: small npn, large npn, lateral pnp, large substrate pnp,

dual-collector lateral pnp and dual-emitter substrate pnp. The "small"

and "large" refer to the device geometry, ranging from 60 Wm x 100 Um

to 140 um x 200 um. For the first time the NCAP BJT model parameters

for integrated BJTs became available. The application of nonlinear

analysis computer program NCAP for EMI analyses of bipolar ICs was made

possible. This was a major achievement. Fang's NCAP input coding data

are reproduced in Table 1-3. Fang reported that there is considerable

uncertainty in the measurement of substrate capacitances in both his own

21
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and Wooley's data. The individual substrate capacitance values may not 0

correspond directly to the device surface geometry. The important

effects of the substrate capacitance values on the nonlinear analysis

of IC Op Amps are considered in detail in this research. '

- 1.3 Macromodeling of BJT ICs

The ICs fabricated today are complex, and the ICs fabricated to- 0

morrow will be more complex. The complexity of ICs makes computer-aided

analysis of EMI in IC circuits time consuming and expensive. Further-.

more, the EMI analyst's comprehension of the overall system behavior o-

tends to be obscured when he attempts to keep track of what is happening

at the device level. There is a need of a simplified and yet re-

presentative equivalent circuit for the IC. [25] This need has lead to

the development of macromodels.

There are a number of approaches to macromodeling. The IC may be

represented by an approximation of one or more of its transfer functions.

Another method is to represent the IC by its terminal behavior. The

goal of macromodeling is to simplify the internal IC circuitry. The

result can be reduction of computation time required for an analysis by

four to ten fold. When IC macromodels are used, a system employing many

IC's becomes amenable to analysis by the circuit designer and the EMI

analyst. Macromodeling efforts all share some common characteristics.

The range of application is necessarily limited. Nearly all macromodels .-.-

24

.2 , -  2 - -N, € , % ,v-, ,,.-.y ,..-. ,, : -,-,...... ..... ..-.. ... -. .- ,,. .. . .. . _ .. . . .
4' -' . • -, . . ,, • - - ' - , ,' , . . . ,. . " . - - ." " ,, -" .. - . . - . . . . . -.. .,



.* A*°

are developed in conjunction with computer aided circuit design tech-

niques and are intended for computer analysis. One clear distinction

need be made in our definition of a macromodel. That is, a macromodel

involves an approximate representation of one or more actual transistors

in an IC. Therefore an idealized transfer function representation,

such as a voltage gain parameter to represent an amplifier for example,

is not a macromodel in the context of the present research.

-Narud reported a macromodel for digital ICs in 1970.[26] This

*early model maintained the individual device characteristics at the

inputs, up to the gate or flip-flop level. The balance of the IC is

represented by an idealized black-box. This approach has proven to be

widely useful. Digital IC macromodels have been developed continuously

and now are widely used in the analysis and design of large scale

integration (LSI) IC's. [27'28 However, the various digital macromodels

used by different manufacturers are usually proprietary information
and are seldom available to the EMC community.

Boyle et al. reported a macromodel for the IC Op Amp which can be

used for nonlinear dc and transient analysis. [2g] This macromodel pro-

vides a pin-for-pin representation as shown in Figure 1-12. The values

of the elements in the macromodel are determined from the Op Amp

specifications and input-output responses. The three-stage model in-

clude elements related to dc circuit quantities: IEE for the dc cur-

. rent source in the input stage, RE related to the Early Voltage of
EA

25
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the current source transistor, R representing the dc power dis- 0

p
sipation, output stage current limiting parameters, Gc, RC , D1  D2 and

Rol, and the output voltage limiting elements VC , D3, VE, and D4. Small-

signal operation is modeled by the elements Ga for the differential

gain, Gcm for the Common Mode Rejection Ratio (CMRR), Gb for the inter-

stage gain, R02 for the ac output resistance, C1 for the differential

amplifier excess phase effect, and C2 for the 3 dB cutoff frequency.

The positive slew rate is related to Cl, and the negative slew rate to

CE and C2.

It is significant that Boyle et al. found that four junctions at

the input stage are necessary and sufficient to model the 741 IC per-

formance. This is in agreement with'the work of Narud. The Boyle

macromodel employs two ideal transistors which contain four p-n junctions.

E301
An earlier model by Treleavan and Trofimenkoff,[30 shown in Figure 1-13,

employs no representation of any physical junctions. Other macro-

models[31-33] also eschew the direct inclusion of physical devices as

shown in Figure 1-14. The necessity for physical modeling in the non-

linear application of the macromodel will be developed in this disserta-

tion.

The macromodel developed by Boyle et al. can be used for dc, small-

signal, and transient calculations. However, it was not designed for

nonlinear analysis related to EMI predictions. A macromodel has also
E34]

been developed for the IC Comparator.34] Usually, about an order of

.3 4
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magnitude reduction in matrix size and computation time is realized

when these macromodels are used in place of device level or full

models.

For completeness, two other nonlinear macromodels for the Op Amp

should be mentioned even though no attempt has been made to use these

nonlinear macromodels for EMI analysis. The Weil nonlinear macro-

modelE 353 represents the nonlinearities by two diodes at the input of

the IC. The diode current-voltage characteristic is exponential and

includes an ideality factor. The input resistance is nonlinear as a

result of the diode exponential current-voltage characteristic. The

nonlinear macromodel developed by Majewski and Sanchez-Sinencio [36,37
]

falls in the category of transfer function modeling in the manner of

piecewise linear analysis,E39 ,40] as opposed to physical device modeling.

In their model, the saturation or clipping of the input current versus

input voltage represents the overall IC nonlinearity. Output waveform

distortion under large signal operation can be predicted with the aid

.of Fourier an4lysis. Output voltage limiting is represented by a delta .,.

function type of nonlinear resistance. These nonlinear macromodels were

not designed for EMI applications nor can the BJT nonlinear current

generators shown in Figure 1-2 be included in these models.

Macromodels for ICs have been reported upon by several investi-

(26-38]
gators. The macromodel for the Op Amp developed by Boyle et al.

was selected for EMI analysis because it includes two transistors which

29
..-.
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model in a physical sense the actual Op Amp input circuitry. Because

the Boyle Op Amp macromodel predicts EMI in real Op Amps so well, no

effort to develop or to modify the other IC macromodels for EMI analyses

was made. The remainder of this dissertation is devoted to describing

how well the Boyle Op Amp macromodel predicts the demodulation of AM

modulated RF carriers in op amp circuits and to explaining why it works

so well.
.

The results of the research reported in this dissertation has been

- summarized in a paper which was presented at the International Conference

on Electromagnetic Compatibility at Southhampton, England, the 16th to 18th,

September, 1980. A copy of this paper is attached as Appendix A.
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CHAPTER TWO

THE NONLINEAR MACROMODEL FOR EMI ANALYSIS OF THE

BIPOLAR IC OPERATIONAL AMPLIFIER

As discussed in Chapter 1 the Op Amp macromodel developed by

Boyle et al. was selected for EMI analysis because it includes two

transistors which model in a physical sense the Op Amp input circuitry.

In Section 2.1 the transformation of the original Boyle macromodel,

which was developed primarily for dc and transient nonlinear analyses,

Into a nonlinear small-signal macromodel suitable for use with NCAP

will be described. In Section 2.2, intermodulation predictions made

using the nonlinear small-signal Op Amp macromodel will be compared

to predictions made using a full Op Amp model and to experimental

results. The specific case investigated involves the demodulation of

, amplitude modulated RF signals in Op Amps to produce undesired low

frequency responses related to AM modulation on the RF carrier. In

Section 2.3 the important effects caused by parasitic capacitances

associated with the p-n junctions used to provide isolation in in-

tegrated circuit Op Amp is discussed in some detail.

2.1 The Nonlinear Macromodel Based on a Two-Transistor Physical

Representation

An afalog IC can be blocked into three main sections: 41'42 ] the

input stage, the gain stage and the output stage. For the purpose of

;-'1.
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nonlinear small-signal analysis, the output stage can be viewed as a

linear stage that provides power amplification and impedance trans-

formation. The input stage is a differential amplifier. The gain

stage provides nearly all of the open-loop gain and phase compensation.

A schematic representation of the IC Op Amp can be drawn as in Figure

2-1. J As noted previously this two-transistor configuration fur-

nishes the means of including physical device nonlinearities because

the BJT nonlinear current generators shown in Figure 1-2 can be included.
, -

The Op Amp model shown in Figure 2-1 is a simple model. It can be re-

T- fined as necessary. It is interesting to note that the use of a two-

transistor input configuration followed with a linear amplifier for an

analog IC was used in an early computer simulation. 44 J

In the nonlinear small-signal macromodel shown in Figure 2-2, the

transistors Q, and Q2 are the two BJTs at the inputs of the IC Op Amp

being modeled. These two BJTs dan be characterized by the nonlinear

BJT model of Figure 1-2 and by the model parameters of Table 1-3. The

nonlinear behavior of the Op Amp is caused by these two transistors.

The nonlinear macromodel of Figure 2-2 can be derived directly from the

-- ' ,Boyle macromodel 29  of Figure 1-12. When the nonlinear small-signal

behavior of the Op Amp is to be modeled, several dc and limiting circuit

-, elements in the Boyle macroiodel, namely Rp, D, D2, RC, GcV6 , VC, D3,

D 4 and VE can be omitted. In the small-signal macromodel the capacitor

C1 is related to the nondominate pole of the differential gain response

32



V0

.V. F(V j)

Figure 2-1. Schematic Representation of the 741 Type Op Amp.
The signal generator F is a function of the input
voltage V.

RCI RC2

*Cubt I tCSub2

A VO

*nPUtS Csub3 ~ 6  Csub4

(+) 0______ e

Ve RVb C2 'V4Rol
CE V RE - -v -- O Output

Gcme ~R 2  R0 2
-'S. %e

GaOva G FV 9

Figure 2-2. Nonlinea~r Macromodlel for the BJT'IC Op Amp*

In Small-Signal Operation.
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and to the excess phase at the cutoff frequency fOdB" The capacitor C2

is the phase compensation capacitance in the gnin stage of the actual

IC. The resistors RCl M RC2 are determined by the requirement that the

0 dB frequency fOdB = 1/27tRcC 2' The resistors Rel = Re2 model the emit-

ter degeneration for slew rate enhancement. L47 ,48  The resistor RE is

related to the differential input resistance. The capacitor CE models

charge storage effects at the input. The transconductances Ga and Gb
a° b

are related to the differential voltage gain. The value for the volt-

age gain of the differential input stage is not critical in either

linear or nonlinear analysis and is assigned a value of unity. The in-

put stage differential mode voltage gain equals the product Ga x R2 •

The product Gb x R02 equals the single-ended open-loop differential

voltage gain of the IC. The resistor Rol is the dc component of the

internal output resistance. The resistor R02 is a small-signal inter-

nal output resistance. The common-mode transconductancC G models
cm

the effect of the Common-Mode Rejection Ratio (CMRR).

The macromodel circuit parameters can be extracted from the IC

manufacturer's specification sheets using procedures given by Boyle et

* al. The macromodel parameters for the LM741 Op Amp are given in Table

2-1.

The NCAP BJT model parameters for the input transistors Q, and Q2

In the macromodel are taken directly from the published data by Fang

and Whalen and are reproduced in Table 2-2. The BJT parameters used
....

. O._ . 34 "
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TABLE 2-1

MACROMODEL PARAMETERS FOR LM741

T 300* K Ga 188.6 unfo

IS3  8 x 10"16A Gcm 6.28 nmnho

Z 100 ka 1'o1 32.13 a

C2  30 pF R0 , 42.87a

CE 2.41 pF Gb 247.49 mho

EE 20.26 uA A8 x 101 A

RE 9.872 M - Rc 0.02129 x 10-3

RCI 5305 0 GC  49964 f o

2712 a VC  1.803 V

C1  5.460 pF VE  2.303 V

From Boyle et al., Ref. 29.

.4
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"AB"E 2-2

NCAP MPM PAEAMNrER VALUM FOR A7A41 OP AMP MACROMODELa .

Parameter Q1 Q2

4.34 4.34 0

VCB (V) 14.57 14.57

V ~CB0 (V) 20 20

ii 0.165 0.165

IC (A) 10,E-6 1OE-6

max (A) 0.5.E-3 0.5 E-3

a 0.90 0.62

hFE max 400 400

/ k (F-V ) 1.23 E-12 1.23 E-12

.x. Ref. 1.091 1.091

CJe (F) ?.23 E-12 1.23 E-12

C12 (F/A) 9.09 E-9 9.09 E-9

rb (ohms) 830 830

rc (ohms) 5.33 E6 5.33 E6

C1 (F) 0.1 E-12 0.1 E-12

C3 (F) 0.1 E-12 0.1 E-12

-- l~s set of parameter values is based upon the full Op Amp
46

BJT parameter values reported by Fang, with the exceptions
of I and a as noted on page 40.

C
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are those for the Op Amp input transistors which are small npn transis-

tors. As will be discussed later, the nonlinei'r BJT parameters of

Table 2-2 can be considered applicable to BJT IC Op Amps of present

day technology.

, Utilizing the nonlinear small-signal macromodel described in this

section, the NCAP predictions for the second order transfer function

of the 741 unity gain buffer amplifier are reported upon in the next

section.

2.2 NCAP Intermodulation Predictions with the Nonlinear Macromodel and

Experimental Verification.

- W-V

The.validity of the nonlinear macromodel proposed in Figure 2-2

has to be established by determining its effectiveness in EMI analysis.

The nonlinear circuit analysis program NCAP is used for the validation.

Two criteria for the nonlinear macromodel are proposed:

1. Do NCAP predictions based upon the macromodel agree with

the same predictions based upon the full model (device

level model) of the Op Amp IC?

2. Do NCAP predictions of EMI effects based upon the macro-

model agree with the experimental results?

The 741 Op Amp circuit selected for the validation is the unity gain

'.. buffer amplifier. The circuit configuration is shown in Figure 2-3. The

nonlinear macromodel equivalent circuit for this amplifier is shown in

Figure 2-4. The experimental system for the measurement of the second

order transfer function H2(f2,-fl) is shown in Figure 2-5.

'p 37
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•, V ,

"620a

.' n560

On n OpA

'24

50a

Figure 2-3. Unity Gain Buffer* Amplifier with IC

Op Amp as the Active Device.

' .5305: 5305

cu T 'C-ub2
54

620 -6

01 02

C.* 3 '= RW R,2
560 2712 2712

: 50 CE V@REV 32-13 V~

I2.4IPF s.eT2Mn50 1 G1V 0 JR
-8 "" O OOK 142.87

aaY4749

Figr re 2-4. Macromodel Circuit of the 741 Buffer

FI Amplifier.
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The coding diagram for an NCAP analysis with the nonlinear macro-

model is shown in Figure 2-6. The circuit of Figure 2-6 represents the - -

small-signal equivalent circuit of the experimental circuit of Figure

2-5. If nonlinear effects do not occur in the IC Op Amp, the Wave

Analyzer shown in Figure 2-5 should read zero. Then the NCAP EMI

predictions for Figure 2-6 should be zero also. It is noted that any

EMI predicted for the macromodel circuit of Figure 2-6 results solely

from the nonlinearities of the two BJT's. The NCAP input coding list

for a second order intermodulation analysis[46r of the circuit of Figure

2-6 is given in Table 2-3. The circuit element parameter values used

in Table 2-3 are taken from Figure 2-6. The nonlinear BJT parameter

values given in Table 2-2 are taken from Table 1-3 with two exceptions.

[46)Fang reports a value I = 7.85 UA. Boyle et al. uses a value"- IC

1 10 pA. The Boyle value is used in our analysis. The value of the

hFE Nonlinearity Coefficient "a" is adjusted using the following

empirical relationship:

' ~F~max" hFE ,...

a - (2-1)

U- Cmax

The values obtained for "a" of the macromodel transistors Q, and Q2

are
'av'

400 - 111.67 - .

111.67 [log( lO O  10-6 2
0.5 x lo3-

40
J . U

.-.a-
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01 2 560 27112 2712
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I 2.41pF 9.872MG 12 1 4 1

50 110 
1 56.28nt 'M0 42.87

Figure 2-6. NCAP Coding Circuit Diagam febr the

Voltage Follower Circuit with Op Amp

hacromodel.

*The 0.01 2 resistors represent

jumper wires, as 0 0 resistors are

not allowed in NCAP.
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Table 2-3
.0

NCAP INPUT CODE FOR SECOND ORDER INTERMODULATION ANALYSIS

'S OF THE EXPERIMENT OF FIGURE 2-5

*~MACROMODEL OF 741 OP AMP C 12 13 3.OE-1l
*ANALYSED BY NCAP FOR H2 C 15 0 2.106E-9
SSUBMITTED AT SUNY BUFFALO **SUBSTRATE CAPACITANCE
**GORDH OUTPUT NODE IS 15 C 6 0 4.OE-15t
*START CIRCUIT C 10 4.OE-15
*GENERATOR C 7 0 4.OE-15

NODE 1 0 Cl11 0 4.OE-15
* -. FR 1 1E6 10E6 5 LIN.

AMP 1.0 0.0 TRANSISTOR
FR 2 -0.9996E6 -9.9996E6 5 LIN NODE 4
AMP 1.0 0.0 4.34 14.57 20 0.165 10.05E-6
IMP 50 0 O.5E-3 0.90 400 1.23E-12 1.091
*LINEAR COMPONENTS 1.23E-12 9.09E-9 830 5.33E6
R 2 10.01 0.1E-12 O.1E712
R 23 560 *TRANSISTOR

R 3 80.01 NODE 8
R 2 050 4.34 14.57 20 0.165 10.05E-6
R 06 5305 0.5E-3 0.62 400 1.23E-12,
R 7 16 2712 1.091 1.23E-12 9.09E-9 830
R 0 10 5305 5.33E6 0.1E-12 O.1E-12
R 11 16 2712 *LINEAR DEPENDENT SOURCE
R 16 0 9.872E6 NODE 6 10 0 12
R 12 01I.E5 VC 1.886E-4 0.0
R 13 j0 42.87 *LINEAR DEPENDENT SOURCE
R 1314 32.13 NODE 16O012 0
R 14 15 4.7E4 VC 6.28E-9 0.0
R 15 0 4.489E4 *LINEAR DEPENDENT SOURCE
R 14 4620 NODE 12 0 013
C 2 0 1.E-1O VC 247.49 0.0
C 6 10 5.460E-12 * END CIRCUIT
C 16 0 2.41E-12 * END

t For ease of adding and eliminating substrate capacitances in NCAP

runs, a 0 pF substrate capacitance is represented by a reduction .

of three orders of magnitude. .-
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400 - 143.57a. 2 ,1.0 6 =0.62"

143.57 "(10
0.5 x 10

3

The values for the second order transfer function H 'f1 ,-f2)

calculated by NCAP as a function of RF frequency are p~otted in Figure

2-7. In order to generate the transfer function spectrum plotted, the

frequency sweeping feature of the NCAP program was used. The experi-

mental results obtained using the system shown in Figure 2-5 were -.

converted to experimental values for the second order nonlinear transfer

function using Equation 1-14 and are plotted in Figure 2-7.

The results shown in Figure 2-7, while not satisfactory, are en-

couraging. The macromodel does predict the frequency range at which

maximum second order intermodulation occurs. Although the predicted

second order transfer function is inerror by 15 dB, there is qualitative

' agreement between macromodel predictions and experimental results.

Ploited on the same figure are the NCAP predictions for the same buffer

amplifier based on a full model for the Op Amp. It is seen that the

full model predicted results are higher than the macromodel by 5 dB in

the critical frequency range of maximum second order intermodulation

• The experimental results were obtained using the Fairchild vA741

IC which is essentially the same as the LM741.

• Values for a third order nonlinear transfer function were also cal-

culated and determined to be less than -100 dB. An experimental

verification of such a low intermodulation signal strength would

be very difficult if not impossible and was not attempted.
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effects, but are still 10 dB lower than the experimental results. Similar
E463

NCAP predictions by Fang et al.[46] using the full model for the Op Amp
matches the experimental results more closely. The Fang NCAP simulation

accounted for the parasitic effects of the substrate capacitances (See
Figure 1-9). These parasitic effects are not accounted for in the

NCAP predictions of Figure 2-7. The need to account for the parasitic

effects of the substrate capacitances in nonlinear IC Op Amp modeling

is evident. Substrate capacitance effects are discussed in the next

section.

2.3 Substrate Capacitances in Nonlinear Macromodeling

In the EMI modeling of electronic circuits, Whalen and Paludi [49]

showed that the parasitic elements strongly influenLe the accuracy of

computer-aided analysis. This is the case even for circuits containing

only one active device which is the sole source of circuit nonlinearity.

Fang[lBJ in his computer simulation of Op Amps using a full model in-

cluded substrate capacitances as parts of his IC circuit model. The

substrate capacitances of the 741 measured by Wooley et al. [24] were

" used. Also, a lower typical value of 2 pF was used. Consequently, Fang

was able to make predictions of intermodulation effects closely matching

experimental results. Although Wooley found that the substrate capaci-

tances limits the first order response significantly, none of the macro-

models referenced in Section 1.3 include these parasitic elements.

Since those macromodels were not designed for EMI nonlinear analysis, the

45
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effects of neglecting substrate capacitances were not appreciated.

The npn transistors in a bipolar IC Op Amp have substrate capac-

itances occurring at the collector. These capacitors are shown in the

741 full model NCAP coding diagram, Figure 1-9. Accorling to Wooley,LJ
' '.

the small npn transistor of the 741 has a collector substrate capacitance

of 3.2 pF. The lateral pnp transistor has a base substrate capacitance

of 5.1 pF. Taking these values as a starting point, a nonlinear macro-

model for the 741 which includes substrate capacitances, is shown in

Figure 2-8. The true value of the individual device substrate capaci-

tance in situ on the IC is uncertain due to the complexity of the IC

structure. Fang has found that for the purpose of numerical prediction,

the exact value of substrate capacitance is unnecessary. A typical

capacitance value can be used to obtain good EMI predictions. The

same situation also is true for the nonlinear macromodel. Consequently,

Ai one.substrate capacitance value is used at both the collector and

the emitter for both BJTs in the nonlinear macromodel. It will be

shown later that a structural justification for the substrate capaci-

tance values (which cannot be given) is not essential. What is essential

is a methodology for accounting for the effects of substrate capacitance

upon the internal RF interaction which produces the intermodulation.

At the present time no procedure exists by which the values for the para-

sitic capacitors Csu b shown in Figure 2-8 can be determined independ-

ently. Instead a parametric fitting procedure is used. Values such as

0, 2 pF, or 4 pF are assigned to the four capacitors Csub and the NCAP

46-
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CsubI C1  Csub2
3.2pT 5.6FT3.2pF

PA .46P-

Inputs Csub3 2712* 271 jCsub4l
5.lpF RlRe2 =5.lpF

(+) .30pF 32.1

CE Vb C?' 0
CE E

2.4iF9:872 MA Output
R2  R0 2

Gcm~e ~ 100247.5 4.
6.28n3

GV0  GbVb

* Figure 2-8. A Nonlinear ?aczromodel for the 741 IC

Op Amp Which Includes Substrate Capaci-

tances.
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calculations are made.

The results of the NCAP predictions for the 741 buffer amplifier-.

second order transfer function using substrate capacitance values of

0 pF, 2 pF and 4 pF are shown in Figure 2-9. It is noted that the

Inclusion of substrate capacitance in the nonlinear macromodel improves *1
the numerical accuracy of prediction and also gives better qualitative

agreement with the experimental results over a wider frequency range.

A substrate capacitance of 4 pF produces the best fit between NCAP

predictions and experimental results. Furthermore, NCAP predictions

made using a Op Amp macromodel with Csub = 4 pP compare favorably

with Fang's NCAP predictions made using the Op Amp full model with

Csub = 2 pF or Wooley's Csub values. See Figure 8 4n Appendix A.

When the macromodel substrate capacitance value is increased above

4 pF, the second order transfer function values predicted change less

rapidly and tend to exceed the experimental values.

The computer time for an NCAP analysis is greatly reduced by the

use of the nonlinear macromodel. On the Honeywell 6180 computer, an

NCAP five-frequency sweep analysis of the 741 Buffer Amplifier second

order transfer function based on the nonlinear macromodel requires 34

seconds of CPU time. In addition 30 seconds for peripheral transferring

of data is required. Not only does the nonlinear macromodel reduce

computer time and costs, it is also much easier for the EMC engineer

48
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CHAPTER THREE ,

I4ACROMODELING PROCEDURE AND APPLICATION

In the previous chapter an Op Amp nonlinear small-signal macro-

model based upon the Op Amp nonlinear large-signal macromodel of Boyle

et alJZE93 was used to predict EM4I in a 741 Op Amp. One obvious ques-p

tion is can the Op Amp small-signal macroinodel be used for other Op

Amp types. If the answer is yes, a~second question is: What adjustments

are needed for other Op Amp types? It is believed that the Op Amp non-

linear small-signal macromodel shown in Figure 2-8 is global in the

same sense as the BJT non~linear T-model shown in Figure 1-2 is global.

The Op Amp nonlinear small-signal macromodel can be used for any inte-

grated Op Amp (including JFET-bipolar, MOSFET-bipolar, and MOSFET types)

when three types of adjiistments are made:

...-..

1. The input transistors Qand Qin Figure 2-8 must cor-

1 2.

respond to the input transistor types in the actual Op.

*PAp. Appropriate NCAP transistor model parameters for

the transistors Qand Q2must be used.

2. Appropriate values for the resistors, capacitors and

transconductances in the original Boyle Op Amp macromodel

must be determined using the techniques described by Boyle

et al.E292 for bipolar Op Amps and by Krajewska et al
63

for FET-bipolar Op Ampps.
"N-.,
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3. Values for the four substrate capacitances C subl, Csub2,
Csu3 n sb shown in Figure 2-8 must be determined

.---

sub3. . and su

~~Op Amp, but one that is very different from the 741 Op Amp discussed in. ,

a..

:" Chapter 2. In Section 3.4 NCAP EMI predictions and experimental results "'

" will be compared in order to show how to determine appropriate values /
for the substrate capacitances shown in Figure 2-8.

3.1 The Macromodeling Procedure i usbn

In this section the basic macromodeling procedure for Op Amps is

described. The specific case for BST input transistors is considered.

A similar procedure can be used for JFET or MOSFET input transistors.

(1) A BT IC Op Amp is represented by the model of Figure 2-8. Note in

that substrate capacitances are included. 2-8

(2) The NCAP B T model parameters for the input BJT pair are taken

r -

from s se uch as the work of Fang. LI8r When device fabrica-
tion data are available it may be possible to extract the model
parameters using computer-aid analysis techniquest[transistors.

(3) The remaining Boyle macromodel parameters are extracted from the

Op Amp performance specifications using procedures described

-2.

by Boyle et al . [2.9] ..'
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(4) The IC Is tested in the experimental system of Figure 1-3 in the

unity gain buffer amplifier configuration. The data are con-

verted into values for the second order transfer function

H2 (f2,-f,) using Equation (1-14). The second order transfer

function is plotted vs frequency as shown in Figure 1-6. The

*. .'. second order nonlinear transfer function H2(f2,-f1 ) represents

well the experimental manifestation of EMI effects related to

the demodulation of AM modulated RF signals in the Op Amp.

(5) A NCAP computer simulation is performed to obtain predicted

values for H2 (f2,-f1 ).E
56] The substrate capacitance values

are then adjusted to obtain the best fit between predicted

and experimental results.

The macromodeling procedure just described will be applied to the

LM1O Op Amp.

3.2 Macromodellng of the LMIO Bipolar IC Op Amp

"-' .- " Amp[57].--

The LM1O Op Amp has on one monolith'ic chip an Op Amp, a

precision voltage reference, and an adjustable reference buffer

amplifier., The pin configuration and functional diagram is shown in

Figure 3-1. The independent Op Amp portion has pin to pin equivalency

with the 741 Op Amp. Upon examining the National LMIO data sheets

(Appendix B) it is noted that the LM1O Op Amp performance is

similar to that of the 741 Op Amp. However, the similarity stops

here. The LM1O Op Amp has been designed so that it can be operated S

from a single supply voltage as low as 1.1 V. The LMIO Op Amp IC

\.% schematic circuit diagram is shown in Figure 3-2.
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The Op Amp input section of the 11410 is different from the 741 Op

Amp In major design respects. The essential details of the LM1O Op

Amp input section are shown in Figure 3-3.[59] Of particular signific-

ance is that the LMIO input transistors are pnp devices. Thus, the LMIO

Op Amp constitutes, to a considerable degree, a new test on the effec-

tiveness of the nonlinear macromodel for EMI analysis. The macromodel

for the LM1O is shown in Figure 3-4. The macromodel equations and para-

meter value extraction methods are presented in the next section.

3.3 Calculation of the Macromodel Parameters

The LM1O macromodel parameter model parameters refer to the equiv-

alent circuit of Figure 3-4. In this section values for the para-

meters are determined using the procedures given by Boyle et al. [29]

and data from National Semiconductor data sheets for the LM1O which are

included as Appendix B. For a complete understanding of the procedures

used, a reading of Boyle's paper is essential. For the input pnp BJTs,

the dc collector current IC is 1.25 UA according to Wildar et ai.E 5 9 .

The transconductance gml of the input differential stage is given by"-

qIC 1.25 x 10-6 0-5 A"-
9ml kT= 2 x 0.0258 = 2.42 x I A/V . (3-1)

The compensation capacitance C2 is given by

m _- 2.42 x 10-5 -11
C2 = 3 = 6.4 x 10 F .(3-2)

0dB 2wx 60 x10
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Figure 3-4. Hacromodel for the LM10O p Amp. Note that 7
Qand Q2are actually pnp devices, but this

* distinction is not recognized by NCAP small-
signal analysis.
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The frequency fOdB at which the LMlO Op Amp open-loop gain is 0 dB

is 60 kHz. The resistor R= R5 + R6 = R8 = 14 ko is taken from

Figure 3-2. The conductance Ga is the reciprocal of Rc.

G = 104 xl10 = 9.6 x 10-6 A/V (3-3) to

Next the output resistances R and RO2 are calculated. The data

sheets (Appendix B) show an output impedance varying with frequency as

a function of load current over four orders of magnitude for closed-loop

gains of 1 and 100. It is possible to use these curves to determine the

Op Amp open-loop output resistance. The output resistance Rint = R01 +

*. RO2 can also be determined from the open-loop dc voltage gai-n (AvD) vs

load resistance.(R) graph shown in Appendix B using the relationship

AvD =AvD (RL = -) x RL/(RL + Rint) (3-4)

where A vDR = ) is the open-circuit value for A vD Choosing points

RL = 2 ka where AvD = 110 dB (3.16 x 105) and RL = 10 kn where AvD =

5
114 dB (5.01 x 10 ) and using Equation (3-4), the value determined for

Rtnt is 1713 a. The macromodel dc output resistance parameter RO1 is

arbitrarily set at 0 0. The macromodel ac output resistance parameter

RO2 is set equal to Rint = 1713 n.

Wooley'sL 4J value for the dc current gain aF for a lateral pnp is

OF = 75 which is close to the value 8F = 100 given by Widlar.L58 J The

Wooley value is used. The value for the Early Voltage VA given by Fang

,'4
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In Tal 4-2v of~-** Refeenc .18 fo the laea pn trnitosQ

'.nd Q

is TAbl 4- of Referencale 18 for Uig C the laea n rnitrsisande

RE is given by~E

RE AE 55/(2.5 x 10-~ 2.2 x 10~ a (3-5)

The capacitance C1 is calculated from the frequency response curves for

the gain and the phase. From the frequency response curves in the S64

specifications (Appendix B), the phase margain *m of the open-loop re-

sponse is obtained at the frequency where the gain becomes. 0 dB. The

*value obtained is

om 800@- 20o600

The excess phase shift at f0dB as defined by Boyle[29] is then,

=90o 60* -30o

The excess phase shift is relited to C1 by

-C 1  (C2/2)tana# (64/2)tan300 18.5 pP (3-6)

The value for hFE is calculated by taking

hF~max =100, and

hao20 /'1 m )x1 (3-7)
hFE u hEmax/{1 + alog (

- 100/01 + 0.8071og2(.25/110)) 24.7

59



where the value a a0.807 is the value given by Fang for the lateral pnp

transistors Qand Qin Table 4-3 of Reference 18. The emitter re-

sistance R~ is selected to make the gain of the input differential

:aee

amplifier stage v d/vlfl Setting vd/vin =1, Boyle obtained the

expression

Re [ RC - l/g)(ChFE/(hFE + 1)] (3-8)

'S

Using Equation (3-8) and the values Rc = 104 ksa, g I/T=4. A

and h FE =-24.7, the value Re - 80 ka is obtained.

.-- S-

The transconductance G is calculated using the expression for the
Vb

low frequency open-loop gain av given by Toylei2 t r

a vD ( 'd/vin) (GaR2) (GbROZ (3-9)
.b102)

The value R2  100 k used by Boyle for the 741 Op Amp is also used

forthe LMIO. Using Equation (3-9) with a typical value avD=3000

amplin * 1, R2 a 100 k, G a = 9.6 SA/V and R = 1713 a, the value.

Gb-182.4 A/V is calculated. .S

* The capacitance CE is related to the negative going slew rate by

the formula

R (21C)I/(C2 + CE) (3-10)

Using the graphs shown in Appendix B for the comparator response time

- ."a

and hE =.2.7, he-vaue*R .** 80 k- otane. '-

for variousnutanie it is observaed ushn the utptvlesso o hes;:i

|ow .~ ~ .*. .- .f uc p o gain av given** b Boyle [2g 5.:-.

avD . (Vd/VS.n...........................



by 5 V in 0.2 ms which corresponds to a slew-rate S- = 5 V/0.2 ms =

2.5 x 104 V/s. Using Equation (3-10) with S= 2.5 x 104 V/s and

C2 -64 pF, the value 36 pF is obtained for CE-

The lateral pnp transistor NCAP parameter values determined using

-Wooley's dataE24] are used for the transistors Q1 and Q2 in the macro-

model. These values are those for transistor Q3# in Table 1-3.

V-,., 3.4 NCAP Predictions for the Second Order Transfer Function H2(f2,-fl)
Based on the Nonlinear Macromodel

The NCAP coding, diagram, using the parameters given in the previous

section, is shown in Figure 3-5. The input code for an NCAP calculation

of the second order nonlinear transfer function H2(f2,-fl) is listed in

Table 3-1. The NCAP predicted results presented in Figure 3-6 do not

agree well with the experimental results because substrate capacitance p

effects are not accounted for.

The actual location for the lateral pnp transistor parasitic sub-
"dZ.

strate capacitance is from the base terminal to ground (substrate) as

shown in Figure 3-7.E241 The lateral pnp transistor in the Op Amp in-

. vestigated by Wooley has a base area approximately 4.5 mil x 3 mil and

a substrate capacitance of 1 pF. A measurement of the LMIO die area for

the base of Q2 yields a value approximately 3 mil x 6 mil. This area is

nearly equal to that of the lateral pnp transistors Q3 and Q4 listed in

5; Table 1-3. Notwithstanding the difference in the actual physical place-
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TABLE 3-1

NCAP INPUT CODE FOR THE MACRO140DEL LM10 VOLTAGE FOLLOWER0

*~MACROt400EL FOR LMIO OP AMP C 6 10 18.5E-12
**ANALYSED BY NCAP FOR H2 C 16 0 36E-12

* FOR STANDARD SUPPLY C 12 13 64E-12
VOLTAGE OPERATION C 15 0 2.106E-9

7 ~ IN BUFFER AMPLIFIER *~SUBSTRATE-CAPACITANCES CES =0 PF,
-. UNITY GAIN CONFIGURATION **CBS - 0 PF, CCS =0 PF

SUBMITTED AT SUNY BUFFALO C 4 0 5.E-15t
SCCS-O . CES=O . CBS=O C 8 0 5.E-15
~OUTPUT NODE IS15 PIN 6ISNODE14 C 6 04E-15

* START CIRCUIT C 10 0 4E-15
* GENERATOR C 7 0 0.5E-15
NODE 1 0 C 11 0 0.5E-15
FR 1 1E7 8E7 5 LIN *TRANSISTOR
AMP 1 0.0 NODE 4
FR 2 -0.99996E7 -7.99996E7 5 LIN 1.5 12.6 95 0.333 1.25E-6
AMP 1 0.0 O.11E-3 0.808 100 0.834E-12
IMP 50 0 1.0 O.1E-12 1.06E-6 500
*LINEAR COMPONENTS 0.5E6 0.1E-12 O.E-12
R 2 1 0.01 -. *TRANSISTOR
R 2 3560 NODE 8
R 3 8 4E3 1.5 12.6 95 0.333 1.25E-6
R 2 050 0.11E-3 0.807 100 0.834E-12
R 06 104E3 1.0 O.1E-12 1.06E-6 500
R 7 1§ 80E3 O.SE6 0.E-12 0.1E-12
R 0 10 104E3 *LINEAR DEPENDENT SOURCE
R 11 16 80E3 NODE 6 1o 012
R 16 022E6 'VC 9.6E-6 0.0
R. 12 0 1.E5 *LI1-4EAR DEPENDENT SOURCE
R 13 0 1713 .NODE 16 0'12*0
R 13 14 0.1 VC 0.79E-11 0.0
R 14 15 4.7E4 *LINEAR DEPENDENT SOURCE
R 15 0 4.489E4 NODE 12 0 013
R 14 17= 620 VC 182.4 0.0
R R17 44E3 . *ENDI CIRCUIT
C 2 0 1.E-1O *END

t For ease of adding and eliminating substrate capacitances in NCAP
runs, a 0 pF capacitance is represented by a reduction of three
orders of magnitude.
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ment of the substrate capacitance from base to ground as shown in

Figure 3-7, the second order transfer function fitting procedure

outlined in Section 3.1 requires that an emitter to ground substrate

capacitance be used. That this substrate capacitance location does not 0

correspond to a physical location in the LM1O Op Amp implies that the

emitter substrate capacitance is an equivalent parameter. The second

order transfer function H2(f2,-fI) is very sensitive to any change in

this capacitance, as illustrated in Figure 3-8. On the other hand a

non-zero base-substrate capacitance CBS which has more physical signif-

icance reduces the accuracy of the nonlinear macromodel predictions as

illustrated in Figure 3-9. This apparent contradiction may be a re-

sult of simulating the many distributed substrate parasitic capaci-

tances[58] with a few discrete capacitors placed at the input tran-

sistor terminals.

The final choice for the LMIO nonlinear macromodel substrate

capacitances obtained by comparing NCAP predicted and experimental

values for the second order transfer function H2(f2,-fl) are CBS 0 pF,

CCS 0 pF and CES = 0.5 pF. The NCAP calculated values for the first

order transfer function Hi(f) for the LMIO unity gain buffer amplifier

are compared to experimental results in Figure 3-10. The NCAP predic-

tions and experimental results for the second order transfer function

H2(f2,-fl) are shown in Figure 3-11.

As shown in Figure 3-11 by properly adjusting the macromodel sub-

strate capacitance values excellent agreement has been obtained between

66
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.9.

NCAP predicted values and experimental values for H2(f2 ,-fi) for

frequencies above 3 MHz. For frequencies below I MHz the predicted

values exceed the measured values-by as much as 18 dB (at 300 kHz).

Much of the difficulty in achieving good agreement at frequencies less

than 1 MHz may be a result of the low H2(f2,-fi) values (-35 dB)

measured below 1 MHz. A similar difficulty was encountered using a

-full model for the PA741 Op Amp. (See Figure 1-11.)

It is interesting to compare uA741 and LMHO Op Amp experimental

values for H (f,-fl). As shown in Figure 3-12 at frequencies above

1 MHz the H2 (f 2 ,-fl) experimental values for-the LIM0 Op Amp are at

least 15 dB below those for the uA741 Op Amp. This means that the

LI10 Op Amp is less susceptible to EMI at'frequencies above 1 MHz than

the uA741 Op Amp. The lower LIO Op Amp susceptibility to EMI above

I MHz manifests itselfs in the lower C values used in the LM1O Op

Amp macromodel. Lowering the Csub values lowers the predicted

H2 (f 2 ,-f 1 ) values.

The reason for the lower LM1O Op Amp susceptibility to EMI may be

its total compensation capacitance value of 1,000 pF. 581 This large

capacitance is achieved by the use of emitter isolation junction

capacitances of 1 pF/mil' Also the intermediate stage has a phase

compensation capacitance of 100 pF (Cl of Figure 3-3) and an overall

compensation capacitance from the output to the positive input tran-

sistor of 22 pF, (C2 of Figure 3-3). By performing a full-model NCAP

71

W *:%-,



~.77

4JJ
'40

aS 0 6

4 61

0 IL4
00

0. 0
0 3

0 *

0 *0 0

4 4-.

ol 4) c
0 i0

0 46 *@ .

0 a 4
0 0 Cu

0 @'

00 Cr-

LAJ.

4472



analysis of the 11410 Op Amp, it would be po!;zible to do a parameter

senslt4vlty analysis to determine the importance of the various capacit-

ors in the LMlO Op Amp. This has not been attempted because the goal

- ~ of the present effort is not to evaluate Op Amp full models but to

*evaluate Op Amp macromodels. The ability of the Op Amp macromodel to

account for EMI1 in the fairly complex integrated LMlO Op Amp without

resorting to a full model analysis is the important point.

r
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CHAPTER FOUR

NETWORK THEORY FOR'THE NONLINEAR NACROMODEL

In the two previous chapters, it has been demonstrated that a

.nonlinear small-signal Op Amp macromodel which contains only two BJTs

is effective and accurate for EMI analysis. Furthermore, it is believed

that the nonlinear macromodel shown in Figure 2-2 is global and can

be applied to all bipolar Op Amps of present technology and design. An

actual bipolar Op Amp, such as the one illustrated in Figure 1-8, is of

course made of many identifiable (and some unidentifiable) components.

All the BJTs in the Op Amp have nonlinear parameter values which are

comparable, as shown by the work of Fang.[182 How then is it that the

RFI contributions of the large number of nonlinear components in the

Op Amp can be represented by just two nonlinear transistors in the

-macromodel? This question is addressed in the present chapter.

4.1 Cascade Configuration for the IC Operational Amplifier

-, A comon IC Op Amp design is the three stage configuration utilized

in the pA741.[42 This configuration consists of an input stage, an

4 intermediate gain stage with compensation, and a unity gain output stage.

For small-signal analysis purposes, the IC schematic diagram can be

simplified to that of Figure 4-1. A small-signal linear equivalent

circuit shown in Figure 4-2 Illustrates the three stage cascade more

clearly.
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0
Fo sal-sgnlnonlinear alyieach section in Figure 4-2 is re-

* placed by an appropriate small-signal nonlinear representation. One

such representation is shown in Figure 4-3 in which A,(f) is the first

order.- or linear, transfer function, A(ff) is the second order

transfer function and A3( 1 f, 3  is the third order transfer function.

When needed, higher order transfer functions can also be included. The

*summning node indicates that all transfer functions operate on tUhe input

signal frequency spectrum U(f) to produce the total output response

spectrum V(f).

A condensed block diagram for the Op Amp three stages is shown in

* Figure 4-4(a) as a three-stage cascade*. The three-stage cascade can

be viewed as two two-stage cascades as illustrated in Figures 4-4(b)

and (c). Therefore only the cascading relationship for two stages need

be considered. The block diagram shown in Figure 4-3 can be substituted

into each stage of the two-stage cascade shown in Figure 4-4(b) to ob-

tain the block diagram shown in Figure 4-5. The two-stage cascade

%shown in Figure 4-5 has transfer functions D1( 1 ,D( 1 f) n

D 3(f1,f 2,f 3  which can be written in terms of the single-stage transfer

functions using the cascade relationships given by Weiner and Spina"

S.-.-.

*This first order approximation of the 2-port cascading system as-

sumes the loading effect of the stages to be negligible. [64]

V* A derivation of the cascade relationships according to Weiner and
Spina is given in Chapter 4 of Reference 15.
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Figure 4-4i. Diagrammatic Representation of Cascaded

Stages Making Up an Op Amp.

(a) Three-Stage Representation of the

SOp Amp Equivalent Circuit.

4.(b) Two-Stage Cascade for Transfer
Function Derivation.

(c) Conversion of the Three-Stage System

into a Two-Stage System.
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Figure 4-~5. A Two-Stage Cascade N'onlinear Transfer,

Function Representation.
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Figure 4-6. Block Diagram Illustrating onlinear Transfer

Functions of Op Amp Input Stage and Second

Stage Cascade With Feedback in the Second Stage.
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The results are:

D R(f1) B1 (fl)A1 (f I )  (4-1)

D(fl f2 ) B1 (f 1 +f2 )A2 (fl 3 f 2) + B2(fl sf 2 )ll A 1 (fi) (4-2)

i-

D3 (fl'f 2 f 3) B1 (f Iff 2 +-r,)A 3  'f

+ 2B2 (fl 9f 2+f3)A1 (f1 )A2(f2 'f3)

+ B3(flf 2,f3  A (f (4-3)

Consider the second order transfer function of two cascaded stages

which each have comparable nonlinearities. Equation (4-2) implies that

'p. the contributions of both the first and the second stage to the two-

stage cascade second order transfer function need to be considered.

Similarily, Equation (4-3) implies that the contributions of each stage

to the two-stage cascade third order transfer function need to be con-

sidered. This, observation is supported by the experiments of Narayanan [
1

and Weiner and Spina involving discrete BJT cascades. However, the

feedback internal to the IC Op Amp strongly affects the two-stage

cascade second order transfer function D (fl,f 2 ) when the sum frequency

fl + f2 tS low enough. This point will be discussed in the next section.

* See Reference 15, Chapter 4 for the procedure of averaging which

.: makes up the overbar term in Equation 4-3.
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4.2 The Effect of Internal Feedback on A Cascade Nonlinear Transfer

Function

The internal feedback capacitor C2 shown in the small-signal equiv-

alent circuit of Figure 4-2 has a major effect at RF frequencies. To "

emphasize the important role played by the internal feedback capacitor

C2 the input-stage-gain-stage cascade for the Op Amp is drawn as shown

in the block diagram of Figure 4-6, where G represents the input stage "

• ,transfer functions, H represents the gain stage transfer functions, and

0 represents the feedback of the internal compensation capacitor C2.

Employing Narayanan's algorithm (see Equations 8 and 11 of Reference 8),

the first order transfer function F1(f) of the second stage with the

linear feedback o is: .

H1(f) (44
Fl(f) =I1 + O(f)H(f) (4-4)

and the second order transfer function F2(f1,f2) of the second stage

with the feedback is:

2H2(flpf 2)ir [l-B(fi)Fl(fi)]
F2(f1,f2) = I + 8(fI+f 2 )HI(fI+f 2) (4-5)

Substituting Equation (4-4) into Equation (4-.5) leads to the result

F H2(fI f2)
F2(fl'f2) = l+Hl(fl)l(fl)][l+Hl(f 2 )3(f 2 )][l+Hl(fl+f 2 )0(fl+f 2 )]

(4-6)

Note that Equation (4-6) for the second order transfer function F2(fl f2)

has been written in terms of the first order transfer function HI(f).
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The gain stage of the uA741 Op Amp which is now considered as a specific

case has the small-signal equivalent circuit shown in Figure 4-7. The

feedback factor 0 is given by

l 1/[l " J/2 tfRC2 J" (4-7)

For R =100 ka and C2 =30 pF, Equation (4-7) can be written as

- 11[1 - J-05/f(MHz)] (4-8)

since the cutoff frequency l/2nRC .05 MHz. The feedback factor "
12

has a magnitude 0.008 at 400 Hz, 0.7 at 0.050 MHz and 1.0 at frequencies W-0w

greater than 0.2 MHz. Typical values for the open-loop second-stage

first order voltage gain H (f) are estimated to be 30,000 at 400 Hz, f.

250 at .050 MHz and less than 0.1 at 9 MHz. The denominator of Equation u
(4-6) varies over a wide range of values. Let us consider the specific

case corresponding to the demodulation of AM nodulated RF signals by

the second stage. The frequency f1 + f2 is kept constant at 400 Hz.

The frequency f2 is varied over the range .05 to 100 MHz. Tl:e frequency .

fi is negative and must track the frequency f 2 so that the condition -

fl + f 2 = 400 Hz is satisfied. The factor [1 + H (f 1+f2 )o(fl+f 2 )]

has a value given by Z

[I + Hl(f 1+f 2 )B(fl+f 2 )J ( [I + (30,000)(0.008)] = 240 (4-9)

which does not vary as the frequency f2 is varied because fl + f2 is" -

kept constant at 400 Hz. At a low RF frequency such as f2 = .050 MHz,

:::-2
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Figure 4-7. The Small-Signal Equivalent Circuit of the

Gain Stage of the 741 IC Op Amp.

K

U

Figure 4-8. The Nonlinea~r Cascaded Transfer Function
of Figure 4-6 with Second and Higher

Orders of the Second-Stage Neglected.
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the factors [1 + Hl(fl)o(fl)] and [1 + H, (f 2)(f 2 )] are of the order

[1 + (250)(0.7)] = 200 and the denominator of Equation (4-6) is of the

order of (200)(200)(250) = Clearly at an RF frequency f2 = 0.050

1Hz the second-stage second order transfer function F2(f1,f2) is reduced

essentially to zero by the feedback internal to that stage. For an RF

frequency f2 above 1 MHz, the factors [l + Hl(fl)O(fl) ] and

[1 + Hl(f 2)0(f2)] have a value near unity and the denominator of

Equation (4-6) has a constant value 240 given by Equation (4-9). For

an RF frequency f2  1 MHz, the open-loop second-stage second order

transfer function H2 (fl'f 2) is reduced by a factor 240 by the feedback

internal to that stage. Thus the contribution of the second-stage to

the Op Amp total second-order transfer function is suppressed signific-

antly by the internal feedback capacitor C2 of that stage. This suggests

(but does not prove absolutely) that the nonlinear effects associated

V'., with the second stage can be neglected. It is believed that similar

analysis would show that the third order transfer function F3(f1 ,f2,f3)

of the second stage is also reduced by the internal feedback capacitor

C2. Thus it seems reasonable to simplify the Op Amp first-stage and

second-stage cascade representation from that shown in Figures 4-5 and

.' *4-6 to that shown in Figure 4-8. In Figure 4-8 the second-stage second

and third order transfer functions are omitted.

: Now the Op Amp output stage needs to be considered. As shown in

Figure 4-1, the output stage is a unity gain stage consisting of com-

84

S..



plementary emitter followers. Emitter followers may be viewed as feed-

back amplifiers having internal unity feedback and a high loop gain

which causes the closed-loop gain to be one. *The analysis and arguments

presented for the second stage with its internal feedback should apply

completely to the output stage with its internal feedback. Thus the

output stage second and third order transfer functions can be ignored,

and the output stage can be represented by a linear gain stage.

A numerical evaluation of the second-stage and third-stage contri-

butions to the Op Amp second order transfer function could be carried

out by using a complete Op Amp model NCAP analysis. The first and

second order transfer function for the input stage, the gain stage with

C2 - 0 and C2 a 30 pF. and output stage could be determined separately.

-Then the cascade relationship expressed by Equation (4-2) could be %*:

used to determine how important the second-stage contribution is rela-

• tive to the first-stage contribution. A similar expression to Equation

(4-2) could also be used to compare the third-stage contribution

relative to the combined input-stage gain-stage contribution. To date

such a numerical evaluation has not been performed. The estimates made

using analytical expressions provide the sole basis for claiming that

the Op Amp overall nonlinearity can be represented by the nonlinearity

of the input stage alone and that the gain stage and the output stages

can be represented by linear transfer functions.. It now remains to be

shown that the input stage nonlinearity can be adequately modeled by

two transistors.
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4.3 Nonlinear Modeling of the Input Stage.

The input stage of the 741 is repeated in Figure 4-9. It is seen

that some 12 BJTs are involved each havingnonlinearities of comparable

value. The fact that the first stage can be effectively modeled with a

differential pair of transistors in common-emitter (CE) configuration

will now be discussed.

The operation of an IC Op Amp such as the A741 has been treated
in a number of references [50,51,52] The transistors Q8 through Q12

are used for dc biasing. In a small-signal equivalent circuit, they

can be represented by linear resistors. The transistors Ql through Q7

are involved in active small-signal processing, and therefore contribute

to the nonlinear transfer functions. The small-sfgnpl equivalent circuit

is a differential amplifier. Each branch of the differential pair is a

composite BaT amplifier. On the positive input side the transistors

-. Q1 and Q3 form a common-collector (CC) to common-base (CB) cascode.

The transistors Q5 and Q7 form the active load for this cascode

amplifier. Similarly the transistors Q2 and Q4 form a CC to CB cascode

with transistor Q6 the active load. For the purpose of nonlinear small

signal modeling, only the cascode amplifiers need be considered.

Modeling the BJTs with the nonlinear T-model of Figure 1-2, the cascode

.1 amplifier formed by transistors Ql and Q3 or by the transistors Q2 and Q4

w 86
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is represented by the small-signal nonlinear equivalent circuit of

Figure 4-10. An examination of this circuit shows that a three-

terminal representation of the cascode is possible. With terminal C3

being the composite collector, Cl the emitter and Bi the base, a

common-emitter stage results for each cascode pair. Thus the input

stage of the IC Op Amp can be represented by a differential amplifier

formed by two CE stages. Note that for the cascode pair shown in Figure

- 4-10, Kirchhoff's Law applied to node El(E3) yields

kl(V 2 "V3 ) + YeI(V 2 V3 ) = k3(V4-V3) + Ye3(V4 "V3) (4-10)

For the purpose of converting the CC - CB cascode shown in Figure-,..

4-10 to a single CE amplifier, it is not necessary to solve Equation

(4-10). Instead, the cascading relationship of Equation (4-2) can be

applied. It may be noted that the first order gain of the CC stage

Is unity. The first order gain of the CB stage is much greater than

unity. It also was reported that the CB connected transistor has a

second order transfer function considerably lower than that of the

CC connected BJT.[7 12J Therefore, in applying Equation (4-2) to

Figure 4-10, we have B1 high and A1 low and B2 (f1,f2) < A2 (f1,f2).

• -'i Equation 4-2 then can be written as

D2(f1,f2) B I(ffl+f2) A2 (f1 ,f2) (4-11)

which may be viewed as second order transfer function of a single stage

amplifier.
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In summary, it has been argued effectively in this chapter that

-:: the three-stage amplifier design that makes up the 741 type of IC Op

-Amp has its overall nonlinear transfer function dominated by the input

stage. The gain stage ahd output stage that follow can be represented

by a linear transfer function. In the input stage, the nonlinear

transfer function of CC-CB cascode with active load can be represented

by a single CE stage. These arguments provide considerable justifica-

tion that the nonlinear macromodel of Figure 2-2 can be used for Op

' ) Amp second order transfer function calculations.
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CHAPTER FIVE

CONCLUSIONS AND RECOMMENDATIONS

5.1 Conclusions

This dissertation describes a small-signal nonlinear macromodel J
for the bipolar IC Op Amp which can be used successfully for RFI

analysis. Two BJT's are adequate to characterize the complete IC.

The small-signal nonlinear macromodel can be obtained directly from

the large-signal macromodel developed by Boyle et al. 29 ] The

effectiveness of the small-signal nonlinear macromodel is verified by

the agreement between NCA-P predictions and experimental results for

the second order transfer function of the 741 Op Amp unity gain buffer

amplifier. Good agreement Is also obtained between NCAP calculations

based on the macromodel and the full model. By using the Op Amp macro-
.r-'model, a saving of nearly an order of magnitude in computer costs is

,j eachieved. Not only does the macromodel conserve computer resources,

it makes possible for the EMC engineer to analyse electronic systems

involving many Op Amps.
'.4

Another important aspect of the small-signal nonlinear macromodel

is that it is a global model which can be used for all Op Amp types. o

T77
The two macromodel transistors should be the same type as those at

the input of the IC Op Amp being modeled. The need for laboratory
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characterization of the individual transistors in each new bipolar Op

Amp appears not to be required. A combination of manufacturer's

4 E18Jspecifications and Fang's IC BJT results can be used. This was

demonstrated by the successful application of the nonlinear macromodel

to the new UlMO IC Op Amp for RFI analysis by NCAP, without resorting

to full model analysis, nor experimental device characterization.

o-j
However, the accuracy of the nonlinear macromodel relies on the

inclusion of capacitors to represent the effects of substrate parasitic

capacitances. The proper selection of substrate capacitors does not

necessarily follow the structural IC parasitic capacitances. The effects k

*. caused by these capacitances are simulated by four capacitors in the

' umacromodel. The best values for these capacitors were found by compar-

ing NCAP predicted values with experimental values for a second order

transfer function of the Op Amp in an unity gain buffer amplifier. Thus

a parametric fitting is involved when a new Op Amp is modeled.

That the combined nonlinearities of tens of BJTs in a linear IC

Op Ap can be represented quite well by a pair of BJTs in a macromodel

is explained by the cascading theory of nonlinear transfer functions.

The essential point appears to be that the second stage (gain-stage)

contribution to the Op Amp'second order transfer function is reduced

greatly by the internal feedback capacitor of the second stage. Also RR

it was argued that the input stage hlch consists of two cascode stages -4..

9%,. "
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in a differential pair arrangement can be represented by two common
nI

- .emitter stages in a differential pair configuration used in the Op Amp

macromodel. The validity of the nonlinear macromodel is therefore

supported both by experimental verification and by network theory.

5.2 Recommendations

The following topics are suggested for future el rts.

(1) Nonlinear macromodels for FET-Bipolar IC Op Amp

Large-signal macromodels for JFET-Bipolar and MO... r-Bipolar Op

Amps have been achieved recently.[63] A small-signal nonlinear

. macromodel for the JFET-Blpolar Op Amp can be developed using

the NCAP JFET small-signal nonlinear model now available. 61 ]

A small-signal nonlinear macromodel for a MOSFET-Bipolar Op Amp

can be developed with a four-terminal MOS transistor nonlinear

model which is expected to become available shortly. [62J

(2) Study of the EMI Internal to IC Op Amps

.. The program NCAP calculates the nonlinear transfer function

Hn(f1,...,fn) by first calculating the circuit admittance matrix

Y(fl+...+f n ) and the n-th order source vector In(fl,...,fn)[61 ]

and solving-the equation

[Y(fl+...+fn)]Hn(f,...9f I) = f... . (5-1)
In n Inn I

It may be possible to study the behavior of EMI generation inside

an integrated circuit by examining the admittance matrix and

'..-.
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current source vector.C68] An alternate method was suggested in

Section 4.2. (See p. 85.)

(3) Op Amp Modeling Below 1 MHz

All efforts to predict EMI in IC Op Amps have not been very ac-

curate at frequencies below 1 MHz. This includes predictions

for the second order nonlinear transfer functions using the 741

full model and macromodel and the LMIO macromodel. Part of the

problem is a result of the very low EMI observed at RF frequencies

below 1 MHz. While EMI at low RF frequencies may be of less

practical concern, research into low frequency modeling of EMI

in Op Amps may contribute to a better understanding of Op Amp

full models and macromodels.

(4) Macromodels For Linear Electronic Systems.

Electronic systems designed to be linear usually contain non-

linear devices such as BJTs and FETs in'which EMI effects may

occur. These systems often contain a cascade of linear stages

and a variety of feedback paths. It would appear that a general

nonlinear macromodeling procedure could be developed for such

systems. The simplest procedure would be one based upon the

approach used by Boyle et al.. The input stages could be modeled

in a physical manner; interior gain stages and output stages could

be modeled as linear systems. A more systematic approach would

be to use the cascading relationships given in Chapter 4, especially

when internal feedback is used, to estimate what stages make important

94
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contributions to different nonlinear transfer functions. Stages

that can make an important contribution to the nonlinear transfer II
function of interest should be represented by an appropriate small-

signal nonlinear model. Other stages can be represented by small-

signal linear models.

(5) Nonlinear Macromodels For Digital IC's.

Macromodeling of digital ICs preceeded that for IC Op Amps and is

." widely used by the semiconductor industry. Unfortunately, the

digttal'IC macromodel's developed appear to be proprietary. This

, -. may mean that EMC analysts will have to develop their own digital

IC macromodels. It is anticipated that small-signal nonlinear

macromodels and the computer program NCAP cannot be used to pre-

dict EMI in digital ICs. Large-signal macromodels and time domain

analysis routines such as the transient analysis routine of

SPICE2E531 will be required.
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Reprint of Paper

Pteprlat of paper to be presented at International Conference on
Klectromaguetic Compatibility, University of Southampton. Great
Britain, September 16-18, 1980.
MACRQOL PREDICTIONS FOR EMI IN BIPOLAR OPERATIOMAL. AMPLIFIERS

Gordon K. C. Chen and James J. Whalen

*SUMARY

A macrmodel Containing two transistors can accurately predict how amp-
litude modulated RF signals with RF carrier frequencies in the .05 to
100 MHz range are demodulated in a bipolar operational amplifier (MA741 ...-
op amp) to cause undesired low frequency responses related to the modula-
tion envelope of the RF signals. The original op amp macromodel which "
was developed by Boyle et al. was modified by adding four capacitors
-(each 4 pF) to account for parasitic capacitance effects in the integrated
circuit op amp. The macromodel can be used when the RFI signals are
incident upon the op amp input terminals. The use of the macromodel
leads to a substantial reduction in computer time and expense.

1. Introduction

"-* The Nonlinear Circuit Analysis Program NCAP provides the EMC community
with a usable procedure for analysis of electronic circuits which must
operate in an EMI environment (ref.l-6). Among the nonlinear effects
that NCAP can predict is demodulation. The use of NCAP to predict de-
modulation RFI effects in linear bipolar integrated circuits (ICs) such
as broadband cascode amplifiers and operational amplifiers (op amps)
has been demonstrated recently (ref.7-8). Up to now all NCAP simula-
tions reported upon have used an approach in which every transistor is
modeled. For example the 2S transistors shown in the op amp circuit
In Fig. 1 were each modeled in ref.8. The objective of this paper
is to demonstrate that the op app macromodel shown in Fig. 2 which con-
tains just two transistors can predict accurately how amplitude modulat-
ed (AM) RF signals with RF carrier frequencies in the .05 to 100 MHz
range are demodulated in 741 op arps to cause undesired low frequency
responses. An important po int is that the computer time required for
op amp macromodel calculations is approximately one-tenth the time
required for op amp complete model calculations.

This paper is organized in the following manner. In'Section. 2 the op
amp macrmodel used with NCAP is shown. In Section 3 the unity voltage
gain op amp circuit (voltage follower), used in the investigation is
described. Also described are equivalent circuits using the op amp
complete model in which 25 transistors are modeled and the op amp
macromodel in which 2 trani-istors are modeled. NCAP predicted RFI
effects are compared to experimental RFI effects in Section 4. The
comparison will show that demodulation RFI effects predicted using the
op amp macremodel are in good agreement both with those predicted using
the op.am complete model and with those determined experimentally.

*Deparment of Electrical Engineering. State University of New York at
Baffalo, Amherst, New York 14226, U.S.A.
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V - Fig. 1 Schematic of AA741 operational amplifier (op amp).

2. Op Amp Model s

The computer program NCAP contains models for passive components such as
.- resistors, capacitors, and inductors and for semiconductor devices such

* as pa-junction diodes, bipolar junction transistors. (BJTs) and field-
effect transistors. To use NCAP, an equivalent circuit for the electronic
circuit to be analysed must be developed using the available.models. Then
values for the model parameters must be specified. A schematic of the
.aA741 op amp used in this investigation is shown in*Fig. 1. The uA741
op amp contains 25 BJTs. The direct approach is to model the op amp
completely. Each of the 25 BJTs in the op amp is replaced by an appro-
priate BJT model. Predictions obtained using the direct approach on
how amplitude modulated'RF signals are demodulated in op amps to cause

fundesired low frequency responses have been reported upon recently (ref.
8). When every transistor in the op amp is modeled, computer simulations
of op amp circuit performance can require long computation times and can

,., be expeive. An alternative approach is to use the integrated circuit
op amp macromodel developed by Boyle at al. which can accurately predict
op amp input voltage - output voltage relationships for large-signal non-
linear transient operation (ref.9).

Shown in Fig 2 is a circuit diagram for the op amp macromodel reported
upon by Boyle et al. Since the macromodel is to be used with the com-
puter program NCAP which performs nonlinear incremental analyses, sev-
eral modifications have been Made. The power supply terminals have been
grounded. Four diodes used to provide current limiting and voltage
saturation have been omitted because they are normally reverse-biased.
The last modification involves adding capacitors C from collector to

sub
ground and from emitter to ground for both macromodel transistors. The
capacitors Csub are added to account for parasitic capacitances associat-

ed with the pn-junctions used to provide Isolation between transistors
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Fig. 2 Circuit diagram of op amp macromodel as modified for
use with Nonlinear Circuit Analysis Program NCAP.
Note the inclusion of four parasitic substrate capac-
itances Csub.

. tIn integrated circuit op amps. The Importance of accounting accurately
for parasitic junction capacitances in integrated circuit op amps was
discussed previously when* the op amp complete model was used to make RFI
predictions (ref.8). It will be demonstrated in Section 4 that It is
also important to account for the effects of parasitic junction capaci-
tances when the op amp macromodel is used to make RFI predictions.

The op ap macremodel shown in Fig. 2 contains two BJTs. The .NCAP model
for the SJT is the nonlinear T model (ref.l-6). The nonlinear T model
parameter values for the two BJTs in the op amp macromodel are given in

* Table 1. It is appropriate to comment briefly upon these values. The
two transistors Ql and Q2 in the op amp macromodel are in a differential
pair configuration that corresponds to the differential pair formed by
Ql and Q2 in the op a" schematic shown in Fig. 1. The NCAP model para-
mter values for all 2S BJTs in the op amp are given in Table 1 of ref.8.
The NCAP parameter values for transistors Ql and Q2 in the op amp Com-.
plete model are also used for transistors Ql and Q2 in the op amp macro-
model. These are two exceptions: (1) a dlc collector current IC - 10 uA
for Ql and Q2 in the op amp macromodel is used because that value is
specified by Boyle at al.; (2) the values for the parameter a were ad-
justed to obtain the values for the dc common-emitter short-circuit
current-gain hFE1 and hFE2 specified by Boyle at al. (ref.9).
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TAILI I

N"W I 1WIT PARANI4TRS FOR uA741
O" A MCROMIEL

Param- .-02

q 4.34 4.34 1yen (V) 1o4.st 14.S?'"O
Vcu (V) 20 20

a 0.165 0.165
I (A) 10.14 10.1-"
I (A) 0.51-3 o.sE-3
a 0.90 0.62

• Nt=. 400 400, ,
k(P..-VS) I.23-12 1.23E-12
ftf. 1.091 1.091
C1, (F) 1.23-12 1.23E-12 -

e. (F/A) 9.05- 5.09-9

tb (ohmi) 830 830 .

re (M) s.3316 S. 331O

C€ (F) M.11-12 0."-12
4. C3 (F) 0.11-12 0.11-12

3. o09 A Circuits

The situation of interest involves electromagnetic radiation (EMR)
incident upon a system outer enclosure being coupled through apertures
in the skin to the system interior. The interior EM fields induce RF
voltages on the system cables. The RF voltages are conducteo to semi-
conductor devices such as integrated circuits (ICs) located inside
electronic equipment. The RF voltages can cause RFI effects in ICs.
The specific case discussed in this paper is illustrated in Fig. 3.
The RF voltage induced on a system cable is represented by an RF
signal source with a 50 a impedance. The bipolar IC is an operational
amplifier (op amp) which is being used in a unity voltage gain circuit

J called a voltage fo1l1ower. The RF signal which is an amplitude modu-
lated (AN) sinusoidal signal is being injected into the noninverting
input terminal. Previous investigations have indicated that this case
exhibits Eli susceptibility at lower RF power levels than other cases
(ref.l0). The RFI effect investigated in this paper is caused by
amplitude modulated RF signals being demodulated in the op amp to
produce undesired low frequency responses related to the modulation
envelope on the RF signals.

The computer program NCAP uses an iterative procedure to calculate non-

linear responses. The first-order (linear) responses are calculated
first. Then the first-order node voltages are used to calculate second-
order current generators which may be viewed as the cause of the de-
modulation being investigated. In general discrepancies between pre-
dicted and measured first-order node voltages lead to larger discrep-
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. Fg. 3 Schematic illustrating the unity gain op amp voItage
follower circuit investigated. The desired signals
(unmodulated CW) and the El signals (AM modulated
RF) were connected directly to the noninverting input
terminal.

ancites between predicted and measured second-order node voltages. For
this reason considerable efort was expended in developing an accurate
.onear equivalent crcuit for the voltage follower circuit shown in

FTg. 3 (ref.8). Shown in Ftig. 4 is the NCAP coding circuit diagram
for the voltadge follower crcuRt with the op amp complete model from
ref.b. Shon in Fg. s the sam e diction ae op amp macromodel

acSUbstituted for the op amp complete model. NCAP predictions made forthe circuits show in Figs. 4 and 5 will be compared to measured results
in the next section.

4. Compri rson of Experimental and P redlcted RF Resultsae s

The purpose of he e nvestgaton is to detemine how well the op amp was

mecrmdel can predict the demodulation of RF signals in an op amp. Thiswill be accomplished by comparing NCAP-predictions made using the op amp %-
macromodel to NCAP predictions made using the op amp complete model and .
to experimental results. The experimental results were obtained using "'
the measurment system shown in Fig. 6. The op amp voltage follower was
excited by amplitude modulated (AM) sinusoidal RF signals. The RF carrier

frequency tRF was varied over the range .050 to 100 MHz. The AM modula-
tion index m was 0.5. The AM modulation frequency fA was 400 Hz. The,.-

voltage follower output voltage VM at 400 Hz was measured on a tuned

audio frequency (AF) voltmeter. The AF voltage VM is related to the
voltage follower second-order transfer function H2(fl,-f 2) by

.9.
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Fig. S MCAP coding circuit diagram for the voltage follower
circuit with op utp macromodel. The circuit shown
corresponds to the experimental system shown in Fig. 6.
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Attenuator Test (pssive)
HP 606A . .. ..

-.- A

*~f~ -Ifl L RF e~ency !0
f- fAaA freqency

Modulation: 50% AM at fAF

Fig. 6 Experimental system for measuring the second-order "
transfer function H2(fl,-f 2 ).

V4"lm) - (0.707)nA2H(f1,-f2) (1) "1,

where i is the modulation index, A the voltage amplitude of the RF signal
generator, fl the RF carrier frequency fRF' and f2 the lower sideband
frequency (fRF - fAF "  In obtaining Eq. (1) it was assumed that the
upper and lower sidebands contributed equally (ref.11). The voltage
amplitude A can be calculated using
A " - (2) ," -42

where P is the available power from an RF signal generator with inter-

nal impedance Rgn Using Eqs. (1) and (2), experimental values for the
second-order transfer function H2(fl,-f ) can be determined in a manner
that now will be described.

Shown in Fig. 7 is a plot of thC tuned AF voltmeter tms voltage reading
V. versus the genera:-" available RF power P . For P e +5 dim thegon gin

values increase 10 d8 for each 5 dB Increase in Pgen' and Equation (1)

is valid. For P > +5 dBm, the VM values begin to increase more rapidly,
and Equation (1) is no longer valid. Also shown on Fig. 7 is a dashed
line which corresponds to the VH values predicted by NCAP for second-

order nonlinearities in the op amp voltage follower circuit. Higher-
order nonlinear effects which may be important for P +6 dflm havegin
not been considered in this investigation. The second-order transfer
function H,(f 1,-f2) may be interpreted as a normalized nonlinear .1
(demodulation) response for the op amp voltage follower circuit at
sufficiently low RF power levels (i.e. P gi +5 dsmn). Experimental
values for H2(fl,-f2) can be determined at any point on the straight

.,9,
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* ?41 Op Amp Voltage Follower

AM Mod. 50 % at 400 Hz
RIF Freqs 100 kHz Exp. /,NCAP

Experimental .>E to- &

>0

-1-0 -5 0 -" .015

S/IL

:-:4 / ,".
4• .4 ,

I .4.-

Sw tr P + .

with-Rge- a o ohsad-h .5 VaTB at Pg. - -1-'xeimna

value fr RF Power Pgen (d sm)

Fg. 7 neasurae values for the ms audo frequency (AF)output; voltage VH vs RF input power Pge for the

0 ap voltage follooer ccirCUt. --

vue wra taough the for pn Sari d. Using Eq. 1) and Eq. (2)
prasth itc s s ohs and t whe Vsnvlue at p a -10 d 4m, experimental

nu coiglsgo i.4i i en rf8 ThNCPiptcdg

values for H2(figf2) were determned. These values re given in Table . ,
;'. Z~~ and are plotted in Fig. S..,-.

Also shownl in Fig.'8 are values for 142(f 1,-f 2 ) predicted by NtCAP for"-"
the voltage follower circuit. One set of predicted values were obtained ,:"

using the op amp complete model shown in Fig. 4; all parasitic substrate
capacitances were assigned values of 2 pP. The ot~her set of predicted .!

values were obtained using the op amp macromodel shown in Fig. 5; al
parastic substrate capacitances were assigned values of 4 pF. The NCAPnput coditng lst for Fg. 4 s gven n.ref.8. The NCAP nput coding

11s fr Fg.5 is given in Table 3. It Is observed that the H2(f1 , -f2 )",."

vauspreditled using the op amp macromodel agree well with the "',.
N2(f1l,-fZj values predicted using the op amp complete model. For values ...

Of H2 (f 14-f2 ) ) -40 dB, the differences are less than 5 d5. For values .4.-'

of H2(f1,-f2) -40 dB (a low value), the differences increase but are

still less than T0 de. The agreement between the op amp macromodel
predictions and the op amp complete model predictions is very good. The

"1%i
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TABLE 2

SECON40ORfOR TICNSFER FUNCTION MqEASUREMENT
vA741 UNITY GAIN BUFFER WITH
Puf . 10 da and fAF s 400 NZ

AF Freq. AF VN ed. 02(f!  ,

Cv(H) IN (rs aM) (dB)

SO k 0.006 -44.94
G0 k 0.011 -62.17
70 k 0.015 -59.48.,°so k 0.0LO -57.42
_0 0.023S -s5.58

100 k 0.029 -S3.7S
1S0 ft 4.04 -46.08
200 k 0.112 -42

250ft .1l -37.9
300 k 0.27 -34.37
4W k 0.925 -26.6
00 k 0.92 -23.724
00 k 1.5 -19.48

700 k 2.2 -16.15
800 k 3.0 -13.46
900 k 3.85 -11.29
1 N 4.7 -9.S6
1.5 H 7.1 -5.97
2 N 6.4 -6.8
3 H 6.4 -6.11
4 - 7.0 -4.2
SNH 7.9 -6.2
SN H7.4 -3.6
7 N 3.2 -4.72
B N 9.0. -3.92
9 N 9.3 -3.18
10 N 10. -2.s

. is N 13.S -0.393
20 11 13.5 -0.393

S30 H 14.5 -0.23
40 N 13.5 -0.393
SON 12.0 -1.42
40N 11.0 -2.17 .10

The frequency f| fRF" and the frequency

f2 fff f AF "W fAF 400 Ni.

agreement between measured and predicted results shown in Fig. 8 may

also be characterized as being quite good.

Shown In Fig. 9 are three sets of predicted values for H2 (f1,-f2) obtained

using the op amp macromodel shown in Fig. 5. The values assigned to the
,, parasitic substrate capacitance Csu b art 0 pF, 2 pF, and 4 pF. It is

apparent that the value assigned to Csub has a major effect upon the

H2 (fl.-f 2 ) values predicted as shown in Fig. 9. The value Csub - 4 pF

yields the best agreement between predicted and measured results.
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Fig. 8 Ohasured and predicted values for the second-order
4.transfer function N2(f 11-f 2) vs RF frequency for

the op aup voltage follower. The measured values
AM" frO Table 2. One set of predicted values were
obtained using the op amp- complete model shown in
Fig. 4 with all parasitic substrate capacitance
values set at 2 pF. The other set of predictedvalues were obtained using the op amp acromodel
shown in Fig. 5 with all parasitic substrate capac-
itance values set at 4 pF.

5. conclusionK

A macromodel has been used to predict RFI effects in a uA74 op amp
circuit. Specifically, the computer program NCAP was used, to calculate
how amplitude modulated RF signals incident upon the input terminals are
demodulated in an op amp voltage follower circuit to produce undesired
low frequency responses related to the modulation envelope of the RF
carrier. A comparison between predicted and excperimental values indicates
that the macromodel can be used quite successfully to predict the de-
modulation RFI effects in an op amp circuit for RF frequencies up to
100 141,1z. The op amp complete model can be used for RF incident upon any

*op ap terminal. The use of the op amp tacromodel is restricted to the
situation in which the RF is incident upon the op amp input terminals.
This usually is the most susceptible case. When the RF signals are in-
cident upon the op amp input terminals, the use of the macromodel (instead
of the full model) leads to a substantial reduction in computer time and

expense.
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the OP amp voltage follower. The measured values
are from Table 2. The predicted values were obtained
using the OP aM macromodel shown in Fig. 5 with

i all parasitic substrate capacitance values set at
0. 2,or 4pF,*

An important point is that the op amp niacromodel developed by Boyle et al.
has to be modified for RFI predictions at RF frequencies greater than I
M~z. Four capacitors Csu are added to account for parasitic capacitances
associated with the pn-junctions used to provide isolation between tran-

sistors in the integrated circuit op amp. If these capacitors are omitted

(Csu 0 pF). the RF1 effects are underes'timated by more than 10 dS.
The value Csu 4 pF yields good agreement between predicted and measured

sub'
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TABLE 3
'S....

NCAP CODING FOR VOLTAGE FOL.LOWdER WITH FACROOEL

"NCROMOOL of 741 OPAp C 2 0 1.-1O
' ANALYZED 8Y NCAP FOR M2 C 6 10 5.4601-12

o SUBMITTED AT SUNY BUFFALO C 16 0 2.411-12
, 60RO1t OUTPUT NO0 IS 15 C 12 13 3.01-11

WITN SUBSTRATE CAPACITANCES C 15 0 2.106E-9
t ADJUSTED PARAMETER TO SUIT ' SUBSTRATE CAPACITANCES

LK741 MACROGOEL BETA PARAMETER C 6 0 4.01-12 ''-

* START CIRCUIT C 10 0 4.01-12
* GENERATOR C 7 0 4.01-12

F0 1 0 C 11 0 4.1-12
FR I 8.016 80.016 S LIN * TRANSISTOR
AMP 1 0.o NODE 4
Ft 2 -7.99946E -79.99916 5 LIN 4.34 14.S7 20 0.169 10.051-6 0.SE-3
AMP 1 0.0 0.90 400 1.23E-12 1.091 1.23E-12
,@ so 0 9.09-9 830 5.3316 0.11-12 0.1E-12TT8

Ir'LINEAR COMPONENITS *.TRANSISTOR
a321 0.01 NODE.a
R 2 3 540 4.34 14.57 20 0.16S 1O.OSE-6 O.SE-3
R 338 0.01 0.62 400 1.23E-12 1.091 1.23E-12
R 2 0 so 9.09t-9 830 5.3316 o11-12 o.11-12

0 6 530S LINEAR DEPENDENT SOURCE
R 7 16 2712 NO0 6 10 0 12
R 0 10305 VC 1.88E-4 0.0
R 11 16 2712 * LINEAR DEPENDENT SOURCE
A 16 0 9.8726 N00 16 0 12 0
A 12 0 1.015 VC 6.26E-9 0.0
R 13 0 42.87 * LINEAR DEPENDENT SOURCE
R 13 14 32.13 NODE 12 0 0 13
R 14 15 4.714 VC 247.49 0.0
X 1S 0 4.48914 * ENO CIRCUIT
R 14 4 620 * E..
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V% Appendix B

LM0 Op Amp and Voltage Reference Data Sheets

SNational CIIOMIi
U~mico~nhuv'Jrr0

LM1O/LMIOB(L)/LM1OC(L)0
Op Amp and Voltage Reference
general description

.3 The LM'0 serles e mnol ithic linear, ICs consisting of.a The circuit is recomndedW for Portable equpment and

peo alnrfervinm. an adjustable refevrence buffer and Is comspletely specified foi operation fronm a single power _

an kinependent high quality op amip. cel. In contrat. high outout-drive capability, both
voltag and ourrenit. siong with thermal overloaid pro.
aviaton, suget it in deadn g0e~woe~

The unit can opeat from a totw supply Voltage U low applications.
a 11.V or.n high as 4OV. drawing only 270p&. A can-
POuuenuOV outpuat stage twige within 15 MV of the Thes devic is capable of operating in a floating mode. 0

aepl rtmilnals or will deliveir *20 mA output current independenit of fixed supplies. It can functon as a remote
with IU.V sasuration. Reference outpu; can be a low cOmparator. signal condlitioner. SCA controller or trans.
all200 mV. Sam ote chaeracteristics of the LMIO are nitter for analog signals, delivering the processed signal

On he SOme line used to supply power. It is also suited
for operation in a wide range of voitage and current.

* hsut~se Voltage 2.0 mV (main reejator appications, fromt low voltages to several k
input -ffme ourrenit 0.7 nA (misel hundred volts. providing greeater precision than existing

e ~in eso vurrant 2 nA Imasi ICL

gffisses egltdion 06 WCm Tis sen is availaibles in the three standard temperature

ranges. with the commsie ofial athavng relaxed limitsM
U f~SSdrift - OL0021UC In addition, a low voltage specification (suffix "L71 is 0

avelilable in the limited temperature ranges at a coa

connectin and functional diagrams

MOD&= alin"

s "I0
*pgaggg OP IIPMo tuM "ToWPWP~eC

cuma

MINOR 3,v

0 11179 NOeW" Sm.*sWueW~ car. OV~Ae2MlI9ilms inl U.S.AL.
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absolte nmaximum ratings
TOMw~~0 emuu"" 4uc ?

Y W In~ e I Im

Lmw emin fowdk. 10d 311fO

-' ok*lscal charatarm% ic (T1 2M'C rM !57,, TX now 41

LIOILMIOB LM1oc%PMA PCONNmIfES UNITS

* uin ensweine . 2.0 0.1 4.A my

Wi ~2.0 n .4 t nA

-W " mwut t0 20 12 30 nA
30 40 4A

b-w F=4m . Sm ISO 40 kfl

LO IIdd -11W V1 MIV.I awji0 120 400 00 400 VlfmV
9"VOWj 7*2I9.V so so V/mnV

VS - 2V. Vwr - t19.4V S0 130 25 130 V/mV
lour-20 mA (16 mAl 20 Is V/fmV

VSy . Vgl.6.UV3.IM. l 1 *-22MA IS 30 3.0 3.0 V/MV
Vounji - 104V IMM3V. VCIm - --0.4V 0G5 0.75 V/mV

au wnspum 0e 1.2V O.M VOWV S 40V; 14 33 30 33 VhmVV
AL- 1.1 kO

0.1 MAS IOUnS5 MA 6 S VAifv

l.5vV* 4w. RL -2=0 a 25 6 26 VhnV
061 mA!SI 4 3 TS 20 nA 4 4 V/mV

-0w .ScmV0 !5lqIl 0iy 3 102 90 102 do
vsde Vg t2v 97 87 do

hipye~p -02v;>V-2W w go 67 d
V,~e - .-0 11)* sd

*I.OV I.IV*SLG 36 toK3 do

V".--42V SoU do

Offwehe drift 2.0 6.0 iaV/C

% RO60 uten ft to0 U0 pA/*C

Us 0~ drtft To < 1OrC a to pA/C
Umn repiASle 1.2v mm3V S V1 40V 0.001 0.003 0.001 0.008 %IV

0 41 too .0 #A. Vne,.200 wV am00 0.01 S/V

Lad lookue" 0 Olagp 1.0 mA 0.01 0.1 0.01 0.1 %
V* - voSwa,.0v1.1v) 0.15 0.

AwU~wom an vo4 1 1 m 3v so 71 21 70 V/m"V
22 1s V/m"V

fludlewI 2o i 00 206 110 200 210 mY

.d m In211 mV
Pu ewi 0 so 2 75 nA

blweeeifS 0.=0 0.003 Siec

Smy sews.. 270 AN0 3 00 S &A

&IV ""so 1.2v WW3I VS 40V is 76 II 7

2
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ekehical charactewsics (Tj-*210 C. T.., !Tjj5T*nots4)

PARAUITU* CONDOITION4S MA- UNITS
____________ _________________--MIN TYP MAX MIN TYP MX ____

leuAt glstOUtP 0.3 2.0 0. 4.0 mV
3.0 5.0 my

k~tILIauue . 0.7 0.2 2.0 ntA
Eimw 153.0 nA

kMaihi &AM tuog 10 0 12 30 nA
30 40 nA

Ipemmle230 1010 150 400 k
110 Its kfl

LOP $WsdeI Vs 23.21W.lour -0 40 30 40 30V/mnV
inM VWT - X2v d0 25 V/mnV

VS 2142WV. IoUy*I0 A 10 21 1 21 V/mV
V 0 0 7 t- 2.1V 4 3 VPTIy
Va . 296W 10".Iouy±-22mA 1.5 3.0 1.0 3.0 V/vnV
Vqgy . 104V 110.MV. VCM - -0.4V 0.5 0.71 VhmV

gemsntem 41e .1V*VI< &.V. Fit. - smS 30 6 30 V/mnV
-0. 1moA < 1,T!l0 nA 44 V/mnV

-3.25Vmui -zz VCA S~ i4V (l2vi U 102 60 102 d
reseeeVa - 1:325V 83 do

Sgiy~oolSo so2?V-4 U 9 6 do

1.0v II.tV)v e S. 3v 94 108 so 100 do
V".02v do

Oft '-pu drift 2.0 1.0 )IV/*C

Offse meeng drif 2t0 1.0 W

Lb.S topdbd 1.2V Ila"1 Vs 5 IV 0.001 0.01 0.001 0.02 %N/
0 Iugp 0.5 A. Voap 200 -V 0.m 0.03 1V

La Lueilation 0!5 logp S0.5 mA 0.01 0.11 0.01 0.1is
V, - veep I .0V Il.lVl 0.15 0.Z

AINI A o 03veVeto ~1S" 30 70 20 70 V/mV

toosee 3 200 2011 190 200 210 my
use . 10 U 11. 211 mV -

Pewulesawns 0. 20 s0 22 71 nA.

Agfa.,. 0.002 0.010 VC

&nf iet250 400 21 5001 MiA
100 170 MiA

Ismt Towa into tg cm, CM @ d Onie o etegly ttass ig dm dio volts" froml dog inpt s o, a er WNW"ie dogs not gagged thg
mm~differn.mit tinta o Ii ae eeso is agmet vN<- ..r oe ..

1 (
ram 21 11% amom mrmingieu eete4saneto urmoeattwg.. I1VC for Me 0db0. IOVC for deLMSOSIU and WC for til LMIOC(L). At

dmse memeedu dlenele mUS to dgemdW On ogaep tvelgm egiuetseee.
R311 w~m avoe gw 'rmm pm eteesmm neung mat twm guit oa oed ad lr. but Oi Ica ?eA be, -btdto p agglted amg1

* ~ioldi ediemWve g*"Mt ON ugmA e gnlbel
* Asud Themeuehflhsasm &IWfrV<VC SV' - OhIV I.OVI.J2V lI1V C VS SVMAX. V146F *02Vh01,0 5Iisgto SI0MA.

NOaOle. 6 OWAie - Vginlet AX * 40V for die -tidr W W t gild ISV for tee oetolfp elmr. Norregi twoefe undscote 29*C lmits. aed*s
"M Initiatlaen ateed Golsad--smeg"ibe fur lead t0 owermm -es eguretu: tue s -s rC to 125*C for thle 1.1011. -2s'C to W5C for te
WMISU ONd I'C to 7WC for tW LMdIOCitLI. Thle msmfit1, do no inlude tie effet of slierM 9,gboall Itt 1 20 mim. do, tweats

a leg 0.28 r geeep fseeiig.Geegaiit efesa gl and tend to offseit di fectruco rror, (see aurv.el.
a0m11 Par Tj -vW . log mmeeed Ii A frVCA -V-. WlIlv'j l2rC am V- <VCM S V- 0.IV. o IS S A.

4. Tisedg anon geeromagin "amu"e geellcson si so me beo oe row.ltoe or t w..e tranaurster. Outois, to connecte to te
V surnled of die IC aid ne onwo modeom referred to V etwoimem aitcagetonc affect 0f larget suutotegu us Mtni iliile

3
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typical performance characteristics (op amp)
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Udefinition of termsC
a

-w ~hlav ~fs voltage:. That voltae which must be applied Supply-mhlle e~eim The ratio of the specified
I re thde input Usinals to Ws Me unloaded output supply-vohage change to fte change in offset voltage

CC in sie linear ftepast. e tweno eatfrleL.

* laopt offset .srna The diffence in the currents
IM at onm input terminalis whe adie output is unlae Lin .smole The average change in reference output

in onIs ein voitae oarm specified inapPl% voltae rarne

lWA ble sruac The absolute value at do p Load seeletion: The ch&Wg in refe rnc oupt voltag
> o 4two input currene fro no lodtota load soecified.

C Inleat ueseeThe ratio of Me change in input 3
voltie th de change in input currmnt an eier input Femeasense voiugu The voltage. referred to V-1
adds dhe other grounded. on the reference feedbacit terminal while operating

06i regluletion.E umdo alge o le gin The ratio of the specified
o upsa volag twang to the damig in diffeai tid Reafeen aseplifier gain: The redo of die specified

CL inpt voltagle required to Produce it. ol m output choWg to Me change in feedback

Q Shun gpin: The ratio of the specified output voltagW es otg eurdt rdc t
-. igl to the change in difilprential inpout voltage required
.j * roduce it wida the output tied ic die V* terminal Feadbeul cosn The absolute value of die Curent

Zjw ofhe IC. The load and power source am~ conneted at die heedecl terminal when operating in regulation.C.) ~ ~ O betee me and V- teminala. and input common.o moas uefierr to me Vterminal Is
* . Sagfiv ely yn The current required fromt Mepoe

*Commaeenwode s- eeeo: The ratio of Me input voltage source to operate Me amnpiafier and reference with
,j range to mhe chNge in offset voltage hewe P Me their outputs unloaded and operating in die linear
%6 awis range.
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