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ABSTRACT .
A macromodel containing two transistors can accurately predict how ,;E
amplitude modulated RF signals with RF carrier frequencies in the .05 to ié?
100 MHz range are demodulated in bipolar operational amplifiers (uA741 ?:;
v and LM10 op amps) to cause undesired low frequency responses related to ,i;l
the modulation envelope of the RF signals. The original op amp macro- ¥2 
v model which was developed by Boyle et al. was modified by adding four ;?j
capacitors Csub to account for parasitic capacitance effects in inte- ;?i
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 ‘S{:
amp input terminals. The use of the macromodel leads to a substantial Séf
reduction in computer time an& expensé. Eﬁ
He
The ability of the nonlinear macromodel to represent the overall ljﬁ
integrated circuit nonlinear response with only two transistors at the :Ezi
fnput stage is explained using the feedback theory of cascaded nonlinear sz
transfer functions. In an operational amplifier with a linear feedback E:;
. in its second stage, the nonlinear response of the second stage is sup- ;2%
pressed. The overall nonlinear response is dominated by the nonlinear- ;f{

. itfes of the input stage. EA\
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CHAPTER ONE
INTRODUCTION

Progress in the prediction of electromagnetic interference (EMI)
has o:curred on many fronts in recent years. A particularly important
development in EMI prediction involves the nonlinear modeling of the
Bipolar Junction Transistor (BJT) and computer-aided analysis proced-
ures.[?’13] 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).[14] The engineering ef-
fort.and computer time, and hence the cost, required for EMI analysis
of the full IC db 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 callied a macromodel for EMI analysis of Op Amps. In
uging the Op Amp macromodel for EMI analysis, the situation of the
practicing electromagnetic compatibility (EMC) engineer js considered.
An important goal of the present research is that techniques general-
ly not available to the EMC engineer (such as the laboratory character-

ization of integrated electronic devices) are to be circumvented.

<
.-"
<

27,70
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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

S0

.ﬁgg a full model is reviewed.[lsl Finally, the IC Op Amp macromodel de-

_¢;ﬁ3 veloped by Boyle et al. is presented and discussed}[zgj In Chapter

3#3» Two the nonlinear macromodel for the BJT IC Op Amp derived from the

éfgg Boyle model is presented. Predictions made using the Nonlinear Circuit
:2:2 Analysis Program (NCAP)[19] and the nonlinear. macromodel for the 741
'?A; Op Amp are compared with full model predictions and experimental results.
,;;;5 Substrate effects on macromodeling accuracy are also presented. In

X Chapter Three, nonlirear macromodeling techniques are presented in detail.
ﬁ_?; The LM10[57] IC Op Amp is used as a concrete example. It is shown how
S;§§ 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 LM10 buffer amplifier are compared with
?Eﬁs* experimental results. In Chapter Four the network theory for the non-
32;~‘ 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. Chaptér

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




linear macromodel is discussed. A number of new research topics arising
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)
v e
PN

from this research are suggested.

‘ |
o
Ls 1.1 EMI, Nonlinearity, and Nonlinear Transfer Function.
. As communication channels become increasingly crowded, unwanted iiﬂj
signals often accompany the desired signal. The unwanted signals can ﬁ
v ] cause interference which can be classified as being caused by either b @
- linear effects or nonlinear effects. Linear interference effects may ﬁ:i
oo ':\:
{f occur whén the frequency of the interfering signal is very close to Q:f
N that of the desired signal. Nonlinear interference effects may occur 7
y R
;: when the unwanted signals cause new signals to be generated by the non- R
> L
- Jinearities in the electronic devices and the new signal frequencies j;}
-, ‘ . . _.
{ are close to that of the desired signal. Linear interference effects e
N can often be avoided by improved tuning and selectivity. The nonlinear f;:.
% interference effects are more complex and not subject to any universal~ R
Y : .
solution. y ﬁ:;b
sf ' : \,.
» Among the nonlinear electromagnetic interference effecis, inter- ;2{
N modulation is an important example. Intermodulation interference may :E;i
N occur when signals with frequencies outside of a receiver's pass-band ;3f
> are combined nonlinearly to produce signals with new frequencies .
o which then fall within the receiver's passband. ' %ﬁ}.
- Intermodulation EMI is a result of electronic device nonlinearity. 4i:i’
- As illustrated in Figure.1-1, two sinusoidal signals with frequencies ;f’
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‘ fl and f2 falling outside the passband of a receiver having second de-
S::ZE gree nonlinearities produce signals with new frequencies.[”] Some of
: these new frequencies may fall within the receiver's passband and be-
_ come jnterfering signals. The nonlinearities being referred to in l
E{ . this work are termed "weak" as opposed to the switching type of non-
w Tinearity found, for example, in a modulator. [16] ‘
In order to analyse an electronic circuit to predict EMI, equiva- :_':'
-;r;. lent circuits are used in which the electronic devices are represented
NN by nonlinedr models. The BJT can be represented by the Nonlinear In-
cremental T-model shown in Figure 1.2, for a device exhibiting weak ':
%,’ _ nonlinearities under small-signal operation.[”’zzl In this model, the :
': _ nonlinear base-emitter resistor is represented by *the nonlinear incre- -
mental current generator K(vz). The nonlinear collector capacitance e
f-": . is fepresented by the nonlinear incremental ctfrrent generator YC(V3-V2). ',
_.‘ The dependent current source in the collector circuit containing the ,
hFE nqn'linearity and the ava]anche‘nonlinearity is represented by the :::
E:E nonlinear current genera.tor g(vz,v3—v2). The nonlinear emitter cap-
N acftance is represented by the nonlinear incremental current generator K
\: _ ye(vz). The resistors ry and r. are the incremental base and collector :
:é ‘ resistances respectively. For the case of low-level 'inf.erference (usual-
3.-:5 1y labeled as weak interference), the nonlinear incremental current :;_
“ generators are represented by Taylor series.ns] This is a basic dif- .
:,x‘ ference between the small-signal linear[45] and nonlinear BJT models.
.
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For example[ls]

A . n " ;

1e = K(VZ) = 1E - IE = };_ kj(VBE - VBE) = I:'- ijZ (]"])

J=1 J=1

is the Taylor expansion for the base-emitter nonlinear current about
the operating point (IE,VBE). The currents iE’ IE’ and ie are the
total instantaneous, dc and incremental emitter currents and the
voltages VgE? VBE’ and v, are total instantaneous, dc, and incremental
base-emitter voltages respectively. The nonlinear current source re-
presenting the collector capacitance nonlinearity is given by

YC(V3‘V2) = §=] Cj at (V3'V2) N “"2)
where Cj's are the coefficients of the series. .The collector dependent

current source is expressed as-

n
g(v,,v3-v,) = §=0- gjkvzj (v3--v2)k ’ (1-3)
k=0 .

where the gjk‘s are the coefficients of the series, and 900=°' The
nonlinear current source representing the emitter capacitance non-

Tinearity is

n i . dv
Yelvg) = Tlg I G @ g ) e 0)
'|=
where 3 is the emitter capacitance time constant, Cje the base-emitter
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
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TABLE 1-1

AN f

NONLINEAR COEFFICIENTS FOR 2N5109 BJT®

Nonlinear Incremental
Current Generator Coefficient Value
Kl(uho) 1.9724
4 ('2) !z(dw/\n
xs(ﬂo/vz)

Cl r 0.26549
Cz (F/V) -0.75664

DY

ete B e N 0 e

¢, /vy 0.64819

8g (®ho) . 0.22851

8,9 (=ho) 1.9446

8gy (mho/V) 0.11426
85 (mho/V) 37.754

8;, (=ho/¥) ' -0.28734
o3 (mho/v?) ' . 0.30475

0
L
-8,

s

S %S

£

y

85 (aho/v?) 487.88

¥y

5, (aho/V2) -0.14367 x 10~/

85, (aho/v%) -0.2718 x 107

8vValues reported by Fang, Ref. 18, p.46.
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Table 1-1. The computation of the nonlinear coefficients indicated was

Ta e

e

[
s *,

A
AN

made by the Nonlinear Circuit Analysis Program (NCAP)[lg] which has a

.-
D

v ‘n-“r

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-

e T

Pd O
o

L s .

N
5; . meters for a BJT is shown in Table 1-2. The parameters are determined
_‘-1'
;:ﬁ experimental]ytla] utilizing several parameter extraction methods.[lsl

‘.'
~»

f:: The purpose of an NCAP analysis is to predict quantitative EMI

;§§ effects. By comparing the NCAP predicted resu1ts with laboratory

’}3 measured interference effects, the modeling accuracy can be gvaluated.
i§; An experimental system for measuring a second-order intermodulation

ESE effect is shown in Figure 1-3[2°] This experimental system which simul-

3B,y
&

ates directly a practical interference situation has the advantage of

L
-

o being controlled and therefore amenable to analysis. The experimental
)
f:{ data may be plotted as shown in Figure 1-4. The data points represent
5

g

]

<,

the strength of the interfering signal at the new frequency f2 - f] as

> a function of the input RF power at RF frequencies 50 kHz, 1 MHz, and
:" J ; . . . .
] 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.
f_:.

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

ii 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
(o .

- the largest magnitude interference is obtained is apparent.

¥

E; It is desirable that the interference phenomena be expressed as a

P

AR RN
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TABLE 1-2

NCAP INPUT PARAMETERS FOR 2N5109 BJT?

Parameter Nane Description Value

n Avalanche exponent 6.0 y

A ) A
Vc‘ W) Collector base bias voltage 5.0 ;

[ 3
-
Vm V) Avalanche voltage 40.0 "i:
- Mu Collector capacitance exponent 0.285 :-:
!c (@A) Collector bias current 50.0
Ic (-e) Collector current at maximun 18.0

De curreat gain

a h?l nonlinearity coadificient 0.363
hm‘ Maximum d.c. current gain 84.6
k (pt-v!’). Collector capacitor scale factor 0.42
. Raf : Diode nonlinearity factor 1.0
Cj. (pF) Base—enitter junction space 10.0

charge capacitance

. c'z’ (pF/mA) Derivative of base-emitter 3.6
, - diffusion capacitance
T (a) Base resistance 15
N (k) Collector resistance 32.9
Cl (pF) Base-emitter capacitance 0.1
c3 (pF) Base-collector and overlap 0.56
capacitance

8Parameter values rzported by Fang, Ref. 18, p. 45.
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parameter of the electronic circuit or system in question in a manner
similar to the linear voltage gain parameter. The "Nonlinear Transfer
Function" derived from the Volterra Series kerne1[2]] has been used by
Graham and Ehrman[17] as such a parameter. Consider a weakly nonlinar
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(f) is related to X(f) by the

expression[]7]
4+

Y(f) = coe H (fiaee.sf ) X(f)...X(f )
( ? 'ﬁ I J J_o n(‘l n ( ? n
8 (f~f]-f2—...-fn) df, df,...df . (1-5)

In the above eduation Y(f) is the sum of all orders of nonlinear re-
sponses; X(f) is the input signal spectrum, a(f-f]-fz-..,-fn) is the
delta function defined by the integral

8(F-Fy-Fpmeef ) = I_wexp (-32n(f-Fy-Fpmeronf )L} dt . (1-6)

and Hn(fl’fZ""’fn) 1s the nth order nonlinear transfer function. The

first order (linear) transfer function can be expressed as[]7]
Hy(Fy) = DY(FDITT 9,(F), 1 = 1,2,0000m (1-7)

where Y(fi) is the network admittance matrix evaluated at f., and
Jz(fi) the first order current source vector that excites the network.

The second order nonlinear transfer function ”2(f1'f2) can be expressed
as[17]

Hy(fiaf5) = (1/2) DY(F 0170 04800 5
for i = 1,2,...,n; § =1,2,...,n (1-8)
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N
v
where Y(fi+fj) is the network admittance matrix evaluated at the
EZ-\- frequency (fi+fj)’ and Jd(fi’fj) is the second order nonlinear current
N
o source vector that excites the network. The third order nonlinear
X3 transfer function H3(fi,f_¢,fk) can be expressed as[w]
N v
-,\- S
3 i _ ) -]——r—————— . e
.:\ H3(fi’fj’fk) = ('6') [Y(fi+fj+fk)] Jd fi ’fj’fk)’ :;
» e L
i . f 2 1,2,0.0005 § = 1,2,0.0505 k = 1,2,...,0 (1-9) 1
":E :::i::
7 where Y(fi+fj+fk) is the admittance matrix evaluated at the frequency o
A e
= (fi+fj+fk), and Udl?i,fj,fki is the average"‘r nonlinear third order cur- ;:.;:
3
e rent source vector that excites the network. Higher order nonlinear .::_
0 NG
oy transfer functions can be expressed in a similar manner. e
- ' A
( The experimental system of Figure 1-3 is used 1> measure the ;
: second order nonlinear transfer function. Let the two input signal \
frequencies f.l and 1’2 be denoted as 1"2 = fR'F and f] = (f’RF - fAF) where ° E:'-;
fap is the RF carrier frequency and fop is the AM mopdulation frequency. e
s X
f, The AF voltmeter is tuned to the frequency far = fo - fp=f,+ (-f]). . gtk
o, '.::.
= The component of the output voltage at f2 - f] can be expressed asUs] :::.:
e A
S _ 2 . E.
] :_ where A is the amplitude of the RF carrier at f2 = fpps and m is the N
= modulation index. The rms voltage read on the AF voltmeter is E.
7> - 2
:::: V = 0.707mA |H2(f2,-f])| . (1-11)
2 . :
v * For the third order current vector averaging process, see Chapter 5
¢ of Reference 15. Y
¥ | 5
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Expressed in dB with respect to a 1 mV reference level, Equation 1-11

N becomes
o 2010g|v/1m¥| = 2010g[0.707 mAZ[Hy(f,,~f1)|] - 2010g (1073)
o, = 57 + 201ogm + 40logA + 201ong2(f2,-f])i (1-12)
’Ei When the RF generator impedance equals 50 g, the RF carrier amplitude
A A is related to the available generator power by Pgen = A2/400.[]8]
o With m = 0.5, Equation (1-12) can be written as
) ‘
‘N 2010g|V/InV| = 2P (dbm) + 43 + 20Tog|H,(f),-f})| » (1-13)
Ad
?:55 2010g|H,(f,,-f;)| = 201og|V/1mV| -43 - 2P g dBT) (1-14)
N -
N Equation 1-13 indicates that the AF voltmeter reading V¥ is proportional
A ' N
‘ to Pgen' At Tow values of Pgen the data plotted in Fig. 1-4 pbey
i Equation (1-13). Using Equation (1-14) and the data in Figure 1-4 at
(" Tow Pgen values, values of the second order transfer function Hz(fZ"fl)
& can be determined. Values of Hz(fZ"fl) vs frequency f2 are plotted as
‘Ep illustrated in Figure 1-6. It is to be noted that in both Figures 1-5
\SA]
: i: and 1-6 the frequency (-f]) is varied in step with fz to keep (f2 - f])
f; a constant at a value fAF = f2 - fl'
l"' -
;:E An experimental system for measuring a third order nonlinear
:Ef' transfer function is shown in Figure 1-7.[2°] For an electronic circuit
'j; with third degree nonlinearities, two tone excitation can give rise to
e
;;: the following third order frequency mixes: (2f]-f2), (2f,-f1), (3f;),
;; (2f]+f2), (2f2+f]). and (3f2). Since any one of the third order
2 |
."‘-
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frequency mixes is representative of the circuit third degree nonlinear-

5\
.
., T

v . -
L
R
SRR

ities, only the output at one such frequency 2f2 - f] will be considered ]

at
s

as an example. The spectrum analyzer rms voltage V(Zf2 - f]) at fre-

quency Zf2 - f] is related to the third order nonlinear transfer func-

tion H3(-fl,f2,f2) by the expression[lal
V(2f, - £1) = (3/8) |Hg(~F1.F,Fp) [AAD (1-15)

where A.I and A2 are the voltage amplitude of the two input signals

at frequencies f, and fz.'

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.[]s]
The schematic circuit diagram of this widely used IC is shown in
Figure 1-8.[23]. The Nonlinear Circuit Analysis Program (NCAP) was the
main analysis tool used by Fang. The NCAP input coding diagram for

the 741 buffer amplifier is shown in Figure 1-9.0'8] e ncap pre-
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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 Hz(fZ"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
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 agmittance matrix. The NCAP computer code empioys a
sparse matrix technique to reduce the in-core storace. The data are pass-
ed back and for;h 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

. P
(350 DRI SRRSO
L R A P

]

gt

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

l’.l

MO ol RS W

Py

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
Jd(fi’fk) is then determined at the frequency (f1 + fk) using the first

order nodal voltages at frequencies fi and f . The appropriate second
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order transfer function is then calculated from Equation (1-8). The 23
procedure is repeated for each combination of frequencies (fi’fj) re- gi
quired. Similarly, the third and higher order transfer functions are ij
calculated. The NCAP program can éalcu]ate up to the sixth order trans- .:i

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 f] and f2 and second order transfer functions at

fz - f], 2f], f] + f2 and Zf2 be calculated first.

The NCAP model parameters for the BJTs in the uA741 were deter-
mined by Fang[lal in two ways. .Fang used -the modified Ebers-Mol1 BJT
model parameters reported by Wooley et al.[24] for the Intersil 741
type chip. Fang also meésured parameters in situ on 5 Fairchild
pA741 devices using probe methods.[]8] Input parameters for both the
SPICE2 (Simulation Program with Integrated Circuit Emphasis)[53]
Computer Progrmmvand‘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 dua]-emittér substrate pnp. The "smﬁl]"
and "large" refer to the device geometry, ranging from 60 ym 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
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-
morrow will be more complex. The complexity of ICs makes computer-aided
analysjs of EMI in IC circuits time consuming and expensive. Further-,
more, the EMI analyst's comprehension of the overall system behavior
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 circbit 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
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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 continuoﬁs1y
and now are widely used in the analysis and design of large scale
integration (LSI) IC's.[27’28] However, the various digital macrohode]s
used by different manufacturers are usually proprietary information

and are seldom available to the EMC community.

Boyle et al. feported a macromodel for the IC Op Amp which can be
used for nonlinear dc and transient ana]ysis.[zgl 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 elemeﬁts related to dc circuit quantities: IEE for the dc cur-

rent source in the input stage, RE related to the Early Voltage of
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Figure 1-12. A Macromodel for the 741 Type BJT IC
Op Amp for DC, Small-Signal and Trans-
lent Analyses Developed by Boyle et a.l.29
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the current source transistor, Rp representing the dc power dis-
sipation, output stage current limiting parameters, GC’ RC’ D], D2 and
RO]' and the output voltage limiting elements VC’ D3, VE’ and D4. Smail-
signal opera;ion 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, C] for the differential
amplifier excess phase effect, and C2 for the 3 dB cutoff frequency.

The positive slew rate is related to C], and the negative slew rate to

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

iy
. 8,

"l

the input stage are necessary and sufficient to model the 74] IC per-

; 5
f‘?‘:’ U 4l
a A s &

Fy

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

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

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

employs no representation of any physical junctions. Other macro-

mode]s[3]'33]

also eschew the direct inclusion of physical devices as
shown in Figure 1-14. The necessity for physical modeling in the non-
Tinear 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

been developed for the IC Comparator.[34] Usually, about an order of
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Figure 1-14. Op Amp Macromodel for AC, Tra.nsiént
' and Thermal Ana.lysis.32
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Ai For completeness, two other nonlinear macromodels for the Op Amp !;
f?if should be mentioned even though no attempt has been made to use these :?
'jsﬁ nonlinear macromodels for EMI analysis. The Weil nonlinear macro- ¢
v . model[35] represents the nonlinearities by two diodes at the input of g
. _ o
‘ﬁi the IC. The diode current-voltage characteristic is exponential and s
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f:q includes an ideality factor. The input resistance is nonlinear as a ~
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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 nonlinegr 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

[(41,42]

An analog IC can be blocked into three main sections: the

input stage, the gain stage and the output stage. For the purpose of
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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.[43] 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. 11t can be re-
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]

In the noniinear 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 ¢an be characterized by the nonlinear
BJT msdel 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 macromode1[29] of Figbre 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 macromodel, namely Rp, D], DZ’ RC’ chs, VC’ D3,

D4 and VE can be omitted. In the small-signal macromodel the capacitor

C] is related to the nondominate pole of the differential gain response
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Figure 2-1. Schematic Representation of the 741 Type Op Amp. -
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and to the excess phase at the cutoff frequency deB' The capacitor C2
is the phase compensation capacitance in the gain stage of the actual
IC. The resistors RC] = Rcz are determined by the requirement that the

0 dB frequency deB = I/ZﬁRCCZ. The resistors R =‘R&2 model the emit-

el
ter degeneration for slew rate enhancement.[47’48]' 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
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 ROI is the dc component of the
internal output resistance. The resistor R02 is a small-signal inter-
nal output resistance. The common-mode transconductance Gcm models

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.

" *
LA

%

»

&

£

The NCAP BJT model parameters for the input transistors Q] and 02

s

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

“l
{I.'..I

&

¢
h]
LA A

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

P
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TABLE 2-1

MACROMODEL PARAMETERS FOR LM7412

300° K 188.6 umho

8 x 107164 §.28 nmho
100 «a 32.13 2
30 pF 42.87 a

2.41 pF . 247.49 mho
-16, -

33‘

" 20.26 uA 8x10
9.872 M - 0.02129 x 107

§305 @ - 49964 mho
22 a 1.803 v

5.460 pf . . 2303V

From Boyle et al., Ref. 29.
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-Parameter R

n
Veg (V)

Vego (V)

u
Ie (8)
(&)

IC max

"EE max

k (F=V 3)
Ref.

Cie (F)
¢!, (F/a)

rs (ohms)
' Te (ohms)
G (F)

'C3 (F)

TABLE 2-2
NCAP INPUT PARAMETER VALUES FOR pA?41 OP AMP MACROMODEL®

a

4.34
14,57

20

0.165 _
]0. E-G

0.5 E-3

0.90
400

1.23 E-12
1.091
t.23 E-12
9.09 E-9

830
5.33 E6

0.1 E-12

0.1 E-12 -

BJT parameter values reported by Fang,46
of I_ and a as noted on page 40.

C

36
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Q2

4.34
14.57

20

0.165
10,E-6

0.5 E-3

0.62
400

1.23 E-12
1.09
1.23 E-12
9.09 E-9

830
5.33 E6

0.1 E-12

0.1 E-12

“his set of parameter values is based upon the full Op Amp
with the exceptions




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

tors. As will be discussed later, the nonlinear BJT parameters of

o
o
—d
h
2
9
.1

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

@
MPITE |

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. ;%

. The-validity of the nonlinear macromodel proposed in Figure 2-2 Si
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 prediétions based upon the macromodel agree with .
the same predictions based upon the full model (device o
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 Hz(fz,-f]) is shown in Figure 2-5.

DA : N

N 37 v
~ s

Y “

QC."J '-u
_ o .
%




O A R P A M A O O O A RO

. 6209

out
0

TR

A 8 & s
.

-

s
s e
{l

»
>

“
X

o e

AL '

'ii_'i; Figure 2-3. Unity Gain Buffer Amplifier with IC
N - ) Op Amp as the Active Device.

7
»

R Ras ¥ $Ree
MO J 5305} $5305

d
ol
T

| Touez
ao @ o—
* e
I (s

620

ou

L Ca R
RIS Ol
- [ Ve lre W% v 33| v+
Y B 9.872M0 ! '
A
N cod z%x :gze'r

- Govcc Gl

6P 4749
% = = =
15 -

YN Figure 2-4, Macromodel Circult of the
@t Amplifier.

- 38

fafaln i T AN T

N TP P T N N N e e e e .'w " AT L
N e T R e e e T e e e T
- - . ‘

741 Buffer

e
N

LIRCIRTI LI

.
4" -, s J “. h

O
s

, -

PR A
S

[

_-"v_ i

T s




Latc i . el o MR v R ik AR v B Ty AN
ST I SUAAEAD N - POAWINANG) PAUSKHAM LA |-HRTIS |-~ O | ) IR AOCEAOENCANE - AU -+ LN LeAEEAS

R L L L R L IR P bl § LR L R U R R A P ] LR RS RS At AN A |

.
>

*JUSUAINSTI UOTIeTNPOWIajul
XopIQ puodeg IetyTrduy X93jng ® X0F woysfg rejueutIedxy G-z aanIy

+ Q-

. ASL

g | _ 4o |
._ | i i

5 " ol 50§

/ BALY s

3 V006 LY9 +
4 ‘Leuy (O3 0012 duy dg
BALY -

aAep 2

FLYT
byp 3say  0C? Aunn_funﬂ | _

39

-
A CES GRS ST

b o

B ) - N >m.— o+ . ]

d

<

,

¢ - . . .

R R - VAR LA B o 2R A AR il MR e o I ot
- SN AP  TALRALASE ¢ AR Y PR A
AL R | YRy




v e v
PAPAFL ISR

_—

SO N Y Y

'.- ,- f. ‘.o '.t '.. '

.........................

P
Lot

» . 'n.‘:'-.'t Lt
. . . R
: .. l‘ ; " l’ . 3
L] M Y 'l l- "y "
i Py GEI NN

The coding diagram for an NCAP analysis with the nonlinear macro- Y
model is shown in Figure 2-6. The circuit of Figure 2-6 represents the i;?i
small-signal equivalent circuit of the experimental circuit of Figure Eiigg
2-5. If nonlinear effects do not occur in the IC Op Amp, the Wave ;é%ﬁ
Analyzer shown in Figure 2-5 should read zero. Then the NCAP EMI %ééﬁi
predictions for Figure 2-6 should be zero also. It is noted that any é?%ﬂ
EMI predicted for the macromodel circuit of Figure 2-6 results solely %é%%
from the nonlinearities of the two BJT's. The NCAP input coding list ﬁ;j;

for a second order intermodulation analysis[46] 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.
Fang[“:I reports a value Ic = 7.85 uA. Boyle et al. uses a value

Ic = 10 yA. The Boyle value is used in our analysis. The value of the
hFE Nonlinearity Coefficient "a" is adjusted using the following
empirical relationship:

h - h : _
a = _rEmax. _FE — : . (2-1)

[log(+5—)]
he[log(——
FE T

The values obtained for "a" of the macromodel transistors Q, and 02[29]
are

400 - 111.67

111.67 [log(

a] = 5~ = 0.9

10.0 x 10'5) ]
0.5 x 1073
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Table 2-3

...............

NCAP INPUT CODE FOR SECOND ORDER INTERMODULATION ANALYSIS
OF THE EXPERIMENT OF FIGURE 2-5

** MACROMODEL OF 741 OP AMP
*% ANALYSED BY NCAP FOR H2
** SUBMITTED AT SUNY BUFFALO
** GORDH OUTPUT NODE IS 15
* START CIRCUIT

* GENERATOR

NODE 1 O

FR 1 1E6 10E6 5 LIN

AMP 1.0 0.0

FR 2 -0.9996E6 -9.9996E6 5 LIN

AMP 1.0 0.0
IMP 50 0
* LINEAR COMPONENTS

CTOOODVDVDODDVIVDDOIOND0N

13 3.0E-1
0 2.106E-9
BSTRATE CAPACITANCE

o ocCc
>
. (=)
m
L]
—
(8]
-+

* TRANSISTOR

NODE 4

4,34 14.57 20 0.165 10.05E-6
0.5E-3 0.90 400 1.23E-12 1.091
1.23E-12 9.09E-9 830 5.33E6
0.1E-12 0.1E-12

* TRANSISTOR

NODE 8

4.34 14.57 20 0.165 10.05E-6
0.5e-3 0.62 400 1.23E-12°
1.091 1.23E-12 9.09E-9 830
5.33E6 0.1E-12 0.1E-12

* LINEAR DEPENDENT SOURCE
NODE 6 10 0 12

VvC 1.886E-4 0.0

* LINEAR DEPENDENT SOURCE
NODE 16 0 12 0

VC 6.28E-9 0.0

* LINEAR DEPENDENT SOURCE
NODE 12 0 0 13

VC 247.49 0.0

* END CIRCUIT

* END

+ 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 - 143.57

a, = 3 = 0.62
143.57 [log(12:0x 10 )12 .
0.5 x 10 5
The values for the second order transfer function H,(f,,-f,) - j
calculated by NCAP as a function of RF frequency are plotted in figure R

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 in error by 15 dB, there is qualitative
agreement between macromodel predictions and experimental results.
Plotted on the same figure are the NCAP predictions for the same buffer
amplifie( 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 wA741
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
NCAP predictions by Fang et a].[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 Patudi[49]
showed that the parasitic elements strbngly influence 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[]g] in his computer simulation of Op Amps using a full model in-
cluded substrate capacitance; 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

-
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s
' effects of neglecting substrate capacitances were not appreciated. 9
b <
':Z?:; The npn transistors in a bipolar IC Op Amp have substrate capac- .'_E:'.
;'. {tances occurring at the collector. These capacitors are shown in the E\:,
_' " 741 full model NCAP coding diagram, Figure 1-9. According to wooley,[24] .,
;':If-: 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- l'_’
s 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 _
S.:E structure. Fang has found that for the purpose of numerical prediction,
I‘SJ the exact value of substrate capacitance is unnecessary. A typical :"
i capacitance value can be used to obtain good EMI predictions. The ?
i:: same situation also is true for the nonlinear macromodel. Consequently, \
:% one, substrate capacitance value is used at both the collector and 3
the emitter for both BJTs in the nonlinear macromodel. It will be =
E: shown later that a structural justification for the substrate capaci- ,\
:2 tance values (which cannot be given) is not essential. What is essential \
= fs a methodology for accounting for the effects of substrate capacitance - 4
:,, upon the internal RF interaction which produces the intermodulation. Si::
3.5‘5 At the present time no procedure exists by which the values for the para- :‘
sitic capacitors csub 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 C,, and the NCAP B
" »
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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 shdwn in Figure 2-9. It is noted that the
inclusion of substrate capacitance in the nonlinear macromodel improves
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
predicfions and experimental results. Furthermore, NCAP predictions
made using a Op Amp macromodel with CSub = 4 pF compare favorably
with Fang's NCAP predictions made using the Op Amp full model with
c

sub
When the macromodel substrate capacitance value is increased above

= 2 pF or Wooley's céub values. See Figure 8 *n Appendix A.

4 pF, the second crder 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

E:v 48

.......
..........
.........
...........
............




Loy
[+ 4]
h=d
L
o
<N
.|.
[
4
N
=
[
L2
2
=~
.
e
(4
(>
[}
[
4
4=
S
[}
°
e
o
©
[
(=4
(34
[ 4
(/)]

o Experimental
Macromodel Predictions
Curve Cgqup
—=—=— 0 pF
c==-=-2pF
/’/ — 4 pF

’
| nl L .

100k M 2 4 68I0M
f,» RF Frequency (Hz)

Figure 2-9. Effect of the BJT Substrate Capacitance
Value on NCAP Prediction of the Second
Order Transfer Function Based on the
Nonlinear Macromodel of the 741 Buffer
Anmplifier.




.................................

:-_2;5::.: CHAPTER THREE ._
.-\.f MACROMODELING PROCEDURE AND APPLICATION ;
NN
:::i;:;f . In the previous chapter an Op Amp nonlinear small-signal macro-

model based upon the Op Amp nonlinear large-signal macromodel of Boyle .
. v. . et al_.[29] was used to predict EMI in a 741 Op Amp. One obvious ques- l
1*:': tion is can the Op Amp small-signal macromodel be used for other Op B
__}1 Amp types. If the answer is yes, a second question is: What adjustments

‘ ~ are néeded for other Op Amp types? It is believed that the Op Amp non- }
§Si: Tinear small-signal macromodel shown in Figure 2-8 is global in the ‘-
',EEE: same sense as the BJT nonlinear 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)
—

L4

B

when three types of adjustments are made:

1. The input transistors Q] and Q2 in Figure 2-8 must cor-
respond to the input transistor types in the actual Op . N
Amp. Appropriate NCAP transistor model parameters for i~
the transistors Q, and Q, must be used. i v

(LYY
" '.‘ ‘:L...L"l.{\":-

2. Appropriate values for the resistors, capacitors and
transconductances in the original Boyle Op Amp macromodel .
must be determined using the techniques described by Bayle :
et al.[29] for bipolar Op Amps and by Krajewska et a].[63] .
for FET-bipolar Op Amps. :

ay
7577;.&1

o &
L) 1} .‘ r
v, r LSO N

-l'{ll..‘

E A A AP
ol NG
L’.{-.
X

PN

51

o P4 o o
SOl

I"J, A

£
o
-
[

S I
.'-\".':\"n';. s
0

p .
'l



S T A ARSI Rt S O S R AT S S AR 2 AL s A A el o fistiulio. ok s
RIS . - . AN NE=A

3. Values for the four substrate capacitances C_ .1, Cc pos @
csub3’ and Csub4 shown in Figure 2-8 must be determined o
using the procedures described in this chapter. T

In this chapter the basic macromodeling procedures will be outlined
in more detail in Section 3.1. In Sections 3.2 and 3.3 the procedures
will be applied to a new Op Amp-the LM10.. The LM10 Op Amp is a bipolar
Op Amp, but one that is very different from the 741 Op Amp discussed in
Chapter 2. 1In 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

In this section the basic macromodeling procedure for Op Amps is
described. The specific case for BJT input transistors is considered.

A siuﬁ]ar procedure can be used for JFET or MOSFET input transistors.

(1) A BJT IC Op Amp is represented by the model of Figure 2-8. Note
that substrate capacitances are included.

(2) The NCAP BJT model parameters for the input BJT pair are taken
from sources such as the work of Fang.[]8] When device fabrica-
tion data are available, it may be possible to extract the model
parameters using computer-aid analysis techniques.[54’55]

(3) The remaining Boyle macromodel parameters are extracted from the
Op Amp performance specifications using procedures described
by Boyle et al.
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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
Hz(fz,-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 Hz(fZ"fl) 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 Hz(fz,-fl).[ssl 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

LM10 Op Amp.
3.2 Macromodeling of the LM10 Bipolar IC Op Amp

The LMI0 Op Amp[57] has on one monolithic 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 LM10 data sheets
(Appendix B),[57] it is noted that the LM10 Op Amp performance is
similar to that of the 741 Op Amp. However, the similarity stops
here. The LM10 Op Amp has been designed so that it can be operated
from a single supply voltage as low as 1.1 V. The LM10 Op Amp IC

schematic circuit diagram is shown in Figure 3-2.
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The Op Amp input section of the LMI0 is different from the 741 Qp
Amp in major design respects. The essential details of the LM10 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 LM10
Op Amb constitutes, to a considerable degree, a new test on the effec-
tiveness of the nonlinear macromodel for EMI analysis. The macromodel
for the LMIO 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 LM10 macromodei parameter model parameters refer to the equiv-
alent circuit of Figure 3-4. 1In this section values for the para-
meters are determined using the procedures given by Boyle et al.[29]
and data from National Semiconddctor data sheets for the LM10 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 pA according to Wildar et a].[59]

The transconductance 91 of the input differential stage is given by[47]

ql -6 -
. ?_%T = ‘-550f0;g8 = 2.42 x 1073 A/v . (3-1)

The compensation capacitance C2 is given by

Im  _ 2.42 x 1070
77048 2x x 60 x 103

c, = =6.4x 101 F . (3-2)
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The frequency fg,p at which the LM10 Op Amp open-loop gain is 0 dB
is 60 kHz. The resistor Rc = R5 + R6 = R8 = 1C4 ko is taken from

Figure 3-2. The conductance Ga js the reciprocal of RC'

1 1 -6 -
6. = 5= ———== 9.6 x 107° A/v (3-3)
a R 04 x 10°

Next the output resistances RO] and R02 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 oqtput resistance. The output resistance Rint = RO] +
R02 can also be determined from the open-loop dc voltage gain (AvD) Vs

load resistance,(RL) graph shown in Appendix B using the relationship
Avp = Ap (R = =) x R /(R + Rypy) (3-4)

where AvD (RL = w) is the open-circuit value for AvD‘ Choosing points
= = ) 5 = =
RL 2 ka where AvD = 110 dB (3.16 x 10”) and RL = 10 kR where AvD =
114 dB (5.01 x 105) and using Equation (3-4), the value determined for
Rint is 1713 2. The macromodel dc output resistance parameter RO] is
arbitrarily set at 0 Q. The macromodel ac output resistance parameter

Ro2 is set equal to Rint = 1713 qa.-

Hoo]ey's[24] value for the dc current gain Bp for a lateral pnp is
B = 75 which is close to the value B = 100 given by widlar.[58] The
Wooley value is used. The value for the Early Voltage VA given by Fang
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(- in Table 4-2 of Reference 18 for the lateral pnp transistors Q3 and 04 .‘i
.‘_-.‘ : S
o is V, = 55 V. This value is used. Using I = 2 I, the resistance ‘o
]
s Re is given by 3
-, & A
\ Y
R Rg = Vy/Igg = 55/(2.5 x 107%) = 2.2 x 107 o (3-5) 3
‘\é The capacitance C] is calculated from the frequency response curves for
\ . the gain and the phase. From the frequency response curves in the '
'::_;l: specifications (Appendix B), the phase margain ¢ m of the open-loop re-
-‘ sponse js obtained at the frequency where the gain becomes.0 dB. The \

“ B I
s 4 ¢y value obtained is |
e -
E, o = 180° - 120° = 60°.
¢ : The excess phase shift at deB as defined by Boylel:zg:l is then, A 5%
o 3
< _ Iy
Lz 8¢ = 90° - 60° = 30° N
- . %
: The excess phase shift is related to C; by
-':\ :_:.
(S
N ¢, = (C,/2)tana¢ = (64/2)tan30° = 18.5 pF (3-6)
A 1 2 Ay
N - X
b
The value for heg 1s calculated by taking bk
A , o
3 Megnax = 100 and i
e ) )
heg = Mpgmax/ {1+ 21097 (1¢/Tgnpy)3 (3-7)
"‘"\.$ o0
e o
8 = 100/{1 + 0.80710g%(1.25/110)} = 24.7 R
N
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‘. where the value a = 0.807 is the value given by Fang for the lateral pnp ._‘
transistors Q3 and Q, in Table 4-3 of Reference 18. The emitter re- w
:I:_: sistance R is selected to make the gain of the input differential .‘f“_-'_;I;
amplifier stage 'd/"in = l.[29] Setting Vd/vin = 1, Boyle obtained the . .‘?
’ expression ) ._.a‘-
i 3§
\ W ' Re = [Rc - 'l/gm][hFE/(hFE +1)] (3-8) . &'
‘o N
L} .- ﬂ
w -Using Equation (3-8) and the values R. = 104 kg, 9y = ch/kT = 48.4 yA/V, N
3¢ e
‘N and hep = 24.7, the value R, = 80 ka is obtained. 2
i | o
. The transconductance Gb js calculated using the expression for the Sl
X A
e low frequency open-loop gain ap given by Bo_yle[zg:l -
{ < | ' i "
| 2yp = {Va/V4n) (65Rp) (ByRp) (3-9)
T , o
i\ . The value R2 = 100 ka used by Boy1e[29] for the 741 Op Amp is also used . '-Itf-'.
¥ for .the LM10. Using Equation (3-9) with a typical value a,p = 300,000, e
) '-'::-
f "d"'in =1, R2 = 100 kq, Ga = 9,6 yA/V, and Ro2 = 1713 q, the va.lue I::f:
i 6, = 182.4 A/V is calculated. -
R -~
The capacitance CE is related to the negative going slew rate by
S the formula ' \
4 Sp = (21.)/(c, + Cp) (3-10) 1
%
" Using the graphs shown in Appendix B for the comparator response time Z:Z:;E
';ﬁ for various input drives, it is observed that the output voltage changes :
, ‘e
P o
X By
X 2
£ s
N X

Ly
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Vg

(} by 5V in 0.2 ms which corresponds to a slew rate Sa =5YV/0.2 ms =

N A -

BN 2.5 x 10% v/s. Using Equation (3-10) with S; = 2.5 x 10% V/s and

NN

oA C2 = 64 pF, the value 36 pF is obtained for CE.

:\% The lateral pnp trénsistor NCAP parametef values determined using
=30

;tg : -Wooley's data[24] are used for the transistors Q, and Q, in the macro-
o .

'1t$ model. These values are those for transistor Q3# in Table 1-3.

A .
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*:Sﬁ 3.4 NCAP Predictions for the Second Order Transfer Function Hz(fz,-f])
:ES " Based on the Nonlinear Macromodel

% .

fgf The NCAP coding diagram, gsing the parameters given in the previous
:%2 section, is shown in Figure 3-5. The input code for an NCAP calculation

A5

ilﬁh of the second .order nonlinear transfer function Hz(fZ"fl) is listed in

‘¢~ﬂ ‘ Table 3-1. The NCAP predicted results presented in Figure 3-6 do not

‘\.n

jtﬁ agree well with the experimental results because substrate capacitance

o7

)5 effects are not accounted for.

{fk:_ The actual location for the lateral pnp transistor parasitic sub-

Tl . . .

-i:ﬁ - strate capacitance is from the base terminal to ground (substrate) as
N

e shown in Figure 3-7.[24] The lateral pnp transistor in the Op Amp in-

'E{j vestigated by Wooley has a base area approximately 4.5 mil x 3 mil and
< )

E:; 3 substrate capacitance of 1 pF. A measurement of the LM10 die area for
Y

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

3f; nearly equal to that of the lateral pnp transistors Q3 and Q4 listed in
iis Table 1-3. Notwithstanding the difference in the actual physical place-
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TABLE 3-1

NCAP INPUT CODE FOR THE MACROMODEL LM10 VOLTAGE FOLLOWER

** MACROMODEL FOR LM10 OP AMP
** ANALYSED BY NCAP FOR H2
%% FOR STANDARD SUPPLY

** VOLTAGE OPERATION

** IN BUFFER AMPLIFIER

** UNITY GAIN CONFIGURATION
** SUBMITTED AT SUNY BUFFALO
** CCS=0 . CES=0 . CBS=0

** QUTPUT NODE IS 15 PIN 6 IS NUDE 14

* START CIRCUIT

* GENERATOR

NODE 1 O

FR 1 1E7 8E7 5 LIN
AMP 1 0.0

FR 2 -0.99996E7 -7.99996E7 5 LIN
AMP 1 0.0

IMP 50 0

*LINEAR COMPONENTS
R210.01

R 2 3 560

R 3 8 4E3
R2050

R 0 6 104E3

R 7 16 80E3

R 0 10 104E3

R 11 16 80E3

R16 0 22E6 °

R 12 0 1.0E5
R1301713 -

R 13 14 0.1

R 14 15 4.7E4

R 15 0 4.489E4

R 14 17- 620

R 17 4 4E3
C201.1E-10

+ 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.

10 18.5E-12
0 36E-12
13 64E-12
0 2.106E-9

UBSTRATE. CAPACITANCES CES = 0 PF,

BS = 0 PF, CCS = O PF

0 5.1E-15+

0

0

OO0
::dddm
oY

5.1E-15

0 0 4E-15
0 0.5E-15
1 0 0.5E-15

RANSISTOR

.5 12.6 95 0.333 1.25E-6
0.11E-3 0.808 100 0.834E-12
1.0 0.1E-12 1.06E-6 500
0.5E6 0.1E-12 0.1E-12

4
8
6
1
7
1

- %0 o
O: OOOOM
o

m

+

- *TRANSISTOR

NODE 8
1.5 12.6 95 0.333 1.25E-6
0.11E-3 0.807 100 0.834E-12
1.0 0.1E-12 1.06E-6 500
0.5E6 0.1E-12 0.1E-12
*LINEAR DEPENDENT SOURCE
NODE 6 i0 0 12

VC 9.6E-6 0.0

*LINEAR DEPENDENT SOURCE
NODE 16 0°12°0

VC 0.79E-11 0.0

*LINEAR DEPENDENT SOURCE
NODE 12 0 0 13

VC 182.4 0.0

*END CIRCUIT

*END
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Figure 3-7. Small-Signal Equivalent Circuit of the Lateral PNP
Transistor with Base-Substrate Capacitance CBS.[24]
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{ ment of the substrate capacitance from base to ground as shown in 0
.'13 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 LM10 Op Amp implies that the "_
..4:
:I:: emitter substrate capacitance is an equivalent parameter. The second
\ : order transfer function Hz(fz,-f]) is very sensitive to any change in . ol b
':;:T this capacitance, as illustrated in Figure 3-8. On the other hand a
2: non-zero base-substrate capacitance CBS which has more physical signif- i
N icance reduces the accuracy of the nonlinear macromodel predictions as !:Q
’-\ illustrated in Figure 3-9. This apparent contradiction may be a re-
) =
': sult of simulating the many distributed substrate parasitic capaci- 7;';
{ tances[58] with a few discrete capacitors placed at the input tran- 52
“ sistor terminals.
2 =
e
39 The final choice for the LM10 nonlinear macromodel substrate A
]
»
) capacitances obtained by comparing NCAP predicted and experimental X
3, . . . - \\_:' ‘
2 values for the second order transfer function Hz(fz,-f]) are CBS = 0 pF, ES‘
\‘_‘f CCS = 0 pF and CES = 0.5 pF. The NCAP calculated values for the first ::Z:~
b
5 order transfer function H](f) for the LM10 unity gain buffer amplifier
f are compared to experimental results in Figure 3-10. The NCAP predic-
.“‘,
M tions and experimental results for the second order transfer function
X .
™ Hy(f,,-f,) are shown in Figure 3-11. !
Y
l\‘
N As shown in Figure 3-11 by properly adjusting the macromodel sub- N
g oy
. strate capacitance values excellent agreement has been obtained between @
% 66 oY
> Nox
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3
:': ~ NCAP predicted values and experimental values for Hz(fz,-f1) for: -
frequencies above 3 MHz. For frequencies below 1 MHz the predicted :.::-‘Z:;
\ values exceed the measured values by as much as 18 dB (at 300 kHz). _-;j
2 Much of the difficulty iq achieving good agreement at frequencies less ;_5_;
N than 1 MHz may be a result of the Tow H,(f,,-f) values (-35 dB)
:j .measured below 1 MHz. A similar difficulty was encountered using a
d' : full model for the uA741 Op Amp. (See Figure 1-11.) b_'_...ii
\ - It is interesting to compare uA741 and LM10 Op Amp experimental i
., values for HZ(fZ"f‘l)' As shown in Figure 3-12 at frequencies above = ._\.
S 1 Mz the Hy(f,,-f;) experimental values for-the LMIO Op Amp are at | Y
:ff least 15 dB below those for the uA741 Cp Amp. This means that the | ‘ "t
;': LMI0 Op Amp is less susceptible to EMI at frequencies above 1 MHz than 5\
‘,\. the uA741 Op Amp. The lower LM10 Op Amp susceptibility to EMI above *
i: ' 1 MHz manifests itselfs in the lTower csub values used in the LM10 Op “
:‘E: o Amp macromodel. Lowering the C_ . values lowers the predicted
> Hz(fz,-f]) values. "'
3 The reason for the lower LM10 Op Amp susceptibility to EMI may be
jts total compensation capacitance value of 1,000 pF .[58] This large ;f"
..55 capacitance is achieved by the use of emitter isolation junction
‘: capacitances of 1 pF/mﬂZ. Also the intermediate stage has a phase \
_;r compensation capacitance of 100 pF (C1 of Figure 3-3) and an overall EO
:: 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
w . -3
R n - o
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analysis of the LMIO Op Amp, it would be possible to do a parameter

.""n/"

sensit##ity analysis to determine the importance of the various capacit- o

< '
e . e
f; ors in the LM10 Op Amp. This has not been attempted because the goal o
e e
1 of the present effort is not to evaluate Op Amp full models but to T

N _

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

?

account for EMI in the fairly complex integrated LM10 Op Amp without

SRS

7
o

resorting to a full model analysis is the important point.
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o8N NETWORK THEORY FOR THE NONLINEAR MACROMODEL .
.é«" In the two previous chapters, it has been demonstrated that a <
AN Ry
-!‘?.: nonlinear smalli-signal Op Amp macromodel which contains only two BJTs :Z'_:
e ' {s effective and accurate for EMI analysis. Furthermore, it is believed »
.;-.ff that the nonlinear macromodel shown in Figure 2-2 is global and can Eﬁj«
AN N
Lo be applied to all bipolar Op Amps of present technology and design. An o
, : actual bipolar Op Amp, such as the one illustrated in Figure 1-8, is of .
S course made of many identifiable (and some unidentifiable) components. Vi
j ,h:~) . :
7 A1l the BJTs in the Op Amp have nonlinear parameter values which are :
A comparable, as shown by the work of Fahg.ns]- How then is it that the E
\: RFI contributions of the large: number of nonlinear components in the
"::;:S Op Amp can be represented by just two nonlinear transistors in the -
.~ -macromodel? This question is addressed in the present chapter. . .
S . . -
-ﬂc 4.1 Cascade Configuration for the IC Operational Amplifier 3"
R -
o A common IC Op Amp design is the three stage configuration utilized
“i in the uA741.[4z] This configuration consists of an input stage, an :
S A
-Z::, intermediate gain stage with compensation, and a unity gain output stage. o
«-.J For small-signal analysis purposes, the IC schematic diagram can be -
n\‘, :‘:
A simplified to that of Figure 4-1. A small-signal linear equivalent iy
S N
"ﬁ circuit shown in Figure 4-2 illustrates the three stage cascade more L';:
L

At B
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For small-signal nonlinear analysis, each section in Figure 4-2 is re-

-? placed by an appropriate small-signal nonlinear representation. One s
2 such representation is shown in Figure 4-3 in which A](f) is the first v
. )
4 order, or linear, transfer function, Az(f],fz) is the second order R
~¥? transfer function and A3(f],f2,f3) is the third order transfer function. : I;E'
When needed, higher order transfer functions can also be included. The {if
\ )
! summing node indicates that all transfer functions operate on the input LTS
:gi signal frequency spectrum U(f) to produce the total output response jﬁ{f
Bt e
N spectrum V(f). : o
& .,—.
fs A condensed block diagram for the Op Amp three stages is shown in -
- :-
e Figure 4-4(a) as a three-stage cascade*. The three-stage cascade can S
( 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 ﬁ:f'
_g be considered. The block diagram shown in Figure 4-3 can be substituted f
into each stage of the two-stage cascade shown in Figure 4-4(b) to ob- ;:';
o tain the block diagram shown in Figure 4-5. The two-stage cascade :}}F
- shown in Figure 4-5 has transfer functions D](f]), Dz(f],fz), and | .
= D3(f].f2.f3) which can be written in terms of the single-stage transfer s:;
functions using the cascade relationships given by Weiner and Spina**. ;i{i
| ¥
. * This first order approximation of the 2-port cascading system as- iff
4 sumes the loading effect of the stages to be neg1igib]e.[64] »
TE; ** A derivation of the cascade relationships according to Weiner and :i::
,:; Spina is given in Chapter 4 of Reference 15. ' :ﬁi;
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The results are:
Dy () = Byf))A () | (4-1)
Dy(f1.1,) = By(fy+F,)A,(f;.F,) + Bz(f].fz)f.]A1(fi) (4-2)

D3 (f1.7pu73) = By (£ 71,4305 (F,, 50 5)

+ 28, (F, . F,+ 5 A (A (7, . 7,)

+ By(f,F,,F5)3 A(F,) (a-3)"

Df’
1*°2 f=1
Consider the second order transfer function of two cascaded stages
which each have comparable nonlinearities. Equation (4-2) fmplies that

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

o,
‘.
A to the two-stage cascade third order transfer function need to be con-

*'-"» - \
79" sidered. This, observation is supported by the experiments of Narayanan[7]

[15]

Yoy and Weiner and Spina involving discrete BJT cascades. However, the X
; feedback internal to fhe IC Op Amp strongly affects the two-stage S
" cascade second order transfer function Dz(fl’fz) when the sum frequency

3 f, + f2 is Tow enough. This point will be discussed in the next section. -

s * See Reference 15, Chapter 4 for the procedure of averaging which
83 makes up the overbar term in Equation 4-3. b
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{ 4.2 The Effect of Internal Feedback on A Cascade Nonlinear Transfer o1
Function ' :l-'IjI-}
\ The internal feedback capacitor C2 shown in the small-signal equiv- _j
alent circuit of Figure 4-2 has a major effect at RF fraquencies. To ".,g-
emphasize the important role played by the internal feedback capacitor j
~ N
A C, the input-stage-gain-stage cascade for the Op Amp is drawn as shown N
. in the block diagram of Figure 4-6, where G represents the input stage . ’"”'
transfer functions, AH represents the gain stage transfer functions, and
52: B represents the feedback of the internal compensation capacitor C,.
2 Employing Narayanan's algorithm (see Equations 8 and 11 of Reference 8), '
o) BRANY
: the first order transfer function F](f) of the second stage with the S
linear feedback 8 is: - ' 2
: B LR o )y i (&4
and the second order transfer function Fz(fl'fz) of the second stage
. with the feedback is: ' '
- R 2 o
. Fo(f,,fF = . 4-5 ::':-.‘-
. e
Substituting Equation (4-4) into Equation (4-5) leads to the result
. N
Ho(f1,f,) S
; Folf122) = TR Yo7 ITToA CF, a0, T T (7 a0 T e
~ ™ 1 1V 2/PV2 V12PN i )
: (4-6) o
‘-: .:'_:::
Note that Equation (4-6) for the second order transfer function Folfysfy) i
mal@
has been written in terms of .the first order transfer function Hy (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 8 is given by

8 = 1/{1 - j/2=fRC,]. (4-7)
For R = 100 ka and C, = 30 pF, Equation (4-7) can be written as
8 = 1/[1 - §-05/f(MHz)] (4-8)

since the cutoff frequency 'I/ZnRC2 = 05 MHz. The feedback factor 8

has a magnitude 0.008 at 400 Hz, 0.7 at 0.050 MHz and 1.0 at frequencies
greater than O.Z_MHz. Typical values for the open-loop second-stage
first order voltage gain H,(f) are estimated to be 30,000 at 400 Hz,

250 at .050 MHz and less than 0.] at 9 MHz, The denominator of Equation
(4-6) varies over a wide range of values. Let us consider the specific
case corresponding to the demodulatien of AM modulated RF signals by

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

The frequency f2 1; varied over the range .05 to 100 MHz. T:e frequency
1’.l is negative and must track the frequency f2 so that the condition

f, + f, = 400 Hz is satisfied. The factor [1 + H](f1+f2)8(f1+fz)]

has a value given by
[V + By (F#F,)8(f, ;)] = [1 + (30,000)(0.008)] = 240 (4-9)

which does not vary as the frequency f2 is varied because f] + fz is

kept constant at 400 Hz. At a low RF frequency such as f2 = ,050 MHz,
82
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e o 6y(fy.f,)

~ "
N l

1

T .

b7

.r,;-

- Figure 4-8. The Nonlinear Cascaded Transfer Function
<5 , of Figure 46 with Second and Higher
.

"i}_ Oxrders of the Second-Stage Neglected.
o, ’ ,

’\

S




A RAAAL ety 0 ol Ml Wl & 49 Arde Sae B e & aras o o '-" NI Y -—.v r_'. _"H‘.V. "r.f_Y""—_" 7'.7' d’T Cabd |
. Rt R B I . L PSR

¥

A -

e —

(;.‘ the factors [1 + H](f])s(f])] and [1 + Hl(fz)e(fz)] are of the order
SZEE [+ (256)(0.7)] = 200 and the denominator of Equation (4-6) is of the
;i% order of (200)(200)(250) = 107. Clearly at an RF frequency f2 = 0.050
‘;‘ MHz the second-stage second order transfer function Fz(f],fz) is reduced
E?f essentially to zero by the feedback internal to that stage. For an RF
ff, frequency f2 above 1 MHz, the factors {1+ H](f])e(f])] and

;;J 0+ H](fz)s(fz)] have a value near unity and the denominator of

'2;2 Equation (4-6) has a constant value 240 given by Equation (4-9). For
‘i?’ an RF frequency fz > 1 MHz, the open-lo0p second-stage second order

;¥; transfer function H2 (f],fz) is reduced by a factor 240 by the feedback
S;S internal to that stage. Thus the contribution of the second-stage to
S;S{ the Op Amp total second-qrder transfer function is suppressed signific-
i_v antly by the internal feedback capacitor C2 of that stagé. This ;uggests
§;§ (but does not prove absolutely) that the nonlinear effects associated
oo with the second stage can be neglected. It is believed that similar
;"n. analysis would show that the third order transfer function F3(f],f2,f3)
Eﬁi of the second stage is also reduced by the internal feedback capacitor
Sfé Cz. Thus 1t seems reasonable to simplify the Op Amp first-stage and
%{; second-stage cascade representation from that shown in Figures 4-5 and
EE%S 4-6 to that shown in Figure 4-8. In Figure 4-8 the second-stage second
E;f and third order transfer functions are omitted.

.:{E 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-
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plementary emitter followers. Emitter followers may be viewed as feed- ';
v
-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-

butioﬁs 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
Cz = (0 and C2 = 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-staée contribution is rela-
. tiye to the first-stage contribution. A similar expression to Equation
(4-2) could also be used tp-compare the third-stage contribution
‘reiative to the combined 1nput-§tage 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. : , o
- .ﬂ
The input stage of the 741 is repeated in Figure 4-9. It is seen Zﬁ;J

ol

that some 12 BJTs are involved each having nonlinearities of comparable s

value. The fact that the first stage can be effectively modeled with a :'_:1
differential pair of transistors in common-emitter (CE) configuration :

will now be discussed.

The operation of an IC Op Amp such as the pA741 has been treated
in a number of references.[5°'51’52] The transistors Q8 through Q12

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

can be represented by lfnear resistors. The transistors Q1 through Q7
are involved in active small-signal processing, and therefore contribute
to the nonlinear transfer fun;tions. The small-signal eduivalent circuit
fs a differential amplifier. Each branch of the differential pair is a
composite BJT 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 0
signal modeling, only the cascode amplifiers need be considered. Egg
Modeling the BJTs with the nonlinear T-model of Figure 1-2, the cascode é%;i
amplifier formed by transistors Q1 and Q3 or by the transistors Q2 and Q4 giﬁ
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.b..'
(j, is represented by the small-signal nonlinear equivalent circuit of ®
P> ' iy
f:j Figure 4-10. An examination of this circuit shows that a three- ~
\."*n' . g
$Ei terminal representation of the cascode is possible. With terminal C3
t’\ being the composite collector, C1 the emitter and Bl the base, a ' >
isis common-emitter stage results for each cascode pair. Thus the input iﬁ
;i;: stage of the IC Op Amp can be represented by a differential amplifier ﬁi
N formed by two CE stages. Note that for the cascode pair shown in Figure . »
ORG
3008 4-10, Kirchhoff's Law applied to node E1(E3) yields ?{
o) -
= Tk (Vg-V3) + v q(VyoVy) .
N ;:
- For the purpose of converting the CC - CB cascode shown in Figure 2
7 .T 4-10 to a single CE amplifier, it is not necessary to solve Equation fﬁ
‘: (4-10). Instead, the cascading relationship of Equation (4-2) can be
ot ‘ .
‘f,:j applied. It may be noted that the first order gain of the CC stage .
?Qfé is unity. The first order gain of the CB stage is much greater than ;:
; unfty. It also was reported ‘that the CB connected transistor has a . -
-.- .‘t ) O
Y :
3;{ - second order transfer function considerably lower than that of the y
;ﬁ;l CC connected gar.[7,12] Therefore, in applying Equation (4-2) to =
il L
O Figure 4-10, we have B, high and A, low and B,(f,,f,) < A,(f;,f,). 3
"221 Equation 4-2 then can be written as
e
e
- D,(f;.f,) ¥ By (f14F,) A (Fy,f,) (4-11)
e »
;?f which may be viewed as second order transfer function of a single stage .
) iy
e ampli fier. 5
4 ®
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('~ In summary, it has been argued effectively in this chapter that l#
\ the three-stage amplifier design that makes up the 741 type of IC Op B
A_.’-:E:f -Amp has its overall nonlinear transfer function dominated by .the input

a < X

g " stage. The gain stage and output stage that follow can be represented

h .*‘."

.'-:Z-\, by a linear transfer function. In the input stage, the nonlinear

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

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

N

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

; !'\J'

ol 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
for the bipolar IC Op Amp which can be used successfully for RF1
analy§is. Two BJT's are adequate to characterize the complete IC.

. The ;ma]l-signa] nonlinear macromodel can be obtained directly from
the large-signallmacromodel developed by Boyle et al.[29] The
effectiveness of the small-signal nonlinear macromodel is verified by
the agreement between NCAP predictions énd experimental results for
the second order transfer function of the 741 QOp Amp unfty gain buffer
- amplifier. Good agreement is also obtaiﬁed between NCAP calculations
based on the macromodel and the full model. By using the Ob Amp macro-
model, a saving of nearly an order of magnitudg in computer costs is
achieved. Not only does the macromodel conserve computer resodrces,

it makes possible for the EMC engineer to analyse electronic systems

involving many Op Amps.

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.
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
specifications and Fang'stls] IC BJT results can be used. This was
demonstrated by the successful application of the nonlinear macromodel
fo the new LM10 IC Op Amp for RFI analysis by NCAP, without resorting

to full model analysis, nor experimental device characterization.

However, the accuracy of the nonlinear macromodel relies on the
inclusion of capacitors to represent the effects of substrate parasitic
capac{tances. The proper selection of substrate capacitors does not
necessarily follow the structural IC parasitic capacitances. The effects
caused by these éapacitances are simulated by four capacitors in the
macromodel. 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 pa;ﬁmetric fitting is involved whén a new Op Amp is modeled.

L4

~ That the combined nonlinearities of tens of BJTs in a linear IC
Op Amp 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

it was argued that the input stage which consists of two cascode stages
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in a differential pair arrangement can be represented by ‘two common

emitter stages in a differential pair configuration used in the Op Amp

oo macromodel. The validity of the nonlinear macromodel is therefore A
T ' : K

-.:3::--; supported both by experimental verification and by network theory. L
2 D

: ’- 5.2 Recommendations

The following topics are suggested for future ef rts. -

\ : « . .'

':I:'é (1) Nonlinear macromodels for FET-Bipolar IC Op Amp

‘o

"%, Large-signal macromodels for JFET-Bipolar and MO.. .l-Bipolar Op

NS - . .

TN Amps have been achieved recently.[63] A small-signal nonlinear

A 42

.s;I: macromodel for the JFET-Bipolar Op Amp can be developed using N

SN =

T the NCAP JFET small-signal nonlinear model now available.[61]

-'__.:\ .:.
' A small-signa'l ronlinear macromodel for a MOSFET-Bipolar Op Amp o
e can be developed with a four-terminal MOS transistor nonlinear
N : N
_{2:; model which is expected to become available shortly.[62] -
) : . N
- (2) Study of the EMI Internal to IC Op Amps -
';:TZ; The program NCAP calculates the nonlinear transfer function
, ,. Hy(fyse.0nf,) by first calculating the circuit admittance matrix =
o Y(f] ...+fn) and the n-th order source vector In(f‘],...,f")[m:I o

4.% i and solving the equation

HIN . X
> = _

)3 [Y(f1+...+fn)]Hn(f],...,fn) In(fl""'fn) . (5-1) ;

'%'3 It may be possible to study the behavior of EMI generation inside

‘ SV an integrated circuit by examining the admittance matrix and

Y
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o : , -

WM . -
-"? 0

~ ~: ;4 ' . e y

N T e T M T S e R T T N Tl e T e L T S S e e e e e T e e T e e e
J ..21:-. i : \.F .;.:".:"-};‘ . -‘.': . D . . ‘.*‘ LN L N : ~ .' .‘ .-\':\'.".:' .-\'.\: " .: .............. R POy




e
2N
EQ current source vector.[58] An alternate method was suggested in
;:ﬁ Section 4.2. (See p. 85.) fk
:J (3) Op Amp Modeling Below 1 MHz 'f;f':
& A1l efforts to predict EMI in IC Op Amps have not been very ac- %L%
Ei curate at frequencies below 1 MHz. This includes predictions :ﬁi
_{E for the second order nonlinear transfer functions using the 741 ?ii
\“ full model and macromodel and the LM10 macromodel. Part of the :
;}g problem is a result of the very low EMI observed at RF frequencies
:?Z pelow 1 MHz. While EMI at low RF frequencies may be of less
o practical conce;n, research into low frequency modeling of EMI
f:: in Op Amps may contribute to a better understanding of Op Amp
:fé full models and macromodels.
‘-: (4) Macromodels For Linear Electronic Systems.
;3 Electronic systems designed tb be 1inear usually contain non-
Eé Tinear devices such as BJTs and FETs in which EMI effects may
N occur. These systems often contain a cascade of linear stages
:; and a variety of feedback paths. It would appear that a general
:é nonlinear macromodeling procedure could be developed for such
ff systems. The simplest procedure would be one based upon the
EE approach used by Boyle et al.. The input stages could be modeled
}EE in a physical manner; interior gain stages and output stages could
jﬁ be modeled as 1inear systems. A more systematic approach would
ugi be to use the cascading relationships given in Chapter 4, especially

when internal feedback is used, to estimate what stages make important
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contributions to different nonlinear transfer functions. Stages

that can make an important contribution to the nonlinear transfer

function of interest should be represented by an appropriate small-

o, sfgnal nonlinear model. Other stages can be represented by small-
{Egi « signal linear models.

fés (5) Nonlinear Maéromodels For Digital IC:;.

:Jb* ) Macromodeling of digital ICs preceeded that for IC Op Amps and is
i

:iSE widely used by the semiconductor industry. Unfortunately, the
:fz' digital’ IC macromodels developed appear to be proprietary. This
é;gi may mean that EMC analysts will have to develop their own digital
{ff IC macromodels. It is anticipated that small-signal nonlinear

fﬁE - macromodels and the computer program NCAP cannot be used to pre-
‘;2;_ dict EMI in digital ICs. Large-signal macromodéls and time domain
%EE analysis routines such as the transient analysis routine of
sp1ce2l%3] wi11 be required. '
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Reprint of Paper

Preprint of paper to be prc;cntcd at International Conference on
Electromagnetic Compatibility, University of Southampton, Great
Britain, September 16-18, 1980.

MACROMODEL PREDICTIONS FOR EMI IN BIPOLAR OPERATIONAL AMPLIFIERS

Gordon K. C. Chen and James J. Whalen®

[

SUMMARY

A macromode]l containing two transistors can accurately predict how amp-
1{tude modulated RF signals with RF carrier frequencies in the .05 to

100 MHz range are demodulated in a bipolar operational amplifier (uA741
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

Jeads to a substantial reduction in computer time and expense.

1. Introduction

The Monlinear 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.1-6). Among the nonlinear effects
that NCAP can predict is demodulation. The use of NCAP to predict de-
modulation RF] 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 25 transistors shown in the op amp circuit
in Fig. 1 were each modeled in ref.8. The objective of this paper

fs to demonstrate that the op amp macromodel shown in Fig. 2 which con-
tatns 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 demodulatéd in 741 op amps to cause undesired low frequency
responses. An important point 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 macromodel 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 transistors are modeled. HCAP 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 macromodel are in good agreement both with those predicted using
the op-amp complete model and with those determined experimentally.

* Department of Electrical Engineering, State University of New York at
Buffalo, Anherst, New York 14226, U.S.A.
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Fig. 1 Schematic of uA741 operational amplifier (op amp).

2. Op Amp Models

The computer program NCAP contains models for passive components such as
resistors, capacitors, and inductors and for semiconductor devices such
as pn-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
pA741 op amp used in this investigation fs 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
undasired 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 expensive. An alternative approach is to use the integrated circuit
op amp macromodel developed by Boyle et 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 fr-om col'lector to

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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use with Nonlinear Circuit Analysis Program NCAP.
Note the inclusion of four narasitic substrate capac-
{tances csub‘ .

Fig. 2

in 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 RF1
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 {s used to make RFI predictions.

The op amp macromodel shown in Fig. 2 contains two BJTs. The NCAP model
for the BJT is the nonlinear T model (ref.1-6). The nonlinear T model
paramster values for the two 8JTs in the op amp macromodel are given in
Table 1. It is appropriate to comment briefly upon these values. The
two transistors Q! and Q2 in the op amp macromodel are in a differential
patr conﬂ?uration that corresponds to the differential pair formed by
Q! and Q2 in the op amp schematic shown in Fig. 1. The NCAP model para-
meter values for all 25 BJTs in the op amp are given in Table 1 of ref.8.
The NCAP parameter values for transistors Q1 and Q2 in the op amp com-
plete model are also used for transistors Q1 and Q2 in the op amp macro-
model. These are two exceptions: (1) a dc collector current Ic = 10 yA

for Q1 and (2 in the op amp macromodel is used because that value is
specified by Boyle et al.; (2) the values for the parameter a were ad-
Justed to obtain the values for the dc common-emitter short-circuit
current-gain hrﬂ and "FEZ specified by Boyle et al. (ref.9).
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TABLE ! 9
NCAP INPUT PARAMETERS FOR ,A741 -]
OP AMP MACROMODEL AR
Parsmeter “ @ ::;?;:':f
. "3 “n 0
Vg (V) 1457 ©W.8? 4 ':r,,.‘
Yeao (V) 2 2 . W
. 0.165 0.168 A
I ) 10.£-6 10.£-6 A
. 0.-3 . 0.5-3 SRS
a 0.9 0.62 o
0.2
K(r-v~-3) 1.236-12 1.23€-12
Raf. 1.0 1.0 ‘-Z-'{]
Cie (F) 1.236-12 1.23€6-12 TN
- ¢ (F/8) 9.09-9 9.09€-9 : o
r, (ohms) 830 80 RS
r. (onms) 5.3386 5.33€6 @
¢ (F) 0.1€-12 0.16-12 Ly
& (1) 0.1€-12 0.16-12 T
o

.
v

3. Op Amp 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 conductea 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 Q impedance. The bipelar IC is an operational
amplifier (op amp) which is being used in a unity voltage gain circuit
called 2 voltage follower. The RF signal which is an amplitude modu-
lated (AM) sinusoidal signal is being injected into the noninverting
input terminal. Previous investigations have indicated that this case
exhibits EM susceptibility at lower RF power levels than other cases
(ref.10). 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
snvelope on the RF signals. .

The computer program NCAP uses an iterative procedure to calcuiate non-
Jinear 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 measyred first-order node voltages lead to larger discrep-
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Fig. 3 Schematic illustrating the unity gain op amp valtage
follower circuit investigated. The desired signals
(unmodulated CW) and the EMI signals (AM modulated
RF) were connected directly to the noninverting input
terminal.

ancies between predicted and measured second-order node voltages. For
this reason coasiderable effort was expended in developing an accurate
linear equivalent circuit for the voltage follower circuit shown in
Fig. 3 (ref.8). Shown in Fig. 4 is the NCAP coding circuit diagram
for the voltage follower circuit with the op amp complete model from
ref.8. Shown in Fig. 5 is the same circuit with the op amp macromodel
> substituted for the op amp complete model. NCAP predictions made for
the circuits shown in Figs. 4 and 5 will be compared to measured results
in the next section.

4. Comparison of Experimental and Predicted RFI Results

The purpose of the investigation fs to determine how‘ well the op amp

.
v
v
P_'
"

macromodel can predict the demodulation of RF signals in an op amp. This
- will be accomplished by comparing NCAP-predictions made using the op amp
macromode] to NCAP predictions made using the op amp complete model and
Nt to experimental results. The experimental results were obtained using
i':'.f the measurment system shown in Fig. 6. The op amp voltage follower was
Ay excited by amplitude modulated (AM) sinusgidal RF signals. The RF carrier
';;:- frequency fRF was varied over the range .050 to 100 MHz. The AM modula-

tion index m was 0.5. The AM modulation frequency fAF was 400 Hz. The
voltage follower output voltage \IM at 400 Hz was measured on 3 tuned
audio frequency (AF) voltmeter. The AF yoltage VM is related to the
voltage follower second-order transfer function “z"v"z’ by
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Experimental system for measuring the second-order

Fig. 6
transfer function Nz(f‘,-fz)
Vy(rms) = (0.707)ma%H, (=) (m

where m is the modulation index, A the voltage amplitude of the RF signal
generator, fl the RF carrier frequency fRF’ and fz the lower sideband

frequency (fo. - f,c). In obtaining Eq. (1) 1t was assumed that the
upper and lower sidebands contributed equally (ref.11). The voltage
amplitude A can he caiculated using

(wgen gen)o' ) : (2)
where pgen is the available power from an RF signal generator with inter-
nal impedance Rgen Using Eqs. (1) and (2), experimental values for the

second-order transfer function "2“1" 2) can be determined in s manner
that now will be described.

Shown in Fig. 7 is a plot of the tuned AF voltmeter rms voltage reading
Vy versus the generitor available RF power P en- FOT Peen < *5 dBm the

V" values increase 10 dB8 for each 5 dB increase in Pgen' and Equation (1)
is valid. For Pgen > +5 dBm, the VIM values begin to increase more rapidly,

and Equation (1) is no longer valid. Also shown on Fig. 7 is a dashed
1ine 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 imporunt for P gen > +5 dBm have

not been considered in this 1nvest1gation The second-order transfer
function Hz(f‘.-fz) may be interpreted as a normalized nonlinear

{demodylation) response for the op amp voltage follower circuit at
sufficiently low RF power levels (i.e. P n < +5 dBm). Experimental

values for Hz(fl,-fz) can be determined at any point on the straight
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Fig. 7  Measured values for the mms audio frequency (AF)
output voltage VM vs RF input power Pgen for the

op amp valtage followar circuit.

line drawn through the data for Pgen < +§ dBm. Using Eq. (1)1and E:. (2)
with R = 50 ohms and the V" valuye at PQ." = 10 dBm, exper m?nta
values for H (fl ,f,) were determined. These values are given in Table

2 and are plotted in Fig. 8.

Also shown in Fig. 8 are values for Hz(f,.-fz) predicted by NCAP 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 pf. The other set of predicted
values were obtained using the op amp macromodel shown in Fig. S; al)
parasitic substrate capacitances were assigned values of 4 pF. The NCAP
input cading 1ist for Fig. 4 is given in ref.8. The NCAP input coding
tist for Fig. 5 is given in Table 3. It is abserved that the Hztfl,-fz)

values predicted using the op amp macromadel agree well with the
"z(fl" Z’ values predicted using the op amp complete model. For values

of Hz(f].-fz) > -40 d8, the differences are less than § dB. For values
of Hz(f,.-fz) < =40 dB (a low value), the differences increase but are -

still less than 10 d8, The agreement between the op amp macromgdel
predictions and the op amp complete madel predictions is very good. The
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TABLE 2

SECONO-ORDER TRANSFER FUNCTION MEASUREMENT
wATA) UNITY GAIN BUFFER WITH
Pgen © - 10 dim and f,o s 400 H2

M Freq.  AF WM Read.  Ho(f).-f,)°
s (Hz) ™ (ras o) (a8)
0 k 0.008 -64.94
0k 0.011 -62.17
0 & 0.01$ ~59.48
0 * 0.019 57,42
0 & 0.0236 -55.58
100 & 0.029 -53.75
150 & .06 ~45.08
200 k 0.112 -2
2%k 2.18 RK)
300 & 0.27 -34.37
00 & 0.82% -28.6
%00 & 0.9 -23.724
€0 & 1.8 -19.48
700 & 2.2 -16.15
- 800 k 3.0 <1.46
900 k 3.8 -11.29 -
L) : -9.56
1.5 N 2.1 -5.97
2n 6.4 -6.88
In 6.4 -6.88
an 7.0 -6.2
S K 7.9 -6.2
6N 1.4 -5.6
In 8.2 472
sn 9.0 -3.92
N 9.8 -3.18
0m 10.8 -2.58
15N 13.8 0,393
2 1.5 -0.393
0N 4.8 -0.23
«n 13.5 -0.393
50 M 12.0 -1.42
@wn 1.0 «2.17

% ™he frequency 'l s fpp» 3nd the frequency

fz'f”--f"'hﬂ'! f”ICOONz.

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 ”z“'t"’z) obtained

using the op amp macromode?l shown in Fig. 5. The values assigned to the
parasitic substrate capacitance csub aré 0 pF, 2 pF, and 4 pF. It is

apparent that the value assigned to csub has a major effect upon the
Hz(f,.-fz) 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  Mbasured and predicted values for the second-order
transfer function Hz(f‘.-fz) vs RF frequency for

the op amp voitage foliower. The measured values
are from Table 2. One set of predicted values were
obtained using the op amp complete model shown in
Fi?. 4 with all parasitic substrate capacitance
values set at 2 pF., The othar set of predicted
values were obtained using the op amp macromodel
shown in Fig. 5 with all parasitic substrate capac-
itance values set at 4 pF. .

5. Conclusion

A macromodel has been used to predict RFI effects in a uA741 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 experimental 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 MHz. The op amp complete model can be used for RF incident upon any
op amp terminal. The use of the op amp macromodel 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.

13

. PSS e e N
)

PO ‘(. S NS
SRR RN LT RS
PPV R AL A ACANE X SN



2“| ."'2’ (dB)

x .
<
s
g ~3or )
W 3
8
3 40 *
o o !
= . {
_ ! o Experimental
s 50 \ 1 Macromode! Predictions
S o \ .,’ Curve Cgyp
g <0 .' \ == QpF
8 . ~==~=-2pF
3 . 7 —— 4pF
n [ . | | 'l/ [ Ll I ] | L 2 L [ l
10k 100k M 2 468I0M IOOM

f;» RF Frequency (Hz)

Fig. 9  Measured and predicted values for the second-order
transfer function Hz(fl.-fz) vs RF frequency for

the op amp voltage follower. The measured values
are from Table 2. The predicted values were obtained
using the op amp macromodel shown in Fig. 5§ with

a1l parasitic substrate capacitance values set at

0, 2, or 4 pF, .

An important point is that the op amp macromode) developed by Boyle et al.
has to be modified for RF] predictions at RF frequencies greater than 1
MHz. Four capacitors csub are added to 2ccount 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
(csub = Q pF), the RFI effects are underestimated by more than 10 dB.

The value csub = 4 pF yields good agreement between predicted and measured
RFI results.

»
.v
-

Wttty %
-' LIRS |. l-
e

» B
atalasTel

114

A N A
, .

'

vk

t
[
s e 2
..-'.‘-(




AaCH Sl A Y _'-’_';’_‘- i R . uad AL L

TABLE 3

NCAP CODING FOR VOLTAGE FOLLONER WITH MACROMODEL °

** MACROMODEL of 741 OP AMpP

c2401.1£-10

** ANALYZED 8Y NCAP FOR H2 C 6 10 5.460E-12

*= SUBMITTED AT SUNY BUFFALOD C 16 0 2.41E-12

*e GORDH OUTPUT NOOE IS 1S € 1213 3.0¢-11

** NITH SUBSTRATE CAPACITANCES C 15 0 2.106¢-9

** ADNSTED PARAMETER TO SUIT = SUBSTRATE CAPACITANCES

** LN741 MACROMODEL BETA PARAMETER €60 4.0£-12

* START CIRCUIT € 10 0 4.0E~12

*  GENERATOR C704.06-12

NODE 1 0 € 11 0 4.0E-12

FR 1 8.066 80.0E6 5 LIN * TRANSISTOR

AP 1Y 0.0 NODE 4

FR 2 =7.9996ES -79.999€6 5 LIN 4.34 14.57 20 0.165 10.0SE-6 0.SE-3
N &) 0.0 0.90 400 1.23e-12 7.097 1.23E-12

1 S0 0 9.09€-9 830 $.33E6 0.1E-12 0.1E-12

SLINEAR COMPONENTS - TRANSISTOR

R210.00 NOOE 8 -

"R 23560 4.34 14,57 20 0.165 10.05E-6 0.5E-3
380,00 0.52 400 1.23E-12 1.091 1.23E-12
R20S%0 9.09€-9 830 5,3366 0.1E-12 0.1E-12
&0 6 5305 * LINEAR OEPENDENT SOURCE
R7162N2 NOOE 6 10 O 12
R 0 10 5305 ¥C 1.886E-4 0.0
R 111§ 212 * LIREAR OEPENDENT SOURCE
R 16 0 9.872E6 MOOE 16 0 12 0
R 120 1.085 ¥C 6.28€-9 0.0
R 13 Q 42.87 * LINEAR DEPENDENT SOURCE
R 13 14 32.13 NODE 12 0 0 13
R 14 1S 4_7E4 ¥C 247.49 Q.0
R 15 0 4,489€4 * END CIRCUIT
R 14 ¢ 620 *
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Appendix B

IM10 Op Amp and Voltage Reference Data Sheets

National
Semiconductor

LM10/LM10B(L)/LM10C(L)

OSCEMEER 1978

Op Amp and Volitage Reference

genaral description

_The LM10 series are monolithic linesr ICs consisting of &

precision reference, an adjustable reference buffer and
an independent, high quality op amp.

The unit can aperate from a total supply voitage as low
8 1.1V or s high ss 40V, drawing only 270uA. A com-
plementary output stage swings within 15 mV of the
supply terminals or will deliver £20 mA output current
with 20.4V ssturstion. Reference outpur can be ss low
s 200 mV. Some other charscteristics of the LM10 are

® input-offset voitage 2.0 mV (max)
8 input-offast current 0.7 nA (max)
0 input-biss current 20 nA (max)
® reference reguistion 0.1% (mex)
® offsetvoltage drift auv/'c
® reference drift - 0.002%/°C

The circuit is recommended fcr portable equipment and
is completely specified for operation from a single power
coll. In contrast, high outmut-drive capability, both
voitage and current, along with thermal overiosd pro-
wetion, sggest it in demanding general-purpose
applications. .

The device is capeble of operating in a8 floating mode,
independent of fixed supplies. It can function as a remote
comparator, signal conditioner, SCR contrailer cr trans-
mitter for analog signais, delivering the processed signal
on the same line used to supply power. It is also suited
for operation in a wide range of voitage- and current-
reguiator spplications, from low voltages to several
hundred voits, providing grestar precision than existing
1Cs.

This serias is available in the three standard tempersture
ranges, with the commercial part having relaxed limits.
In sddition, a iow-voitage specification (suffix “L") is
svailable in the limited temperature ranges at a cost
savings. :

connection and functional diagrams
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8 absolute maximum ratings R
. LMILMIGENMIGC  LMndBULMI0EL o
"o Towt ammply veitags - ™ <
R . Otifarunciel ingant veitage (nowe 1) w0V v . .t
. Povgs dissigonen inete 2) internaity Himived N s
A Cutput thert-girauit duranen (new 3) indofinite L
A DrOgI-NBIreTre range 48°Cw +190°C
Lose sumpersaure (ssidering, 10} WrC
0N electrical characteristics (v, 25°C, Tyw < 7)< Tuax, now 4)
N (Beldfase type refors 10 limits over tampersture renge.)
o LMT0/LM 108 LM10C
X PARAMETER CONDITIONS R VAL TREL A LTVE bk
Input offt veltage . [ ] 20 08 10 mV
0 8.0 mv
) Ingut offest surrent 028 |07 04 20 nA
AN tnon §) 18 0 nA
1 . .
"re Ingut biss eurrent o |2 17 | nA
A . » “© aA
\ »
AN input resistance . 20 | s00 150 | «00 %)
*\.__- . . 10 1s [
\ -
B e Lorge signal voltage | Vg =220V, lgyr = 0 120 | 400 20 |0 vimv
A »in Vour = £19.95V 0 30 vimv
3’3 Vg = 220V, Vgyr ® £19.4V 50 |13 - 130 Vimv
38 ) : lout = :20 MA (18 mA) 20 ™ Vimv
AN .| veetaevioeswv.iguraz2ma | 15 |20 10 |30 vimy
~:.‘,-. Vour * 10.4V (£0.3V), Vou = 04V | 08 078 vimv
LA
> Swntgein inow §) | 1.2V (1.3V1 € Vour S WOV: " (B 0 |» vimv
A CERYY) : : \
\ 0.t mAS Igyr SSmA . [} Vimv .
o 1SV vt gaov, vy = 2900 s s [ 28 Vimv
B - 01 mA S igyr S0 mA s . Vimv
b Commen-mode -20V € Ve < 19.15V (19V) 2 |02 0 |02 a8
..:s 3 rejestion Vg = 220V o | 7] d8
: ')\j or— <02v2y"2-3v 0 |9 o |9 P
X\ rejection vt e 10V (1aV) " 1 ]
10V (1IVI SV S 0.8V % |08 9 |[w0e o8
. Vie-g2v 20 ) s
" Offoet veitage drift 20 5.0 avrc
o> ,
AN Offaec current drift 20 80 PASC
Eq ™ -
: N Bles eurrent drift Te <100°C [ ] ° LY Vol
VAT - Line reguistion 1.2V 13V < Vg S 4OV 0.001 | 0.003 0001 |0.008 | wv
g 0S inge S 1.0MA, Vugs = 200 mv 0.008 0.01 Vv
. Loed reguistion 0< Ingr S 1.0mA oot |ot 001 |08 1
J{‘-' V* = Vags 210V (L.IV) o1 a2 LY
o Amglifier gain 0.2V S Vagp S BV ™ s |n vimy
-',‘v' - ! ] vimV
I
L Fesdbosk senee 198 | 200 |208 190 J200 | 210 mv
..:‘ P veltsp - " 28 19 m mv
4 Fesback eurrent 2 %0 n 75 nA
11 ‘ [ ] [ ] nA
f-.-:- Rotorenss érift 0.002 0.003 % c
.\‘ Suonly eurrent m 2 20 |so0 uA
s uA
“
_»_s:fv Sunply eurremt LIV LIVIS Vg S v " | 18 uA
o ¢
_:‘ hengy
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.ww Challctﬂistics (T;-zs.c. T“STJSTWM“
(Beldions type refers te limits over tampersture rangs.)

PARAMETER CONDITIONS ”‘r‘::"

03

Vg = 2329V, lgyr =0
Vour = 13.2v

Vg = 2328V, lgyr * 10 mA
Vour = 12.78v

Vg = 0.0V (0.68V), Igyr * 22 mA
Vour ® 10.4V (20.3V), Vo = 0.4V
1.5v S v* <8V, A = 5000
GImA<Iigyr S10mMA
=3.28V < Vo € 24V (2.23V)

Vg = £2.235V

s 88
8

02V V" >-54v
vtergvi1an

1vinvigvt gaav
v ea2v

8% B8 88 °~ ¢

12v 11aVI S vg S 8.5V
0 Inge SO.SMA, Vags = 200mv

0 ings SOBmA
V™ = Vags 2 1.0V (1.1V)

0.2V € Vngr S S8V

aont

bt ]
L

Refarence arift 0.002 0.003

Supply current 200 280 300
570 uA

PRSP S T
L S I

M00s 1: The input voitage COR Sxeeed the SuRRly vOITNNS Drovided that the voitags IrOM the DUt (0 SNy OTAEr 1EFTHAR dORs NOL ExCeed the
mmMuwmmcummmmmmvm<v

Now 23 The cti is 180°C for the LM10, 100°C for the LMTOBIL) sng 85°C for the LMTOCIL). At
mmmmn besed on

Nots X @ that could resuit in sudden fadure, But the IC con be subected to accelerated stress
With 6 SNOrIg GUTBUL SRE Werst-Case conditions,

Now & Thaw specifications soply for V™ < Vem < v® - 088V (1.0V), 12V (13V) < Vg < Vmax. V"' -ozv MmO Ingp STOMA,
wnious otnerwise 18esified: Vagax ® 40V for the standerd pert and 6.8V 10r the tow voitage part. 25°C s,

ou indisems Hmie end sitered teme for full this 13 —55°C t0 125°C for the LM10, ~25°C t0 85°C for the
LMIOB{L) and 0°C t0 70°C for the LMIOCIL). mmkum-mmmcmmmmnmn u 20 ms), dve heating
{r3 8 0.23) or package hestng. Gragient effects are smal ond tend te offset the electrical arvor (108 curves).

Mot 8¢ For T; > 90°C, iog mev encesd 1.8 8A for Vo = V™. muf_.-ul‘cuv‘<vcu<v‘oow 108 < S NA.
*ﬁ This defines n uch o8 the . Qutout 10 e
¥’ wemingl of the IC and input common Mmade s referred to V lmmmm Ctect of lmwmmnﬂmmmﬂw
100d FesieInnus Con B2 2000UNISY O DY Sdding the SONVE-TUEDIY reIRCHON Srroe.
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i i g definition of terms
o :
:.“-, 8 Ingut offset voltags: That voitage which must be soplied Supply<oitsge rejection: The ratio of the specified
ok $ [ ] betwesn the input terminais to biss the uniosded output supply-voitage changs to the change in offset vol
o [« oo in the lineer region. betwesn the extremes. :
»"
-':- ) input offset current: The difference in the currents .
A O} | & the inout minais when the output is uniceded Line reguistion: The average changs in reference cutput
s in the linesr region. . voitage over the specified supplys voitage range.
——
S0 o
-* input bias current: The absolute value of the average " :
el N Loed reguistion: The changs in reference output voitage
N : of the two input currents. from no losd to that load specified.
"
a € | neut resistanes: The ratio of the change in input ®
IR o voitage t0 the change in input current an either input Feodbeck serwe voitage: The voitage, referred to V™,
N with the other grounded. on the refersnce feedback terminal while operating
> [« 3
. . in reguiation.
A < E Large signal voitage gein: The ratio of the specified
% output voitage swing to the change in differential
1 < input voitage required to produce it Referenge smplifier gain: The ratio of the specified
e (- X reference output change to the changs in feedback
ol Q© | Shunt gain: The ratio of the soecified outout voitage  39N88 vOitege required to produce it.
L . — swing 10 the change in differential input voltage required
y *1 to produce it with the output tied to the V' terminal -
‘, ='r ot the IC. The ioad and powsr source are connected :::::“' Iﬂ';.:e Tho :::‘“" value i:' m', current
QO batwesn the V" and V™ terminals, and input comman- o
And o made is referred 1o the V  terminal.
. - Supply current: The current required from the power
o = | Common-mode rejection: The ratio of the input voltage source to operate the amplifier and referance with
_(s\ -l rangs to the change in offset voitage Detween the their oumuts uniosded and operating in the linear
o S extremes. range.
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b MISSION
Y
\ \ of
Y - Rome Air Development Center
I__.
'i:-', RADC plans and executes neseanch, development, test and
selected acquisition programs in support of Command, Control
Communications and Intelligence (C31) activities. Technical
n and engineering Support within areas of technical competence
N 4s provided to ESD Program Offices (POs) and othen ESD
.j.': elements. The principal technical mission areas are

communications, electromagnetic guidance and contrnol, sur- .
velllance of ground and aerospace objects, intelligence data
collection and handling, information system technology,
Lonosphernic propagation, solid state sciences, microwave
physics and electronic neliability, maintainability and
compatibility.
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