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CHAPTER ONE

INTRODUCT ION

In recent years, wideband monolithic analog integrated circuits

(ICs) such as operational amplifiers (op amps) have become important

building blocks in control and communication systems. These amplifiers,

although designed to be linear, are not perfectly linear because of the

inherent nonlinearities of the devices in the circuits. These non-

linear devices include diodes, bipolar junction transistors (BJTs),

junction field-effect transistors (JFETs) and metal-oxide-semiconductor

field-effect transistors (MOSFETs). When the control and communication

systems built with these ICs are operated in a multi-signal radio fre-

quency interference (RFI) environment, nonlinear effects can severely

degrade system performance.

Some of the major nonlinear interference effects in electronic

circuits are intermodulation, desensitization, cross modulation, and

gain compression/expansion. Intermodulation is the process by which

two or more signals combine in a nonlinear manner so as to produce new

frequency components. Desensitization is the nonlinear effect by which

a strong interfering signal at frequency f2 reduces the apparant gain of

a desired signal at frequency fl" Cross modulation is the nonlinear

effect whereby modulation from one signal is transferred to another.

Gain compression/expansion occurs when the gain of an amplifier does

not remain constant as the input signal amplitude is varied.

As an example, let us briefly consider nonlinear elements described

*by a power series. If the input and output are denoted by x and y

1 -
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Srespectively, the power series description assumes the form

y a x+a 2x
2 + a 3X3 + ... (i-)

Suppose that the input x(t) is composed of a desired signal s(t) and

- unwanted modulated signal i(t)

s(t) = ScoSCOt (1-2)

i(t) = I(i + m(t))coSa2 t , Imi< 1 (-3)

fr:
where w and w2 are angular frequencies, S and I are amplitudes, and V

- Lr

- m(t) is a modulation function. After substituting x(t) - s(t) + i(t)

into Eq. (1-1), the output signal y(t) will include the following

-. terms:

y(t) = + alSCl + (3a3/4al)S
2 + (3a3/2al)I

2 + (3a3/al)m(t)I
2]cosolt

+"' + Sloos - c2)t + Situs t + "'" (1-4)

where the terms with factors (3a3/4a1 )S
2 , (3a3/2aI)12 , (3a3/al)m(t)I

2

are called the gain compression/expansion, desensitization, cross

modulation terms respectively, and SIcos(,- -w 2)t and Slcos(w I + w2)t

are two of the intermodulation terms.

This dissertation investigates mainly a subset of the inter-

modulation effects, namely demodulation effects, in op amp circuits.

*l The intermodulation effect which causes demodulation is illustrated

in Figure 1-1. Two sinusoidal RF signals at frequencies f and f1 2

respectively, which are outside the passband of an amplifier, combine

nonlinearly to produce second-order nonlinear components at frequencies

2 ,C
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f -r•
f 2"f 2 ,f1 +f2 , and 2fI. It is possible that the frequency

component at fl-f 2 falls within the passband of the amplifier. If

this occurs, interference results. Consider the case in which a single

interfering signal vi(t) is an amplitude-modulated (AM) RF signal with

R,- carrier f amplitude A, modulation frequency f and modulationf~RF' fAF'"""

index m. Then the interfering signal can be expressed as

v i(t) = A(l + mcos2TrfAt)cos2Trf t

= Acos2TrfAF t + (mA/2)cos27Y(f RF- fAF)t + (mA/2)cos21T(fRF+ fAF)t

Defining the frequencies fl and f2 of Figure 1-1 to be the RF carrier

frequency and the lower sideband frequency respectively, we have

f-l f

F (-6)

The second-order nonlinearities of the amplifier cause an inter-

modulation product (IMP) at the frequency f AF which may fall inside the

passband of the amplifier. This IMP may also be interpreted as being

the demodulation RFI response of the amplifier at the AM frequency fAF"

Electronic equipment being constructed for today's control and

communication systems include integrated circuits (ICs) of various

complexity. As the complexity of ICs increases, the need for computer-

aided procedures in the analysis and prediction of various RFI effects

in these electronic circuits becomes necessary.' 35-38 The computer-

aided procedures include the use of nonlinear models for semiconductor

i'" '3
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devices and nonlinear transfer functions to characterize various

nonlinear effects in electronic circuits.2 '3 '

The Nonlinear Circuit Analysis Program (NCAP) was developed during

1972-1977 through the joint efforts of government, industry, and

universities to provide the Electromagnetic Compatibility (EMC)

community with a usable procedure for analyzing electronic equipment

* 3,35which must operate in a multi-signal RFI environment. The program

NCAP includes nonlinear circuit models for semiconductor diodes, BJTs,

FETs, and also for vacuum diodes, triodes and pentodes. Nonlinear

models for resistors, capacitors and inductors are also available.

Recently, a nonlinear MOSFET model has been developed for NCAP.

When this model is incorporated into NCAP, then NCAP can be used to

analyze circuits that include MOSFETs. NCAP uses a circuit oriented

procedure based upon frequency domain analysis to predict the nonlinear

transfer functions which characterize many nonlinear effects in

electronic circuits. Among the nonlinear effects NCAP can predict

are intermodulation and demodulation, desensitization, cross modulation,

and gain compression/expansion.

In 1979, Fang demonstrated that NCAP can be used to predict how

audio frequency modulated RF signals with radio frequencies up to 100

MHz are demodulated in bipolar ICs to cause undesired low frequency

responses.'6- The ICs reported upon were the differential pair CA3026

. which was used in a broadband cascode amplifier and the pA741

operational amplifier which was used in a unity gain buffer configuration.

Among the significant contributions of Fang is a set of nonlinear BJT T
3,10

*model parameter values for NCAP simulations of pA741 op amp circuits.

'.---
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The set of parameter values could also be used in NCAP simulations of

other bipolar ICs. Fang used a full (device-level) model when he

analyzed pA741 op amp circuits.
6 7

In 1980, G.K.C. Chen, in modeling the 741 and LMlO bipolar op amps,

applied the macromodeling procedures by Boyle et al. The advantage of

using a macromodel over a full model is a saving of nearly an order of

magnitude of computer analysis time and cost. Chen provided at least N.

a partial justification for replacing a full model with a macromodel.,
1 2

He applied the macromodel to predict demodulation RFI in two types of

op amps: the 741 and LMIO. Both types were used in a unity gain buffer

amplifier configuration. The predicted results, presented as values for

a second-order nonlinear transfer function, were compared to measurements

made on a few (1-3) op amps.

In 1981, K.N. Chen compared demodulation RFI effects in bipolar

and JFET-bipolar operational amplifiers based on NCAP simulation results

13
using macromodels. The op amps compared were the bipolar 741 and the

JFET-bipolar LF355. Each was connected in a unity gain buffer amplifier

-" configuration. The incremental macromodel for the LF355 op amp was

14
derived from the large-signal macromodel of Krajewska and Holmes. No

experimental data for the LF355 were available at that time.

In 1982, K.N. Chen developed a four-terminal nonlinear incremental

4,5
MOSFET model for predicting low level RFI in analog MOS circuits.

He used this model to investigate low level RFI effects in three analog

'. MOS circuits. Chen investigated demodulation RFI effects in a CD4007

MOS amplifier and in a CA081 MOSFET-bipolar (BiMOS) op amp unity gain

6
-. -, * . . . . .

° . . , ...

K " -". -". . . '"-. -.- . . . . . ' . .-- - ' "• . - -. "< ''''- "' ''" - - . ".- -- '-, -"--- '



.. . . _ 9- M, L w ..- -.-- -.' ; - , , ,- ,C -- . . . . . . . . . .2 • * -. . . . . .. * .

buffer amplifier. He also investigated third-order intermodulation

products (IMPs) in the CD4007 CMOS amplifier with a buffer stage. The

experimental and predicted values of a second-order transfer function,

which characterizes demodulation RFI effects for the first two circuits,

were in very good agreement. The experimental and predicted values of

third-order nonlinear transfer functions, which characterize third-order

IMPs in the third circuit, were in good agreement.

In those previous op amp investigations, the emphasis was to compare

predicted demodulation RFI effects to RFI measurements made on a very

small number (1-3) of each op amp type. No measurements were made for

the LF355. The only op amp configuration investigated was the unity

gain buffer amplifier.

In a monolithic integrated circuit, all components are made

simultaneously. The process, therefore, can be optimized for one type

of component only e.g. the npn transistor. Furthermore, the parameters

of each component in an integrated circuit cannot be pretested. As a

result, the parameters of the components in a monolithic integrated

circuit are subjected to wide variations. None of the previous investi-

gations focused on this important fact.

The research work reported in this dissertation has the following

objectives:

(1) To carry out an experimental investigation to determine the

statistical variations of demodulation RFI effects in two op amp circuit

configurations. One configuration is the unity gain buffer amplifier

with each of the four op amp types previously mentioned (741, LMIO,

V 7
. ...... -. , ..~.. . ...... ............- '.-'... . ... .. ,.: .....-. :
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LF355, CA081). Another configuration is an inverting amplifier with a

- voltage gain of 10. For the unity gain buffer amplifier, approximately

30 units of each op amp type have been tested. For the inverting

amplifier, the same 30 units of 741 op amps have been tested. The op

ampF tested were purchased in groups of five over an extended time

duration in order to obtain units with different date codes.

(2) To compare predicted values for a second-order nonlinear

transfer function, which characterizes a demodulation RFI effect, to

the mean value of measured data for the two op amp configurations. The

circuits, with the op amps replaced by macromodels, were analyzed using

NCAP. Values for op amp macromodel linear elements were based upon

values provided in manufacturers' data sheets. The values for the

model parameters of the nonlinear transistors in the macromodel were

obtained from publications.6,14,17 Since macromodel linear parameters

were derived from typical values, the predicted values for the second-

order transfer functions are best interpreted as typical or mean values. w

Hence, they will be compared to the measured mean values.

(3) To identify the critical macromodel input parameters.

Sensitivity analyses of two types of op amps (741 and LF355) in the

unity gain buffer amplifier configuration were performed. Each of the

nonlinear device parameters and the macromodel linear parameters was

varied independently by ± 10% from its original value. Variations in a .

second-order transfer function resulting from variations in op amp

macromodel parameters were compared at corresponding RF frequencies.

4.*- -



(4) To study experimentally the effect of a RFI suppression

capacitor on the inverting amplifier, especially its influence on the

demodulation RFI statistics. A 27 pF capacitor was connected in the

feedback path between output and inverting input of the op amp.

(5) To discuss some of the experimental observations. These

observations include lower demodulation RFI effects in CA081 and LF355 op

amps than in 741 and LM1O op amps and two resonances in the unity gain

buffer configuration when LF355 op amps were used.

This dissertation is organized in the following manner. In Chapter

Two, an analysis of weakly nonlinear circuits using the nonlinear

transfer function approach is presented. This approach is employed by

NCAP to characterize nonlinear effects in electronic circuits. In

Chapter Three, op amp macromodels for RFI predictions are described.

Chapter Four presents statistics of measured demodulation RFI effects

in an op amp unity gain buffer configuration. Chapter Five presents

statistics of measured demodulation RFI effects in an op amp inverting

amplifier configuration. Results of NCAP simulations and sensitivity

analyses are discussed in Chapter Six. Chapter Seven includes a summary,

conclusions, and recommendations for future work.

.7i-
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CHAPTER TWO

ANALYSIS OF WEAKLY NONLINEAR CIRCUITS:

NONLINEAR TRANSFER FUNCTION APPROACH

The analysis of nonlinear circuits is complicated, and no single

analytical tool is generally applicable. However, various approaches

are available for specific classes of nonlinear circuits. For the

- ." special case of weakly nonlinear circuits, whose nonlinearities are

.-. characterized by gradual, rather than abrupt variations, the Volterra

15,16
functional series has proven to be an effective method. The

frequency domain transformations of Volterra functional series are

called nonlinear transfer functions.

2.1 Nonlinear Transfer Function Approach

Consider a nonlinear circuit with input x(t) and output y(t), as

shown in Figure 2-1a. Using the Volterra series method, the output y(t)

16
may be written as

00

y(t) y1 (t) + Y2 (t) + " ynt) (2-1)
2n=1 -'n

where

yn(t) J' f "' h (rlr 2 , ... ,r) n v x(t- ri)dri  (2-2)

The kernel of Eq. (2-2), hn(T1,T 2 9'..',Tn), is called the nonlinear

impulse response of order n. The n-dimensional Fourier Transform of

Yn can be expressed as

n

Y= Hn(ff 2 . . ,fn) .  X(fi) (2-3) .""

where the nth-order nonlinear transfer function
1 6

. *10 " "
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" 1I
H f,0f0 000 00

Sn(f hn(-r1 r 2 ,...,rn)-
n '2--f 00 -00 -00 nJP2 n

excp[-j2'(f T f1 2T2 +  + fnTn) ]dl Id'r2 "''d'n (2-4)

is the Fourier Transform of the nonlinear impulse response.

For a weakly nonlinear circuit, the output can be adequately

approximated by including only the first few terms of the Volterra series.

Therefore, Equation (2-1) reduces to

N

y(t) = F Y(t) (2-5)
n=1

where y (t) is given by Eq. (2-2). Terms above the Nth-order have been

, omitted from the infinite series because they are assumed to contribute

negligibly to the output. Thus, the output of a weakly nonlinear circuit

can be modeled as a sum of N individual responses, as shown in Figure

2-lb. This model consists of a parallel combination of N blocks with

each block having the same excitation x(t).

For the sinusoidal steady state case, let the input x(t) be a sum

of Q sinusoidal signals with amplitudes Eq, frequencies f and phase -

*angles 0-

x(t) Z IE I cos(2rf t + e ) (2-6)
q q q q)

We define the complex amplitude E as

Sq

E JE exp(je (2-7)
q I q

with E- E, E0  0, and f -f (2-8)
-q q -q q

•~ . .... . . ..7 ' -
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where E is the complex conjugate of E . Now Equation (2-6) can be

written as

. x(t) = (1/2) E E exp(j2Tf t) (2-9)
q=Q q q

.2
After substituting Eq.(2-9) into Eq. (2-2) and manipulating, we obtain

n)n

"Y:. n Y(t)= (1/2 n  E ... E H n ,f q1 'f q
'mlq l = - Q  q n = Q  q. n

exp j2Tr(f + f + *** + f )t] (2-0)
" 'q 2  q

where I n(f ql,..,f q) is the nth-order nonlinear transfer function as

described in Eq. (2-4). It is of nth-order in the sense that multipli-

cation of the input x(t) by a constant A results in multiplication of

the output y n(t) by the constant An. Based on the nonlinear transfer* nb

function approach, a weakly nonlinear circuit can be modeled as shown

in Figure 2-2. Figure 2-2 is the frequency domain analogy of Figure 2-lb.

Of particular interest in this dissertation is the two-tone input

case where Q = 2. The first-order, second-order and third-order

components of the response, denoted as yl(t), Y2 (t) and y3 (t) respectively,

are given by

YI(t) =(1/2) E EH(f exp(j2Trf )t?
q,=2

2 2
Eq Eq H2 (fql fq2 )' '. ql=__2 q 2=_2-'-

exp[j2Tr(f + fq )t] (2-12)

q, q2 -

- 2 2 2-,.. Y3(t M (0/8) Y- E L Eq E q Eq H 3(f q, 'f q2 f q3 )  
..'

ql=-2 q 2=-2 q 3 =-2 -3 2 q

exp[j2Tr(f + f + f )t] (2-13)
q" q2  q 3

12
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Figure 2-1. (a) Weakly nonlinear circuit with input x(t) and output

yAt).-

(b) Model of weakly nonlinear circuit suggested by the

Volterra series time domain representation.

(After ]Ref.[l5,16])
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All nonlinear transfer functions that differ by a permutation of

~ arguments are equivalent, i~e. they are symmetrical functions of their

arguments. Also, the nonlinear transfer functions of real systems are

conjugated when the signs of all arguments are changed. For example,

H2(f 2) = 2 (f 2 9r1 ) (-4

H H2f H* f2) (2-15)

Because the output response of a real system to real inputs is real,

Yn (t) is real. Thus the complex terms in Eqs. (2-11), (2-12), and (2-13)

* appear in conjugate pairs. For example, f or the second-order response at

* frequency (-f1 + f2), there are four terms in Eq. (2-12) that contribute:

I.e., (qlq 2) (-1,2), (ql,q 2) =(2,-l), (ql,q)= (1,-2), and (ql,q)

(-2,1). Therefore the output term y2(t) at frequency (-f1 + f) may be

expressed as

(1/4)tE*FE.H *f~f.expL32Tt-f + fjt
Y2(t)-f + f (f'2)I 2t

21 EH(f , -)expj2Tr(f2  r 1 )t] +

E E H (f 0_f-f)exp[j2r(f,- )t+

E2 E1 H2 (-f 2 ,f1) exp[j2Trr(-f 2+ fl)t]}

(1/2)(E E H (-f 'f2).exp[j2T(-f + )]+

E1 E2 H2 (f1,-f2 ) 'exPj2TT(f1- 2t

11211H2_f'f2' s 2f2 1d + 2 @1

(-f (2-16)

1,5
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where H2 (-ff 2 ) = IH2 (-flf 2 )Iexp[JY2 (-flf 2 ) " "

Outputs at other frequencies can be calculated similarly. A list of

outputs at all frequencies generated is given in Table 2-1 up to the

4,1.6
third order. In Table 2-1, the input and output voltages are related

by the nonlinear transfer functions. When the corresponding voltage

components at the input and output are measured, the expressions in

Table 2-1 can be used to calculate experimental values of the nonlinear

transfer functions. j
2.2 Nonlinear Models for Basic Circuit Elements

In Section 2.1, we have shown how nonlinear effects in weakly non-

linear circuits are characterized by nonlinear transfer functions. In

order to facilitate the calculation of nonlinear transfer functions, non-

linear devices in a nonlinear circuit are replaced by equivalent nonlinear

models. Some basic nonlinear circuit elements are the nonlinear

resistor, nonlinear capacitor, nonlinear inductor, and nonlinear con-

trolled sources. These are adequate for modeling the nonlinearities of

most electronic devices such as diodes, vacuum tubes, transistors,

integrated circuits, etc. In weakly nonlinear circuits, electronic -'

devices are typically operated over a localized region of their S"-

characteristics. Therefore, it is possible to expand the non-

linearities in power series about the quiescent operating point in terms

of incremental variables.

(1) Nonlinear resistor

Let e (t) and i (t) denote the incremental voltage and current
rr

16
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TABLE 2-1

RESPONSES OF A WEAKLY NONLINEAR CIRCUIT FOR THE TWO TONE INPUT CASE a.j
,*, Order Frequency Amplitude of Response Type of Response .L-,

Combination

1 fI JEtI Jl(fl) I

1 f2  1E2 jHl(f 2 )"
Linear "'

2 fI-f2 E 2 I 2(fl'-f2)21 Second-order

2 fl+f 2  E111E2 11H 2 (fl,f 2) I intermodulation

2 2f 2  O.E 1
21 IH 2 (f2,f2)I
2 2  Second harmonics

3 2fl-f 2  0"751E1121E2 11H 3(fl'fl'-f2 )I Third-order

3 2f 2 -f I  0.75 JE1 J IE2 2IH3(-flf 2,f2) intermodulation

3 3f1  0.251E 113I IH3(f13 fl,fl1 ) IT-ra m-,

3 3f .251E2 Third harmonics

After K.N.Chen, a more complete table can be found in Refs. [2] and [15].

Refs.. [2]an
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associated with a nonlinear resistor. The incremental current through .

the resistor may be expressed as2

00
i r(t) =kly gjer(t): 2-7

where g, is the conductance of the linear resistor normally included in

a linear incremental equivalent circuit, and the gk for k > 1 are

usually referred to as nonlinear coefficients.

(2) Nonlinear capacitor

Let e c(t) and i c(t) denote the incremental voltage and current

associated with a nonlinear capacitor. The incremental current through -

2 -
the capacitor is given by

00ic t ) = e [e(t)] dec(t)/dt (2-18) b :

k=O

where C is the capacitance of the linear capacitor to be inserted into

a linear incremental circuit, and the Ck for k > I are usually referred

to as nonlinear coefficients.

(3) Nonlinear inductor

Let e (r) and i (L) be the incremental voltage and current

associated with a nonlinear inductor. The series representation of the

incremental current through the inductor is2

00 t

>i.,iE( S e,(z)dzf (2-19)
k=1 k-..

where r is the reciprocal inductance of the linear inductor in a linear

incremental equivalent circuit, and the rk for k > 1 are usually referred

to as nonlinear coefficients.

18
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(4) Nonlinear controlled sources

Nonlinear controlled sources occur frequently in electronic

device models and are two-terminal elements whose terminal voltage or

current is a nonlinear function of either the control voltage e or
X

the control current i from some other part of the circuit. There

are four simple types of nonlinear controlled sources which depend upon

one variable. Their series representations are:

2
(4a) Voltage-controlled voltage source

00

ec(t) = .z,[ex(t)f , (2-20)
•s k=1

2(4b) Current-controlled voltage source

00

ecs(t) = rks[x(t)i (2-21)k1 ks x ,
k=1

- (4c) Voltage-controlled current source2

00

-Ecs(t) = gks[ex ( t)1 , (2-22)

(4d) Current-controlled current source2

00

ics(t) (t(2-23)

The linear term in each expansion defines the linear controlled source

to be used in linear incremental equivalent circuits. The linear

amplification factor, the mutual resistance, the mutual conductance, and"-

the current amplification factor respectively. Tha coefficients with

k > 1 are usually referred to as nonlinear coefficients, e.g. 02' r2s'-

19
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etc. The incremental equivalent circuit models for the nonlinear

resistor, capacitor, inductor, and the four nonlinear controlled sources 4
are shown in Figure 2-3 and Figure 2-4 respectively.

In addition to the four simple types of nonlinear controlled .

sources, some circuit device models require controlled sources that are

a function of more than one independent control variable. For example,

in the nonlinear incremental MOSFET model developed by K.N. Chen4'5 the

nonlinear drain current is a function of the gate-source voltage vgs, the

drain-source voltage vds, and the substrate-source voltage vbs. When

the source and substrate terminals are ac shorted so vbs 0 0, the series

representation of this nonlinear controlled source may be expressed as

00 00

,iris gk(Vg)J(V)k where go= 0 (2-24)

j=sk jk gs ds
< j=o k:O

The incremental equivalent circuit model for a voltage-controlled current

source that is a function of two independent control voltages is shown in

Figure 2-5.

2.3 NCAP Procedure for Determination of Nonlinear Transfer Functions

The Nonlinear Circuit Analysis Program NCAP was developed to provide

the EMC community with usable procedure for analyzing nonlinear effects

in electronic circuits in terms of nonlinear transfer functions. The

NCAP procedure uses nodal analysis to solve for the nonlinear transfer

functions. Nodal analysis is preferred to loop analysis because electronic

. circuits tend to have fewer nodes than loops. In order to perform nodal

analysis, it is necessary that each nonlinear resistor, capacitor, and

inductor have an admittance representation in which the element current

20 7
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Fig. 2-3. Circuit symbols and incremental equivalent circuit models.

(a) Nonlinear resistor. (b) Nonlinear capacitor. (c) Non-

linear inductor.
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is expressed as a function of the element voltage. Should an admittance

representation not exist, as in the case of a current-controlled resistor,

nodal analysis cannot be used directly. As far as controlled sources are

- concerned, only voltage-controlled current sources have an admittance

- representation. However, techniques are available by which other types

of controlled sources can be converted to equivalent voltage-controlled

2
current sources.

Assume that an input which is the sum of n complex exponentials,

v (t) exp[j2Tf t] + "'" + ep[j2nfnt] (2-25)
g n

is applied to a nonlinear circuit with K + 1 nodes. The first step in
I

the procedure is to write Kirchhoff's current law at each of the K nodes

(one node is the reference node). The current through each nonlinear

circuit element is then expressed as a power series where the independent

variables are node-to-datum voltages. The linear term in each series

*. can be represented by a linear circuit element. These are grouped with

* the linear portion of the network to form the incremental linear network.

In terms of the K Kirchhoff current law equations, the second step is to

arrange the equations such that only terms linear in node-to-datum

voltage appear on the left-hand side. The right side of the equations

then contains only the independent source terms and the nonlinear current

* sources. The nonlinear current sources are the nonlinear terms from the

power series expansions of the nonlinear circuit elements. These

equations can be expressed by the matrix equation

[Y(f + + f n) n (fl ,' ' )fn ) = In(f',...'f) n 2 (2-26)

24
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where|Y(f + ... + fn) _ is the admittance matrix of the incremental

linear network at frequency f1 + "'" + fn, H (f1 ' "' fn) is the

nth-order nonlinear transfer function vector with components correspond-

ing to each of the K nodes, and I (fl''' fn) is the nth-order
, f is. --. .n-"

* - nonlinear current source vector which can be determined from lower

order transfer functions as will be shown in Section 2.4. For n = 1,

the first-order transfer functions for various nodes are simply the

conventional linear transfer functions obtained by solving the matrix

equation

[y(f 1(f1) --f1/z (f) 0 .... 0 jT (2-27)

9 L

where Z (f is the independent source impedance, and T denotes the

transpose operator. Thus, the first-order transfer function may be

obtained from Eq. (2-27), and the second and higher order transfer

- .functions are determined by solving Eq. (2-26) recursively. The computer-

* o. aided procedures used by NCAP to calculate nonlinear transfer functions

up to the thud order is illustrated by a flow chart in Figure 2-6.

"-• 2.4 Nonlinear Current Sources '
The key step in the procedures are the calculations of the nth-

order (n > 2) nonlinear current sources which are used to drive the I
incremental linear circuit to generate the nth-order nonlinear responses.

A systematic algorithm has been developed for the computation of the nth-

order current sources. See Ref. [2). Results up to the third order are

25
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T-W-M

Circuiflbpology Replace Transistor Sets of
Element Value, by NonlinearFrqec
Transistors' Incremental Model Freqncy
Parameters, Nolnriiea
and -rms ITerms (fi1, f 2, W3

BisPoints

gompute Circuit
Responses at f =fi9 f2

andf f3

1 Compute 2nd Order
Current Sources at f

Linear
Circuit Compute Circuit
Proami Reqponse at of2 Caclain
Programf+_+_o Output

Wf fij=1,2.3 -0Voltage
L From Tabi

Compute 3rd Order 2-1
Current Source at
f flf+f' +f3

1Cmueircuit
Res rise at
IHfff f3

-4Figure 2-6. Flow chart of the computer-aided procedure for the calcu-
lation of the nonlinear tiansfer functions and the output

responses of a weakly nonlinear circuit. (Akfter Ref.[43)
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summarized here for the four nonlinear elements described by Eqs.

(2-17) - (2-19) and (2-22). The exact form of the nonlinear current

source depends upon whether the nonlinear element has a zero-memory

nonlinearity (i.e. a nonlinear resistor or a nonlinear controlled source),

a capacitive nonlinearity or an inductive nonlinearity.

Second-order current sources at f + f
1 2

(1) Nonlinear resistor

= ..L.(f2  (2-28)

(2) Nonlinear capacitor

* 1 P(f1,f)= j2Tr(f + f ( 1/)~(f 1 )Hj (f2  (2-29)

(3) Nonlinear inductor

=.HJP(f) HjP(f2)~I~ p (f l ' 2  r (2-30) V
I~k fj2rd 1 j2"f2 '-'2'-

(4) Nonlinear voltage-controlled current source r- .

• ,~(ff) = g2s I()Hr (f) (2-31)

where I p is the second-order current source associated with the non-
2A

jj

:o.. linear circuit element connected between nodes J and p, If P(f)= H (f)...

-H l(f and H (fl) is the first-order transfer function at node j

which is evaluated at frequency fl" When NCAP is used to analyze a

circuit, the circuit is excited by a voltage source of unit amplitude -7..

at frequency f and Hi(f) is the complex voltage at node J.

Third-order current sources at fl + f2 + f3 "
1 2 3ll

27
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(1Nonlinear resistor

I~~P~~r1,f2,f3)~~ 2gHj( 1)p(f 2,f3) + g3HfPf)I(I 2 HP5

(2-32)

(2) Nonlinear capacitor

IJP(f1 r, 3 f j2Tt(f + f f3)2( 1 2)Hjp(f )H'~f, 3  -

+C /3H )J()j~ (2-33)

(3) Nonlinear inductor

* 1 p(f f) 2r1 1 2 23 +

3j2Trff j2T(f + f)

Hjp(fl) H3j(f H3p(f)
11 1 (2 13 (-4

3j2Trf 1  j2 f j2Trf
Trf2 3

(4) Nonlinear voltage-controlled Current source

trt~~t,
IJP(f1,f2 f) 2g25I~t(f )Hrt( 2f) + ftf)

(2-35)

where the overbar denotes the arithmetic average of the 31 terms

generated by all possible permutations of the 3 frequencies. For

example,

Hj )Hjp(= (16)[Hjp(f )HJP(f f5  + JfHp 9 +

2 f2f)1 2 2 93 1 2 32

HJP(f )HJP(f19 f) + HJP(f )HJP(f 1fl)]+

(1/3)[HJP(f 1 )H'P(ff) + HpfHjfi + HPf)j(if)

(2-36)
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From Eqs. (2-28) - (2-35), we observe that the nth-order nonlinear

current sources may be expressed as functions of lower order 
nonlinear .

transfer functions (n-i, n-2, etc.). In summary, the calculations of

the nth-order nonlinear transfer functions (n > 2) involve the . "

evaluations of the linear response of the incremental linearized

circuit driven by the nth-order nonlinear current sources at frequencies

f +  + f .

2.5 An Example

We illustrate the procedure described in Section 2.3 with the

circuit shown in Figure 2-7. For simplicity, the nonlinear resistor

is assumed to be characterized by

i r (t) =gla(t) + g2a (t) (2-37)E

The objective is to determine the nonlinear transfer functions

associated with the node-to-datum voltage a(t).

For this purpose, we need consider only the solutions to 
a set of

equivalent sinusoidal steady-state linear circuit problems. The

N. equivalent circuits required for the first-order, second-order, and

third-order transfer functions are also shown in Figure 2-7. Note that

the desired nonlinear transfer functions appear as unknown complex node-

to-datum voltages. The independent current source is used as an ex-

citation only in the equivalent circuit used to calculate the first-

order transfer function. It does not occur in the equivalent circuits

used to calculate the higher order transfer functions. There the

excitations are provided by the nonlinearities 
that manifest themselves

29
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ICjt) I 11 t r(t) +

C a~t)

T r

(a)-

CTr

Frequency of Excitation Is f

(b) A 2 (f 1 9 2 )

Cr g1  4 2A,(f )A 1 (f 2 )

Frequency of Excitation 1Is I +f 2

Cc) A 3 (f19f 2 9 f 3 )

c r 9i 2A1(f )A 2 (f 2 9f3 )

Frequency of Excitation Is fI +1 2+f 3

(d)

Fig. 2-7. A simple nonlinear circuit for use to illustrate the NCiP

calculation procedure. (After Ref.E2)
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as current sources driving the linearized network. Observe that, except

for the sources, the same linearized circuit is used in each case.

The first-order transfer function is determined by assigning unit

amplitude to the independent current source I in Figure 2-7b. Applying

nodal analysis at frequency fl, we obtain the expression for the voltage

amplitude Al(fl) given by

A(fl)= 1/Y(j2Trfl) (2-38)

where Y(j2Trf) g, + j2TrfC + I/j2TrfL

One of the second-order transfer functions is determined by

carrying out the nodal analysis at frequency f1 + f The excitation is

a second-order current source of the form shown in Figure 2-7c. It is

expressed in terms of linear transfer functions evaluated at f1 and f2

and the nonlinear series coefficient g2  Solving the circuit shown in

Figure 2-7c for the voltage amplitude A2 at fl + f2 yields the expression

g2A1 (f1 )Aj ( f2) : (2-39).-A2 (f+ f = - y[j2Tr(f + f2.

The same procedure is performed for the third-order transfer function at

frequency f1 + f2 + f3 using the circuit shown in Figure 2-7d. The

excitation is a third-order current generator, and it can be expressed

in terms of first-order and second-order transfer functions and the non-
Sn

linear coefficient 92 as shown in Figure 2-7d. Solving the circuit shown

in Figure 2-7d for the voltage amplitude A at f + f + f yields the

3 1 2 f3 yed h

expression

31'~~~~~.-.',3 "."'.
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2g2 AI(f )A 2(f2 f3

A (f+ f f 3 A (f(2-40)3~ ~ 1 + f2 f) Y =A7~ f+f 33 ~3 23 ti~~ 1+ 2 £3)

~p*The process can be extended to calculate the higher order transfer

- functions (n > 3).
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CHAPTER THREE

MODELING OF DEMODULATION RFI IN OP AMP CIRCUITS

Recent advances in integrated circuit technology have pushed

circuit complexity, measured in terms of number of transistors, far

beyond the limitations of computer circuit analysis programs. The

limitations, which are usually specified in terms of the maximum number

of circuit nodes, devices, etc., are imposed either by computer memory

size or by convergence problems. The circuit of a typical operational -

amplifier consists of about 30 devices. If the limit for the maximum

number of devices (FET's, BJT's, and diodes) is 50, then circuits con-

taining two or more op amps cannot be analyzed using device-level models

for each op amp. (A device-level model is also called a full or complete

model.) Furthermore, even if a computer system with large enough

capacity is available, the simulation time required may be so long as to

make the analysis too costly. These problems can often be circumvented

by using an operational amplifier macromodel, which has significantly

reduced complexity compared to the actual op amp circuit.

3.1 Macromodeling of Operational Amplifiers

The purpose of the macromodel is to represent adequately the

electrical characteristics of the operational amplifier. Each relevant - .

performance specification of the op amp is modeled separately with only

limited consideration of the internal circuitry of the op amp. A

macromodel for all bipolar operational amplifiers has been developed

by Boyle et al. Based on this bipolar op amp macromodel, macromodels

for both the MOS-bipolar and JFET-bipolar op amps were developed by

33
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Krajewska and Holmes. 14 Shown in Figure 3-1 is the circuit diagram of

the 741 type op amp. Its macromodel is shown in Figure 3-2.

The circuit model in Figure 3-2 can be divided into three stages:

the input stage, the interstage, and the output stage. It has been

developed using two basic macromodeling techniques: simplification and

build-up. In the simplification technique, representative portions of

op amp circuitry are successively simplified by using simple ideal

" "elements to replace numerous real elements. The final model using this

approach bears some resemblance to the real circuit. The input stage

circuit in Figure 3-2 is an example of the simplification technique. In

the build-up technique, a circuit configuration composed of ideal elements

is proposed to meet external circuit specifications without necessarily

resembling a portion of an actual op amp circuit configuration. The

build-up technique was employed in the development of the output stage

shown in Figure 3-2.

Two npn bipolar transistors are employed in the input stage of the

circuit model in Figure 3-2 to model the linear and nonlinear differential

-mode and common-mode input characteristics. The input stage voltage

gain is arbitrarily set to unity. The differential-mode and common-

mode voltage gain are provided by the second stage. The macromodel.

includes the following elements related to dc operation: I accounts
EE

for the dc bias current source in the input stage; the resistor R
p

accounts for the dc power dissipation; the output stage elements GC ,

RC, Dl, D2 , and Rol provide dc current limiting, whereas VE, VC, D 3 '

and D provide dc voltage limiting. The small-signal operation is
4

controlled by the parameters Ga for the differential voltage gain, Gcm

.",..
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for the common-mode voltage gain, R for the frequency-dependent out-
02

put resistance, C1 for the excess phase shift at the 0-dB frequency, and

C2 for the upper 3-dB frequency. The slew rate is related to the amount

of current available to charge C2  The difference in positive slew rate
+

S and negative slew rate S which is caused by charge-storage effects in
R R

the input stage is modeled by CE.'8  The resistors Rci and Rc2 (Rci Rc2 )

are determined by the requirement that the 0-db frequency fd=
0dB

1/27TRlC2 . The resistors Rel and Re2 (Re1 = R 2 ) model the emitter

degeneration for slew rate enhancement.1 8

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

9* small-signal and transient analysis. This macromodel may be further

simplified for RFI analysis since the equivalent circuit used by NCAP

is a nonlinear incremental model. Elements in the macromodel which

account for dc bias currents, dc power dissipation, dc current limiting

and dc voltage limiting can be omitted. The omitted elements are R

IEE , D, D2 , RC, GcV6 , VE, Vc, D3 , and D4 o Nodes which are connected

to dc supply voltages (Vcc and VEE) are ac grounded. The simplified bi-

12 '-7
polar op amp macromodel for RFI analysis is shown in Figure 3-3.-

3.2 Macromodel Parameters for 741 Type Op Amp

The macromodel parameters for the all-bipolar 741 type op amp have

been determined using the procedures given by Boyle et al. and

manufacturer's specifications extracted from the 1982 Fairchild Linear

19
Data Book. The relevant specifications which are believed to be

typical values are summarized in Table 3-1.
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RCI S RC2

Csubi C ~ b

Inputs C sub3 C ~ ub4
el:: R6  Re2

CE V* RE It -P~R utu

G~V tR 2  kRop

Fig. 3-3. Nonlinear macromodel for the BJT IC op amp in small-

* signal operation. Note that G. K. C. Chen has added

four capacitors CsuandCsuCs sub3 an

account for parasitic effects.1
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TABLE 13-1

SUMMARY OF RELAVANT CHARACTERISTICS OF THE 741 OP AMP

Symbols Characteristics Typical Units

Values a

+ Positive going slew rate 0.53 V/ps

SRNegative going slew rate 0.48 V/4s

C2  Compensation capacitor 30 pF
I
IB Input bias current 80 nA

I Bos Input offset current 20 nA

fZero d.B frequency 1MHz

L4 Excess phase shift 9 Degree

CMRR Common-mode rejection ratio 90 dB

aVD Open-loop voltage gain 200,000

b
BRd AC output resistance (1Hz) 750

aAll values are from Fairchild Linear Databook, 1982 except

for R a and R O
* Oac Ob

bObtained by measurement. ~-

77
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TABLE 3-2

SUMMIARY OF 741 OP AN? MACBOMODET, pARA MRSa

Parameter Value

CE (pF) 3.13
k 88.3

02 113.6

B1l, R c2 (kf2) 5.3

R1  Re (kII) 2.05

RE (Me) 11.2

01 (pF) 2.38

Ga (p4i) 189

B2 (kn)10

G (nuj) 5.9?

Ro1ln 10

B02  ~ 6

G b ()163

02 (pF) 30

aAll except 1Ci 01' , and ~2are linear

9macromodel paramneters.

93

394 
'.



I1 rrr. - .- --.. '- ,.r.-w

The calculations of values for the macromodel linear parameters

"' shall now be described. The value of the dc collector current, ICI

of the first stage is established by the slew rate of the op amp. If

the op amp is connected as a voltage follower, the positive slew rate+ ii

S is given by 1-*

+ + > -RO i -

S 21/C for S > S(
RB/2R R

Rearranging this expression and using the data in Table 3-1, we obtain '
IC, = (1/2)CzSR = v.95 + (3-2)

The quiescent collector currents of transistors QI and Q2 in the input

stage are assumed equal (Ic2 I C). The negative slew rate S is

smaller than SR+ because of the charge-storage effects in the input stage

which are modeled by CE.18 The appropriate expression for S_ is 11

S I1 for SR R (3-3)
R 2 zCi/(c2+ CS) o ssR R-1

Rearranging this expression and using the data in Table 3-1, we obtain

C E (21c,/S R  c2 = 3.13 pF (3-4)

The values of the common-emitter dc short-circuit current gains 81 and

82 for the two input transistors are obtained from the specifications

-". for the typical input bias current IB and input current offset IBos*

."P,

The subscripts 1 and 2 will be used to denote transistors Q1 and Q2
in Figure 3-3,

40
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The appropriate expressions for dc base currents I and IB2 are given

by

TB1 -B + IBo/ TB2 = TB IBos/2 (3-5)

Using the definitions for a and 02, Eq. (3-5), and the data given in

Table 3-1, we obtain

'= I = 88.3 , 2 IC2/IB2 113.6 (3-6)

Values for the resistors Rcl and Rc2 (Rcl = Rc2) can be related to the

specified value of the O-dB frequency fOdB of the fully compensated op

amp. The O-dB frequency is approximately the product of the low

frequency differential-mode (DM) voltage gain aV and the upper 3-dB

frequency f3dB of the gain function. The appropriate expression is

f OdB aV Df3dB (3-7)

The upper 3-dB frequency can be estimated using a Miller effect
2 0 '2 1

approximation in the interior stage. The appropriate expression is
11

f3l 1/[2n l(I + G R1)] 1/(2 R 2C GbRo (3-8)

The differential voltage gain at low frequencies is given 
by1 1

aRVD )(GPR (3-9)

The gain G is chosen so that Ga= i/Rcl in order to obtain a convenient

slew rate expression as in Eq. (3-1). Using Eqs. (3-7) to (3-9), we

obtain the expression1

4+1
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,.. , 1-, 17.'11 P

r.. (- 1/(2 no)

.- 2dB 1
Rearranging this expression and using the data in Table 3-1, we obtain,

ci = 1/(2rf dBC2) = 5.3 kQ (3-11)

'The euitter resistors Rei and Re2 (Re R) can be determined using jel e22el e2

an expression for the differential voltage gain of the first stage,

which for convenience was previously set to be unity. The appropriate

expression isI1

a I-l 02Rc2_>; a _ 11I 2 c2 l=1 (3-12) :

Vin 01/gml + (01 + 1)R el + + (02 + 1)Re2

where the transconductances gml = 401I and g 2 - 401 Note that

ICI 1C2 implies that gm= gm2 and also Rcl Rc2 and Rei ReZ and

previous numerical results, we obtain

[B-.R - =/g 2.05 kf) (3-13)
el P1 + 02 + 2 " M

An expression for the dc current in the input stage for equal collector

currents is given byI'

SEE = [( + 101j1 + 1+/.(0C1 (3-14)

The resistor RE is added to provide a finite common-mode (CM) input

resistance. Because the current source IEE is often realized with an

npn transistor, the resistance of RE is taken as its output resistance.:'.'.-, " .' ..

The expression for RE is given 11

42
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RE VA/IC = VA/lEE = 11.2 Mn (3-15)
E A..

where V is the Early voltage of the device. For a small npn transistor,
A

the voltage VA is typically 180 V. (A value VA 180 V was used.)

To introduce excess phase effects in the differential-mode amplifier

response, another capacitor C1 is added in the input stage. The

following expressions for the voltage gain function and its phase were

developed to fill in gaps in the Boyle et al. paper:

av(am) = aV/(1 + ia./a 1 )(1 + yo/0)2 ) (3-16a)

LaV(a) = -tan-l (c/ic) - tan-(w/ 2 ) (3-16b)

where w and w are angular frequencies corresponding to the dominant

* pole and second pole respectively, and the frequency w2 is given by

1/2RciC I . The excess phase at f = fOdB caused by the presence of the

non-dominant pole is given by

..(a/0) tn (2 f0 c) (2RclCl) t-1(2C (3""7

Rearranging this expression and using the data in Table 3-1, the value

of C1 required to produce the excess phase is

C0 (C2/2)tan&O = 2.38 pF (3-18)

From Eq. (3-9), the product of (GaR) and (GbR02 ) is determined by

the differential voltage gain. The gain Ga was previously chosen equal

to I/R = 189 VU for convenience. We have some degree of freedom in

the value of R2 or Gb. A reasonable, but arbitrary, value of 100 k..

2 b.'.
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is therefore assigned to R2 ; i.e. R 100 kfl.

The common-mode voltage gain in the input stage from Vin to v is
in e

approximately unity since RE is large. The common-mode voltage gain

from the input to vb is then approximately given by

/Vn G R

The differential voltage gain from input to vb is given by.

VbDM/VinDM = aR2  R2 /Rcl (3-20)

26--
gains. 2,-:

The common-mode rejection ratio (CMRR) is the ratio of the two gains.

Dividing Eqs. (3-19) by (3-20), we obtain the CMR expression

CMR = I/RG (3-21) 

Rearranging and using data given in Table 3-1 and results calculated

previously, we obtain

Gc = 1/(CMRR)Rcl = 5.97 nu (3-22)

In the output stage, the output resistance at very low frequencies is
I"

Rd R% +R 0  (3-23)EOd c =01~ + E02

At high frequencies, the resistor R is shorted by the Miller-effect
02

20,21
shunt capacitance caused by C2 , and the output resistance becomes

R RI. The values of Ro c and R were obtained experimentally to
Oac 01 Odc Oac

be 75 Q and 10 Q, respectively. See Table 3-1. Values for R and R
01 02i .

were calculated as follows: ,

'44
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H 2 R 10 0 - -- 65 n (3-24)K H0 1  Oac 02 Od 01

It also follows that Gb can be calculated from Eq. (3-9).

Gb = (aVDRCl)/(R2R0 2) = 163 U (3-25)

The calculated values of the macromodel parameters for the 741

type op amp are summarized in Table 3-2. These values will be used

in NCAP simulations of demodulation RFI in 741 op amp circuits.

3.3 Macromodel Parameters for the LF355, LMIO, and CA081 Op Amps

The LF355 op amp is a JFET-bipolar type with a JFET differential

input stage. Its general purpose macromodel, as shown in Figure 3-4a,
14 "":

has been reported by Krajewska and Holmes, who extended the macromodel-

procedures developed by Boyle et al. In this section, we simplify

the general purpose macromodel to the incremental macromodel for RFI

simulation as shown in Fig. 3-4b. The calculations of the LF355

macromodel parameter values are basically similar to those of the 741

macromodel parameter values except for the calculations of values of the

source resistors R and R 2 . The calculation of values for R and R

will be described next.

The input stage of the macromodel is assumed to have a differential

voltage gain avDM of unity, i.e. avD M = 1. The following expressions

* are obtained:1

avDM = gmRd/(1 + gmRsl )  1 (3-26a)

R / (3-26b)

45
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TABLE 3-3

SUMMARY OF RELAVANT CHARACTERISTICS OF THE LF355 OP AP

Symbols Characteristics Typical Units

Valuesa

S Positive going slew rate 5.6 V/Ps

SR Negative going slew rate 11.5 V/s

C2  Compensation capacitor 10 pF

IB  Input bias current 30 pA

I Input offset current 3 pA

f Zero dB frequency 2.4 MHz

2IDSs/V 2  0 . 2 3 b mA/V 2

IP21 Non-dominant pole -Ir1c Mrad/s,

CMRR Common-mode rejection ratio 100 dB

aVD Open-loop voltage gain 100,000

R AC output resistance (1kHz) 0.1Qac

Rdc DC output resistance 1 0 0 b

a All values are from National Semiconductor Linear

Databook, 1980, except for R Ode'

b After Krajewska and Holmes, Table I of Ref. 11].

C Assume Ip2  1 T Mrad/s.

IP21

.4 LV

"
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* TABLE3-

SUMARY OF LF355 OP AMP MACROMODEL PARAMETERSa

Parameter Value

I' 'd2 (L) 57.5

C~ (pF) 10.5

Rdl, Rd (kr2) 6.63

C, (pF) 2.4

G (mU) 0.151

R2 (kf)) 100

G cm(nU) 1.51

Rol (0~) 0.1

R0  (2 100

Gb() 66.3

C2 (pF) 10

aAll paaeesexcept T.l and I d2 are linear

macromodel parameters.
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where g is the transconductance of the JFETs of the input stage.

The value of gm has to be known before the resistance value for Rsl-

can be computed. Since the drain current I for a JFET in the saturation
D

region can be approximated by.,

ID IDss(VGs/VT - (3-27)

where I is the drain current for VCS = 0, V the gate-source voltage,
DS.SCs

and VT the threshold voltage for the JFET. The small-signal transcon- .

ductance g is obtained from Eq. (3-27) using the definition for g

which is

aID/31JVGs = (Vs- VT) , where = 21s/ (92)|i

whre 0 21 SS/VT (3-28)

Combining Eqs. (3-27) and (3-28), the transconductance can be

expressed as I-
gm = 4 D ~(3-29),., ''.,

gm D

i With the information from Table 3-3, a value for ID may be obtained -D!

using the expression ..

+
I D = SRC/2 57.5 4A for SR > SR

The value for is obtained from Table I of Ref. [14]. Substituting

I and g into Eqs. (3-29) and (3-26b), we obtain g = 0.163 m?5 and
D

R =R =481 Q.
sl s2 I

The relevant LF355 op amp characteristics and the derived macro-

model parameters are listed in Tables 3-3 and 3-4, respectively. Macro-

model parameters of the LMI0 and the CA081 op amps are also available.

49
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Interested readers should consult Refs. [12], [4], and [39,40]. The

macromodel parameters in Table 3-4 will be used in NCAP simulations for

demodulation RFI in LF355 op amp circuits.

Up to now, we have been discussing the linear parameters in the

op amp macromodels. In the next sections, we will review the nonlinear

-- device models for the two transistors in the input stage of the macromodel.

"" 3.4 NCAP Nonlinear BJT Model3

The NCAP model for the BJT is referred to as the nonlinear T model.

It is a modified Ebers-Moll model which was developed by Narayanan.22,23

It has been shown to be accurate for frequencies up to 100 MHz. 15 '24

' It also was shown to be satisfactory for frequencies less than fT' the

BJT curoff frequency.10 The nonlinear T model is illustrated in Figure

3-5. 2 '2'1 5 This model represents the npn BJT in the amplification region.

The inherent nonlinearities of the BJT are accounted for by four

elements in Figure 3-5, i.e. R V C C and a(1 )14E The resistors

r b and rc represent the base bulk resistance and the collector-base

junction leakage resistance respectively. The capacitor C is theje

*. base-emitter junction space-charge capacitance. The resistor Rje is

the nonlinear emitter-base junction resistor. Its current voltage

" relationship is given by

jL = [exp(qvj,/nkT) - 1] (3-30)

The capacitor Cd is the nonlinear emitter-base junction diffusion

.- .. by3,15,-
capacitance and is given by.
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"C C

CSE

BEE

Fig. 3-5. Global model for the npn bipolar junction transistor

* in the amplification region.



- jI
'b 

C"

* ~ I I~.L-t)

kal k+I dt (%I J

Igk[VjGJf] Cd kCk dt
hc2 Iil

E

Fig. 3-6. Nonlinear incremental equivalent circuit for npnt

bipolar junction transistor in the amplification

region.
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TABLE 3-5

NCAP BJT MODEL PARAM'ETERS IN 741 OP AM~P MACROMODEL

Parameter QiQ2 Description

T14.34 4.34 Avalanche exponent

VB (v) 14.57 14.57 Collector-base bias voltage

V CBO (V) 20 20 Avalanche voltage

~.10.165 0.165 -6 Collector capacitance exponent

I 1  (A) 7.95x10_ 7.95x10_ Collector bias current

I ' (A) 500x106 500x10O Collector current at maxdimw de

current gain

a 1.09 0.779 hFE (0) nonlinearity coefficient

h400 400 Maximumn dc current gain

K (F-Vz) 1.23x10-1  1.23x10 12 Collector capacitance scale factor

n 1.091 1.091 Diode nonideality factor

C. (F) 1.23x10-12  1.23x1O_ 12  Base-emitter junction space charge

capacitance

C2 (F/A) 9.09x10-9  9.Oqx1O_9 Derivative of base-emitter diffusion K

capacitance

rb (0) 830 830 Base resistance

rc (0) 5.33x106  5.33x106  Collector resistance

*C 1 (F) 0.1x10_12  0.1x10_12  Base-emitter capacitance

*C 3 (F) 0.1x10 12  0.1x1O01  Base-collector and overlap

capacitance
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The capacitor C Is the nonlinear collector-base junction space-charge

S

layer capacitance and is given by
3 1 5

CS KV t > 0 (3-32)
s CB

The parameter a(i ) is the common-base, normal-mode, dc current gain
C

(a(iI) = IC/E). Its dependence on collector current is given by an
3 , 1 5 ' '

empirical formula:

=hFEx (-3..)
10max (m'

2 _:I + F~max+ a-log 10(Cmi

The parameter M is the avalanche multiplication factor and is given

by 3,15

M = L- (V-CB )"Tl (3-34)
CBO

The parameters which appear in Eqs. (3-30) to (3-34) are described in

Table 3-5.

To obtain the nonlinear incremental equivalent circuit for the BJT, ,"

it is necessary to expand the incremental currents through the nonlinear

elements Rje, Cd, Cs , and a(ic)MijE in a power series. Since NCAP is

based upon nodal analysis, all of these expansions must be given in

terms of incremental voltages. For example, the incremental current

3
through R may be written asje

54



ii"t) = 1 g[vj( (3-35) j:.-je g vje. ..
k=1

where the linear incremental emitter resistance of the transistor is -V..- ,.:,.:C

defined to be

re 11g, nkT/q(-I.) (3-36)

and higher order coefficients may be obtained recursively in terms of

lower order coefficients.

gk= glgk-1/k(-IE) for k Z 2 (3-37)

Other expansions may be found in Refs. [2-3]. The nonlinear incremental

equivalent circuit is shown in Figure 3-6.

In order for NCAP to generate the power series coefficients of
:.

the nonlinear elements of the BJT, values of 16 BJT parameters are

required. Listed in Table 3-5 are the parameter values for the two

small npn transistors in the input stage of the 741 op amp. All para-

meter values were measured by Fang.6  See Table 4-3 in Ref. [6]. There

were two exceptions. The values used for ICl and IC2 were obtained from .

Table 3-2. The values for a1 and a2 were calculated using Eq. (3-33) C

with ic  I C and a- 0/(I + 0) with values for I and B taken from TableC C

foioa
3-2. The subscripts ""and "2" denote parameter values for transistors :.-7

Q1 and Q2 respectively.

. 3.5 NCAP Nonlinear JFET Model3

When used as an amplifier, the JFET is biased to operate in a region

of its static characteristics known as the saturation region. This is
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a region where weakly nonlinear effects are of considerable interest. A

global model for the n-channel JFET in the saturation region is shown

in Figure 3-7. The inherent nonlinearities of the JFET are accounted

for by the nonlinear current source i(vcj) and nonlinear capacitor CGS. : -
. The resistor R is the source bulk resistance. The capacitor C is

S CD

the gate-to-drain capacitance. The parameter i(vGj) is a nonlinear

voltage-controlled current source described by analytical expressions

25
* based upon Fair's field-dependent mobility model. These expressions I

are

_V + + 4(1/3 B + (2/3)B 1'5 )] ('"-8.- v j) 31 (p/2)[-0 J2+( (3+( -38) .,

-e
, with P V /EcL (3-39)

-: 2 (P-c9)

B = (vcj + O)/(V + (3-40)
p

The parameters which appear in Eqs. (3-38) to (3-40) are defined as

follows:

I drain current parameter,
Dmax

V = pinch-off voltage

JFET barrier potential,

Ec critical field value associated with the mobility,

Lg gate length.
g

. Note that the parameters IDmax' p, p, and V are sufficient to

determine the current i(v j). Finally, the nonlinear gate-to-source

.. capacitance CGS for an n-type JFET is given by

C S K(-V (VJ)- 3-

56
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where V u gate-to-source capacitance built-in voltage,

K - gate-to-source capacitance for -Vo -v GJ

m - gate-to-source capacitance exponent.

For p-type JFETs, the minus signs preceding V and v 3 are changed0 "o

to + signs.

To obtain the nonlinear incremental equivalent circuit for the

JFET, it is necessary to expand in power series the incremental currents

through the nonlinear elements i(vGJ) and CGS. Interested readers should

consult Refs. [2] and [3] for the expressions of the power series co-

efficients. The nonlinear incremental equivalent circuit is shown in

Fig. 3-8.

In order to calculate values for the power series coefficients of

the nonlinear elements of the JFET, NCAP requires values for the 10

parameters listed in Table 3-6. Shown in that table are the parameter

values for the two JFETs in the input stage of the LF355 op amp macro-

model. The parameter values given in Table 3-6 are identical to those

given by K.N. Chen et al. in Ref. [13] except for the I and VGSDmax G

values. K.N. Chen used the parameter values given by J. J. Whalen et

al. in Ref. [17). Thus the p-JFET model in the LF355 op amp macromodel

is actually the same as the n-JFET model in Ref. [17] with the exceptions

noted. The values for ,, K, m, Vo, and RS are taken directly from

Table AV of Ref. [17]. The value for P is calculated using Eq. (3-39) with

.o7
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I' 1.13 given in Table AV of Ref. [17]. The value for V is
2 p

identical to VTI(1.0 V) in Table I of Ref. [14]. Using Eqs. (3-28)

2and (3-29) with B = 0.23 mA/V and V T = V TH 1.0 V from Table I of

Ref [11,an.Ref [11, nd D = 57.5 viA from Table 3-4 of this dissertation,

* -the numerical values for gand VG can be computed as follows:

9 T2-

Vm OI 0. 163 DOi

V GS m/0 + VT =-0.293 V

The value for I Da is obtained by applying Eq. (3-38) with i(vcj -

1 57.5 jiA and values for the other parameters taken from Table 3-6.D

This completes our discussion of the macromodels for 741 and LF355

op amps. These macromodels will be used in the NCAP simulations for

demodulation RFI in circuits involving 741 or LF355 op amps.

'r
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Fig. 3-7. Global model for the n-channel junction field-effect

transistor in the saturation region.
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Fig. 3-8. Nonlinear incremental equivalent circuit for the

U n-channel junction field-effect transistor in the

saturation region.
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TABLE 3-6

NCAP JFET MODEL PARAMETERS IN LF355 OP AMP MACROMODEL

Parameter J1 J2 Description

CCD (F)a 0.87x10 12  0.87x10 12  Gate-drain capacitance

RS (r)a 27 27 Source bulk resistance

b -6 -6ID(A) 371.5x10-  371.5x10 -  Drain current parameter
p 0.53 0.53 Saturated drain current parameter

V (V)d  -1.0 -1.0 Pinch-off voltage
p

(V)a  -0.5 -0.5 JFET barrier potential

VGS (V)b -0.293 -0.293 External gate-source voltage

K (F V+)a 2.2x0 -12  2.2x0 -12  Gate-source capacitance for
,.... ~-v° - vc : iv

o G J

ma  0.5 0.5 Asymptotic slope of (VGs) on

logarithmic plot

Vo (V)a -0.5 -0.5 Gate-source built-in potential

a Values taken from Table AV of [17].

b Values calculated in this report.

Value calculated using r value from Table AV of [17]. K
Value taken from [14].
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CHAPTER FOUR

STATISTICS OF MEASURED DEMODULATION RFI RESPONSES

OF THE UNITY GAIN BUFFER

The specific RFI effect investigated is how amplitude-modulated

(AM) RF signals are demodulated in operational amplifiers (op amps) p

to produce undesired low frequency responses at the AM-modulation

frequency. The undesired demodulated response may then be proces-

sed as a desired low frequency signal by the low frequency compon-

ents that follow the op amp. In this chapter, the investigation of

the op amp unity gain buffer configuration which was chosen initially

6
by Fang is discussed. In subsequent chapters of this dissertation,

the investigation of another popular op amp configuration will be

discussed. The op amp types chosen are the widely used 741 bipolar

op amps which have conventional npn input transistors, the newer

Ll0 bipolar op amps which have less conventional pnp input transis-

tors, the LF355 JFET-bipolar op amps which have junction field-

effect-transistor (JFET) input transistors, and the CA081 MOS-bipolar

. op amps which have metal-oxide-semiconductor field-effect transistor

(MOSFET) input transistors. Information on the units tested is

summarized in Table 4-1. The second-order transfer function

H2 (fl,-f 2), which characterizes the RFI demodulation response, was

61
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TABLE 4-1y

Operational Amplifiers Tested

Desig. 741 LM10 CA081 LF355

Type Bipolar Bipolar Bi-MOS Bi-FET

Input npn pnp MOSFET JFET

Interior bipolar bipolar bipolar bipolar

* Units 30 25 30 30

Codes 5 4 2 4

Manu. 2 1 1 1

a
Date Codes
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determined from the measured data. The scatter plot and statistics

such as mean and standard deviation of H2 (f1 ,-f2 ) for 25 to 30 units

of each op amp type will be presented.

4.1 Measurement of Linear Response

The linear response of an amplifier is also called its first-

order transfer function. Before starting measurements of the

second-order transfer function of a nonlinear circuit, measurement L

of the linear response is usually performed to check the normal

operation of the amplifier circuit. Figure 4-1 shows the experi-

mental set-up for measuring the linear response of an op amp unity

gain buffer. In this measurement, the input voltage amplitude Vi

was held constant at 50 mV while the output voltages V0 1 and V0 2

were measured corresponding to R- 0 and R - 50 9, respectively.

Then the linear response V /V corresponding to R can be

derived from the expression

Vo = 100 50 -1
IV02  (mV ) , R m w (4-1)..,(MV Vo(Ml x

i 0 01

The reason for using this scheme is that the linear response

of an op amp unity gain buffer is a function of load resistance

at RF frequencies where the loop-gain is small. The coaxial cable r..

which connects the output node V to the input of an RF voltmeter has
0

to be terminated by a 50 Q resistor, which loads the amplifier out-

put. Therefore the linear response corresponding to R *-which
x

, -.-. 63.
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corresponds to not connecting the RF voltmeter, has to be derived

indirectly from Eq. (4-1). Figures 4-2 to 4-5 show the linear

responses of the unity gain configuration of the 741, M10, CA081,

and LF355 op amps, respectively.

Examining the data shown in Figures 4-2 to 4-5, we observe

that the unity gain buffer stage linear frequency response is down

* 3 dB at 0.03 MHz for the LMIO, is down 3 dB at 0.7 MHz for the 741,

is down 3 dB at 4 MHz for the CA081, and is down 3 dB at 7 MHz for

the LF355. These results indicate that the gain-bandwidth product

for the unity gain buffer amplifier configuration is lowest for the :"

LM10 and highest for the LF355. However, we should note that the

linear responses were measured for only one unit of each op amp

type.

4.2 Measurement of Demodulation RFI Response

From the previous section, we have just shown that all four

op amps are best operated at frequencies less than 10 MHz in the

unity gain buffer configuration. Now, we are going to demonstrate

how amplitude-modulated (AM) RF signals are demodulated to pro-

* duce undesired audio frequency signals which fall into the normal

* -" frequency range of the op amp circuit.

64 -%'J.'
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4.2.1 Experimental Set-up

The block diagram of the experimental system for measuring

the demodulation RFI response is shown in Figure 4-6. The RF

signal generator injects into the non-inverting input of the op

amp circuit an amplitude-modulated RF signal, V which may be

expressed as

V (t) = A(l + mcos 2nfAFt)cos2fffRt (4-2)

where A is the amplitude of the RF signal without modulation

- (m = 0), m is the modulation index, fAF is the frequency of modul-

ation, and fRF is the RF signal frequency. The low pass filter is

inserted between the amplifier output and the tuned AF voltmeter

in order to reduce the RF signals entering the AF voltmeter input.

This is done to eliminate the possibility that an amplitude-modul-

ated RF signal entering the AF voltmeter would generate audio fre-

quency responses in the tuned AF voltmeter. Figure 4-7 shows a

more detailed circuit diagram for the measurement system. Notice

that the 50 0 coaxial cable from the RF source to the circuit has X%%

been terminated with a 50 Q resistor to eliminate the reflection

of the RF signal at the receiving end of the cable.

70
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RF Sig. Gen. Amplifier Low Pass Tuned AF
and _ Under LI Filter h Voltmeter

Attenuator Test II (Passive)
HP 606A ._____1_____ ..... 0

fi RF fRF RF frequency

f2 RF- fAF fAF =AF frequency

Modulation: 50% AM at fAF

Fig. 4-6. Block diagram of experimental system for measuring

the demodulation RFI response.
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4.2.2 Measurement Procedure

The voltage reading at the tuned AF voltmeter is a direct

measure of the demodulation RFI response which can be character-

ized by the second-order-transfer function H2 (fl,-f 2) of the .

circuit under consideration. We shall derive an expression from

which H2 (fl,-f 2) values can be determined from the tuned AF volt-

meter readings.

By applying a trigonometry identity for the product of two

cosine functions, we can express V (t) in Eq. (4-2) as
g

V (t) f Acos 2 fRFt + -+cos2 - +-os2(f + fA)t (4-3)g R-2c-RF fAFt -f fAFt

Because of the second-order nonlinearities of the op amp

circuit, the RF carrier and the lower sideband of Eq. (4-3) will

generate an intermodulation signal at f Similarly, interaction
AF*

of the RF carrier and the upper sideband will also generate an L

intermodulation signal at frequency fAF"

From Table 2-1, the amplitude of the intermodulation signal

-. generated by the RF carrier and the lower sideband is given by

=av.
Vml IH2(f ,-f2) (4-4)

where f f and f f f Similarly, the amplitude of
1 RF 2 RF AF"

V..
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the intermodulation signal generated by the RF carrier and the

upper sideband is given by

Vm2  2 1H2 (-fl'f3)I (4-5)

where f3 f RF + fAF'

We assume that the carrier frequency fl - fRF, the lower

sideband frequency f2 = fRF - fAF' and the upper sideband fre-

quency f3 = fRF + fAF are sufficiently close together so that

H (fl) f Hl(f 2 ) = H (f 3 ) at each node k in the circuit where

HI(f) is the first-order transfer function at node k evaluated

at frequency f. Then it follows that H2 (fl,-f 2) (-flf

Thus, the total amplitude of the intermodulation signal at fre-

quency fAF is given by6

V = V +I mA2 III(fl 1-f 2)1 (4-6), m Vml + m2 '-'"

The AF voltmeter indicates the rms voltage of the AF signal.

If we denote this rms voltage by VM, then

V= 0.707mA IIH2 (fl,-f2)1 (4-7)

Equation (4-7) can be expressed in dB with respect to a 1 mV

reference level:

74...
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"- 

20-lg /mVI 201log1 0 [O. 707mA IH (f '-f )II 2lo 10 3

-57 + 20.log1 0 (m) + 40"logl0 (A) .7

+ 20.logl01H2 (fl,-f 2)I (4-8)

The amplitude of the RF carrier voltage A can be given in .*

terms of the generator available power P which by definition
gen

is the power the generator would deliver to a load Ri = R where

R is the generator internal impedance. Using the equivalent cir-

cuit of Figure 4-8 with Ri R we obtain the relationship

V2 A 2g'

Pgen R 8 (4-9)
,1-9

Note that V is an rms voltage, but that A is an amplitude. If

Ri  R - 50 Q, Equation (4-8) can be expressed in terms of dBmig

as 
" O

2 -
P gen(dBm) =0°logi0((A /400)/10- ) = 4 + 20"1og10(A) (4-10)

With m = 0.5, Equation (4-7) can be written as -

20-log 0lV11/imVj = 2P gen(dBm) + 43 + 20"logl0 H2 (fl,-f 2)I (4-11)

Thus, we have an expression relating H2 (f ,-f2 ) values and

the tuned AF voltmeter readings. Besides, Equation (4-11) also

suggests a convenient way of checking whether the AF voltmeter

readings are caused by the second-order nonlinearities of the ;
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I f I II- . .. " 1.'''"..'

mI I II I

I %Vg 1  R1
i: I "IV I I

Signal Generator Amplifier Under
Test with Load

"-" . . . [i . i

Fig. 4-8. Circuit used to relate the available power P that

the signal generator can deliver to a matched load

ii R to the signal generator voltage amplitude V
i g

See Eq. (4-9).
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amplifier circuit under test. For every 1 dBm variation in P

a corresponding 2 dB variation should be observed in the measured

V value. We assure this condition when we use Equation (4-li) to

calculate H2 (fl,-f 2 ). Figure 4-9 shows values of the measured AF

voltmeter reading V in dBV versus the generator available power -.
M

P for four types of op amps at fRF 10 MHz. It is seen that
gen RF

for P < 0 dBm, all four op amps have data plots that are
gen

straight lines with slopes equal to two in agreement with Equa-

tion (4-11). The region in which this behavior is observed is

often called the square-law response region. For P > 0 dBm,
gen

the slopes of the data curves start to deviate from two because

of nonlinear terms of order higher than two. Whereas we cannot

set P to values too large, it is also not appropriate to set
gen

it to values too low. We must not let the AF signal produced by

second-order nonlinearities of the amplifier fall below the

ambient noise level and become difficult to measure. Each curve

shown in Figure 4-9 is used to obtain a H2 (fl,-f 2 ) value at one

RF frequency. Values of H2 (fl,-f 2) at other RF frequencies may

be obtained from plots similar to that shown in Figure 4-9. It

is not necessary to measure as many data points as shown in

Figure 4-9. Often, measurements were made at two values of P
gen

such as -10 dBm and -20 dBm to verify the square-law response.

Then the value of VM(rms) at Pgen -10 dBm was used to determine
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AFVoltage VM (rms) vs. RF Available Power Pgen

-20 f RF= 10MHz
fAF = I KHz 0

50% AM Modulation 00 9
-30-0

> ~00 +
CI C pA741 (npn Bipolar) 00
V C LIO'1 (pnp Bipolar) 00 +

__40- LF355 (Bi- FET) 0 0 +
+ CAO8,1(Bi- MOS) 0

E 0
0

-50- 09
0 +

0
0'0

is-0 0

o 0
0

0
E. 0

.2-7 0

- . ~ 0

0
~-90 00

0
0

0 0 +
-100-0 0

-40--30 -20 -'10 0 +10 +20 +30
Generator Available RIF Power Pgen (dBmn)

Fig. 4-9. Measured values of Al' voltage VM(rms) at the tuned AF
voltmeter vs the generator available power P for the

gen
unity gain buffer circuit for four types of op amps at

one RF frequency.
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4.2.3 Measurement Results

Shown in Figures 4-10 to 4-13 are values for the second-order

transfer function H 2 (f1,-f2) vs RF frequency for the four op amp

types for three values of dc power supply voltage VDC. The

H2 (f1 ,-f2) values for the one 741 op amp shown in Figure 4-10 de-

crease 2 to 4 dB when VDC is changed from + 10 V to + 18 V. The

H2 (f 1 ,-f 2 ) values for the one LM0 op amp shown in Figure 4-11 in-

crease I to 5 dB as VDC is changed from + 10 V to + 30 V. The -

H2 (f1 ,-f2) values for the one CA081 op amp shown in Figure 4-12-..

decrease 0 to 3 dB as VDC is changed from + 10 V to +18 V. The

H2 (fl,-f 2 ) values for the one LF355 op amp shown in Figure 4-13

vary less than 2 dB as VDC is changed from + 10 V to + 18 V

except in the resonance region where changes as large as 25 dB

are observed. A value V = + 15 V was selected as the normal

DC

value for all op amps tested subsequently.

As discussed previously, the demodulation RFI in the square-

law response region can be characterized by the one parameter

H2(f,-f2 Shown in Figures 4-14 to 4-17 are values of H2 (fl,-f 2)

for RF frequencies ranging from 0.1 to 400 MHz for the 115 op

amps tested. In Figure 4-14 data for 30 741 op amps are presented.

Among these 741 op amps, five were made by RCA in 1981 and the

others were made by Fairchild during 1976 to 1982. The detailed
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information is listed in Table 4-2. The H2 (fl,-f 2) values at a

specific RF frequency vary + 1.5 to + 11.5 dB. In Figure 4-15

. data for 25 LM10 op amps are presented. All 25 op amps were

" made during 1981 and 1982 by National Semiconductor. The most

interesting aspect of the LM10 data is that two LM1O units

(called mavericks) have H2 (f1 ,-f2 ) values very different from the

* - other LM10 units. It should be noted that one maverick LM10

op amp has a normal linear response as shown in Figure 4-18. Its

voltage gain vs frequency response appeared to be similar to the

other 23 LM10 op amps. Recall from Chapter 2 that second-order

nonlinear transfer functions such as H 2 (f ,-f2 ) are functions of

first-order linear transfer functions such as Hl(fl), Hl(-f2),

H1 (fl - f 2 ) and the power series coefficients of the second-order

nonlinear sources. Since the maverick LM10 has a normal linear

response, a simple explanation for its unusual H2 values is that

the power series coefficients of its nonlinearities differ sig-

nificantly from other normal LM10 op amps. However, other ex-

planations cannot be ruled out. The 23 similar LM1O op amps

have H2 (fl,-f 2 ) values varying + 3 to + 12 dB at any one PF fre-

quency. In Figure 4-16, data for 30 CA081 op amps are presented.

All 30 units were made by RCA during 1980. The H2 (fl,-f 2) values

vary + 1 to + 5 dB at any one RF frequency. In Figure 4-17 data

for 30 LF355 op amps are presented. All 30 units were made by
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National Semiconductor during 1980 to 1982. The most interesting

aspects of the LF355 data are the resonances near 4.5 MHz and 12

fHz where the H2(fl,-f 2) values decrease as much as 25 dB and 15

dB, respectively. The cause of the resonances has been investi-

gated by computer-aided analysis of the circuit with the LF355

op amp replaced by its macromodel as described in Chapter 3. The

result of the analysis will be discussed later in Chapter 6. The

H2 (f1 -f2) values outside the resonance regions vary from + 3 dB

to + 8 dB at any one RF frequency.

4.3 Statistical Results

Shown in Figures 4-19 and 4-20 are the mean values for

" 2(f,-f) which are denoted by H and the standard deviation a
2 1'2 2

for the four types of op amps tested. Values for H and a were
2

calculated using the data for all the op amps given in Figures

4-14 to 4-17.

The mean values for H2 (fl,-f 2 indicate clearly that de-

modulation RFI effects are greater in op amps with bipolar input

transistors (741 and LMlO) than they are in op amps with FET in-

put transistors (CA081 and LF355). This is a most important

observation. In Section 4.4 this phenomenon will be shown to be

• related to the unity gain bandwidths of the four types of op amps.
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At RF frequencies above 10 MHz, demodulation RFI effects in the

741 op amp are significantly greater than in the LM10 op amp. It

is believed that this is a result of the cutoff frequency of the

npn bipolar input transistors in the 741 op amp being higher than

the cutoff frequency of the pnp bipolar input transistors in the

LM10 op amp. It is also noted that the mean value H for the
2

LF355 op amp shows much less resonant excursion than do individual

units. This is a result of the spread in values for the resonant

frequencies which causes a smoothing effect for H2 . For RF fre-
2-

quencies less than 10 MHz, the mean value H2 is lowest for the

CA081 op amps (MOSFET input transistors). For RF frequencies

greater than 10 MHz, the mean value H2 is lowest for the LF355 op

amps (JFET input transistors).

The values for the standard deviation ca vs RF frequency are

shown in Figure 4-20. It is noted that for the CA081 op amps,

the a values are less than 2 dB except at 0.1 MHz where H2 is very

small. For the LM10 op amps, the a values could be calculated

both for all op amps and also for the normal op amps only.

aStandard Deviation = a = [(Z(x - p)2 t n]

where n = total number of items,

x = item value,

p = mean value of all items.
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Omitting the H2 (fl,-f 2) values for the two maverick LM10 op amps

would decrease a by approximately 2 to 4 dB below 2 MHz and by

27
approximately 1 dB or less above 2 MHz. The a values shown in

Figure 4-20 are the values calculated for all 25 op amps. For

the LF355 op amps, the a values are large especially in resonant

regions near 4.5 MHz and 12 MHz. The a values are also large above

200 MHz where the H2(f1,-f2) values are small.

The mean and standard deviation of H2 (f ,-f2 ) values of the

741 op amps presented in Figures 4-19 and 4-20 included all 30

units. The means and standard deviations are shown in Figures

4-21 and 4-22 for each individual group of 741 op amps described

in Table 4-2. It is interesting to note that 741 op amps that were -

made by different companies (Group 1 and Group 5) have H2 values

that differ by as much as 11 dB at 1 MHz. Even 741 op amps made by

one company in different years (Group 2 and Group 5) have H values
2

that differ by as much as 12.5 dB at 1 MHz. Among the 5 groups,

the standard deviation a of Group 5 is the largest and is nearly

5 dB atf = 1 Hz. (It is not known why the variations in H for

the five groups are largest at 1 MHz.)

The measured mean values of H2 (f1 ,-f2 ) for the 741 op amps in

the unity gain buffer circuit will be compared to the measured mean

.t values of H2 (fl,-f 2 ) for the 741 op amps in the inverting amplifier

circuit in Chapter 5.
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Fig. 4-10. Measured values of the second-order transfer function H(f19-f)

* vs RF frequency for a 741 op amp at three dc power supply

* voltages.
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Fig. 4-11. Measured values of the second-order transfer function

H2 ( 1 - 2 vs RF frequency for a 11410 op amp at three dc

power supply voltages.
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Fig. 4-12. Measured values of the second-order transfer function

H2(f 1 ,-f 2 ) vs RF frequency for a CA081 op amp at three dc

power supply voltages.
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TABLE 4-2

MAKER AND PRODUCTION DATE INFORMATION OF THE 30 741 OP AMPS

Group Units Maker Year Week

1 5 RCA 1981 27 -. .4.

2 5 Fairchild 1976 36

3 10 Fairchilda 1981 38. ,

4 5 Fairchilda 1981 35 -

5 5 Fairchild 1982 49

a Manufactured in Hong Kong.

b Manufactured in Korea.
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4.4 Discussion: Transfer Function Representation of Op Amp Unity
Gain Buffer.

The op amp unity gain buffer is represented by a unilateral

open-loop op amp in the forward path and a unilateral linear feed-
back path a(f) 1 . The open-loop op amp is characterized by an

open-loop first-order transfer function Al(f) and an open-loop

second-order transfer function A2 (fl,f 2) Higher order transfer

functions have been omitted. Figure 4-23 shows the transfer func-

tion representation of the op amp unity gain buffer described above.

Expressions for the closed-loop transfer functions Hl(f) and H2 (fl3 f2)

in terms of the open-loop transfer functions and the feedback net-t.23
work transfer function 8(f) have been given by Narayanan:

H•f. = A1 (f)
H1 Mf (4-12)

1 + 8(f)AM(f)

A 2 (ff f 2 )
H2 (flf 2 ) =

[1 + Al(f1 )8(fl)][l + A1 (f2 )8(f2)][l + A1 (f1+f2)8(fl+f2)]
(4-13)

For the op amp unity gain buffer, we have 8(f) 1 1. Therefore,

-- Equation (4-13) can be written as

H'ff-.A 2 (f ,f2 )H H2 (flf f2 ) = (4-14)
2'l.' [1 + Al(fl)][l + Al(f2 )][l + Al(fl+f2)]

Note that Equation (4-14) relates the RFI demodulation response in

the op amp unity gain buffer to the open-loop first-order transfer

function Al(f) at frequencies fl, f2' and fl + f2 " Note that in

SP
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our case fl RF' f2 -f + fAF "fRF + kHz and f + f2  f

According to Eq. (4-14), op amps with large A2 (fl,f2) and small

AI(f1 ), A1 (f2) and A1 (fI + f2) would have large H2 (flf 2), It is

believed that op amps with bipolar input transistors should have

larger A2(fl,f 2 ) values than op amps with FET input transistors be-

cause the bipolar exponential nonlinearity is stronger than any FET

nonlinearity. It would be possible to check this belief by using

NCAP to calculate H2 (fl,f2) with the feedback resistor omitted.

Then we could have a(f) - 0 and H2 (fl,f2) - A2 (fl,f2). Unfortun-

ately, this has not been done up to now. However, we do have

information on the values for A1 (f1 ), A1(f2), and A1 (f1 + f2).

Shown in Figure 4-24 are typical values for the magnitude of op,

amp open-loop voltage gain vs frequency for the four op amp types

tested. The data are taken from manufacturers' data sheets.

Recall that in our experiment f = f > 100 kHz, -f " f - 1 kHz
1 RF- 0 ~' 2 - RF 1kz

> 99 kHz, and f + f = 1 kHz. Thus the frequencies f1, -f2, and

f 1 + f2 are all greater than the 3-dB corner frequency for all four

op amp types. Using the typical data given in Figure 4-24, we can

rank the magnitudes of the denominator of Eq. (4-14) for the four op

amp types in the unity gain buffer circuit. Let IDI denote the mag-

nitude of the denominator in Eq. (4-14). Then we must have

ID(CA081)I > ID(LF355)1 > ID(741)i > ID(LMIO)I because the Al(f)

vs f curve for the CAO81 lies above the Al(f) vs f curve for the

LF355 which in turn lies above the AM(f) vs f curve for the 741,

° 99'
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which in turn lies above the A1 (f) vs f curve for the LM10 at the

three frequencies f1 , -f2' and fl + f2 for all fl> 100 kHz. It is

worthwhile to note that for f > 10 MHz that JAl(fl)I and JAl(f2) I

are less than one and the denominator of Eq. (4-14) reduces to 1 +

. (f + f2) = 1 + AI(1 kHz). Our comments on the magnitude of the

numerator and denominator of Eq. (4-14) are consistent with the

experimental results shown in Figure 4-19 for the mean values of

H2 (fl,-f 2) vs f The op amps with FET-input transistors have the

lower H2 values because they have lower A2 values and higher A1

values at the frequencies of interest. The op amp with bipolar

input transistors have higher H2 values because they have higher

A values and lower A values at the frequencies of interest.
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Transfer Function Model Of The Op Amp Unity Gain Buffer

-x y

A2(f I f 2)
1-2(f 14 2)

E1+A 1(f 1)J(f IM 1+Al(f 2)I(fi)31+A(f 1+f 2)P(f,+f2 )]

A, Open Loop ith-Order Transfer Function

H, Closed Loop ith-Order Transfer Function

* Fig. 4-23. Transfer function model of the op amp unity gain buffer.
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CHAPTER FIVE

STATISTICS OF MEASURED DEMODULATION RFI RESPONSES

OF TIE INVERTING AMPLIFIER

k In our previous investigations the op amp circuit configuration

was kept constant. 4 '6 9 " 3 '2 7 3 0  The specific op amp circuit used was

the unity voltage gain buffer amplifier circuit called a voltage

follower. That circuit configuration is also called noninverting

because the intended signal is injected into the noninverting input

denoted by (+). The RFI signal was also injected into the noninverting

input. In this chapter, we report the resultsof an investigation of the

inverting op amp configuration shown in Figure 5-1. The intended signal

voltage gain is A = VuIN =-R2/R1 and the intended signal inputv OUT IN

impedance is RI. The capacitance C4 in the feedback path, when included,

31 -."

provides RFI suppression. An experimental configuration similar to

that shown in Figure 4-6 was used to measure demodulation RFI for RF

frequencies in the range 100 kHz to 400 MHz. Measurement results will

be presented for some of the combinations of R, R2 and C4 listed in

Table 5-1 for 35 units of 741 op amps. Thirty units are identical

to those reported in Chapter 4; the five additional 741 op amps used in

this experiment were made by National Semiconductor in 1982.

5.1 Measurement Set-up

The actual circuit used in the measurement of demodulation RFI*J

effects in inverting op amp circuitsis shown in Figure 5-2. This

circuit will be referred to as the 3-stage op amp LED circuit hereafter.

The 3-stage op amp LED circuit was designed by a team of investigators

from the Rome Air Development Center (RADC), the University of

103
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C4(small)

R2

VINV*RI

RII

INVERTING

Fig. 5-1. Inverting op amp circuit with voltage gain A v -R2/R1.

The capacitor 04, when included, provides RFI
31

suppression.
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TABLE 5-1

COMBINATIONS OF R1, R2 AND C4

FOR INVERTING OP AM4P CIRCUIT CONFIGURATION

Input Feedback Resistor/ RFI Suppression

Resistor Voltage Gain Capacitor

RI() R2 (0/A C4 (F)

10 k 100 k/-10 0

10 k 100 k/-10 27 p

10 k 1 M/-bOO 0

10 k 1 M/-100 27 p

100 k 1 M/-10 0

100 k 1 M/-i0 27 P
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Kentucky (UK), Syracuse University (SU), the University of South

Florida (USF), and the State University of New York at Buffalo (SUNYAB).

The RFI signal produced in tile 1st stage is amplified by the 2nd stage

and by the third stage which drives the Light-Emitting Diode (LED).

The amplified RFI signal can light the LED to produce a visual display

of the exi;ence of RFI. The EMI experiment was designed to demonstrate

how two sets of statistics from two independent experiments can be

41
combined to predict the statistics of a combined experiment. One

experiment undertaken at UK provided statistics on cable coupling for

42,43
wires terminated in 1 kQ loads. Another experiment undertaken at

SUNYAB provided second-order transfer function statistics for the 3-stage

op amp LED circuit. Two sets of independent statistics were combined

and compared with the statistics of a combined experiment. The second-

order transfer function of the inverting op amp configuration of Figure

5-1 can be related to the second-order transfer function of the 3-stage

op amp LED circuit by accounting for the linear voltage gains of the

second and third stage and the attenuation of the circuit between the

RF generator and input of the 1st stage.

This paragraph will describe the function of each element in the

circuit of Figure 5-2. The RF signal generator produces an RF voltage

with an RF carrier frequency fRF in the range 0.1 to 400 MHz. The RF

voltage is AM-modulated with modulation index m = 0.5 and .M-modulation

frequency f AF 1 kHz. The capacitors C6, C7, and Cl and resistors R10,

Rll, and the 50 Q input resistor of the RF voltmeter form a high-pass

RC filter which blocks dc and any spurious 1 kHz components from the

RF generator. The first stage is the op amp under test; it has an
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inverting configuration. Its second-order nonlinearities cause an un- I

desired demodulation of the amplitude-modulated RF signal to produce an

undesired audio modulation frequency component VAF at the output of the
01

first stage. The ratio of the feedback resistor R2 to the Input

resistor RI provides the intended linear voltage gain A 1 of the first

stage at low frequencies. The capacitor C4, when included, serves as

31
an RFI suppression capacitor. The RF voltmeter reads the rms RF

RFvoltage V which is one-half the rms RF voltage V at the input of the[" m

first stage. Note that a 50 Q2 resistor is used to terminate the 50 S1

coaxial cable connecting the circuit and the RF voltmeter. Furthermore,

the resistor combination of R10 in parallel with the series combination

R-1 + the 50 Q termination resistor at the RF voltmeter input provides

at high frequencies a 50 Q2 terminating resistance to the 50 1 coaxial

cable connecting the RF generator and the circuit. Between the first

and second stages there is a low-pass filter formed by R3, R4, and C2.

It attenuates any RF components from the first stage, but it allows the

audio frequency component 01 t pass through. The second and third

stages provide linear voltage amplification of the audio-frequency

component OF. The second stage is an inverting amplifier with a

voltage gain of 100 determined by the ratio R5/(R3 + R4). It is

* critical to include a resistor equal in value to the feedback resistor

R2 from the noninverting input of the first stage to ground. That

resistor reduces the dc offset voltage 32 ,3 3 at the output of the first

stage so as to avoid saturation at the output of the second stage.

The resistor connecting the noninverting input of the second stage to

ground serves a similar purpose, but it is less critical. The capacitor

C3 and resistor R7 form a high-pass filter with a 160 Hz cutoff frequency

108
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to block any remaining dc offsets at the output of the second stage

from entering the 3rd stage. The third stage is a noninverting

amplifier with a voltage gain of 10 determined by the ratio (R8 + R9)/R8.

The LED goes on when the rms voltage of the amplified demodulated audio

frequency components 03 at the output of the 3rd stage exceeds a

threshold value. The threshold value for a purely 1 kHz signal was

typically 1.1 V (rms) which corresponds to a peak voltage of 1.5 V.

There were occasions when the LED went on and the 1 kHz voltage

component was much less than 1.1 V (rms). In these cases a strong

2 kHz voltage component was observed. A 2 kHz voltage component can

also be a second-order demodulation RFI component. It results from a

beating or mixing (intermodulation) of the upper and lower sidebands

of the AN-modulated RF input signal in the ist op amp stage. Usually,

the 2 kHz RFI component was in the range 0.15 ± 0.05 V (rms) when the

1 kHz RFI component was 1.0 V (rms). However, when a resonant effect

was observed which caused the 1 kHz voltage component to be suppressed,

the RF voltage had to be increased to an unusually high level in order

to turn on the LED. Then a strong 2 kHz voltage component was observed.

The 2 kHz voltage component might be as large as the 1 kHz voltage

component. Occasionally, the 2 kHz voltage component exceeded the

1 kHz voltage component. We suspect that these circumstances indicate

that a 4th-order nonlinear effect may have manifested itself.

A frequency counter was used to measure accurately the RF

frequency. A CRO was used to monitor the dc offset voltage and the AF

| voltage waveform at the output of the second stage.
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5.2 Measurement Procedure 
j

Prior to the measurement of demodulation RFI responses, the

linear voltage gain at audio frequency 1 kHz of the entire 3-stage

op amp LED assembly and of each section was measured to verify the

circuit connections. An Audio Frequency (AF) oscillator (hp651B) was

connected in place of the RF voltmeter to apply an AF signal to the

circuit while the RF generator was turned off. The AF voltages VAF
03'

V0A 0 j~nF F VF F""'

VA VF which are shown in Figure 5-2 were read
02' oX' 01' ji a

with a tuned AF wave analyzer (hp302A). The superscript AF denotes

Audio Frequency component. The AF voltage V at the output of the 3rd

03 a

stage was set at 1.0 V (rms) while readings of other AF voltages were

taken. The results are given in Table 5-2 The VX reading drew our

attention. When the op amp used in the 2nd stage was a 741 op amp,

the voltage _ was 0.25 mV instead of the expected 0.2 mV. When the

741 op amp was replaced with a LF355 op amp, the voltage F was 0.2 mVOx
in agreement with what we expected. We believe that the discrepancy in

the F value when a 741 op amp was used in the second stage is related

to the low input impedance of the 741 op amp. Other AF voltages in

Table 5-2 have values in satisfactory agreement with calculated values.

In all measurements of demodulation RFI responses, the op amps

for the 2nd and 3rd stage of the 3-stage op amp LED circuit were the

*.. same (741-#20 and 741-412 respectively). The ist stage op amp was

changed. Each of the 30 units of 741 op amps used in Chapter 4 and

the five additional 741 op amps made by National Semiconductor was

used in the 1st stage. The signal from the RF generator was a 50%

amplitude-modulated (1 kHz) RF signal as before. The input RF signal

110
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TABLE 5-2 S..

LINEAR AF NODE VOLTAGES AT 1 KHZ

OF THE 3-STAGE OP AMP LED CIRCUIT

AF Voltage hp 302A Expected

Readinga Value

Vg Mv 1.0 1.0

AF~

V 0 (mA) 102 100

AFbV0  (mA) 0.25b 0.20

VO(AX09 .

AF
V. (lV) o98 1.0

aAll readings are in rms values.

The 741 op amps were used in all

3 stages (1st: 7414#1, 2nd: 741420,

3rd: 741412). -

-S.b

bWhen a LF355 was used in 2nd stage,

reading was 0.2 mV.



at a specific RF frequency was adjusted so that the demodulated 1 kHz

AF component at output V3 of the 3rd stage reached rms values of

-3F 1.0 V and 0.4 V sequentially. At the same time, the meter
* 03

. readings of the RF generator and RF voltmeter were recorded. This

"-  procedure was used to verify the square-law response region described

in Chapter 4. To understand this, note that the two AF voltages (1.0 V

and 0.4 V) at output V3 corresponds to a ratio of -8 dB. Therefore,

the two corresponding meter readings of the RF voltmeter or RF

generator should give a ratio of approximately -4 dB. If otherwise,

the data taken do not reflect the characteristics of second-order non-

linearities and should be rejected for use in determining H2. If the

* data correspond to the square-law response region, the second-order

'. transfer function can be determined from the data.

The I kHz AF rms voltageVA0 at the output is related to the RF
03 a

RF-odrtase
rms voltage V from the RF generator by the second-order transfer

g

function 112 (fl,-f 2).

.. ,,. (,...,2 1

where m is the modulation index. The factor /2- arise because

amplitudes are used in nonlinear transfer function expressions. From

Figure 5-2, we note the voltage relationship given by

- - F RFV =4V (5-2)

Substitute Eq. (5-2) into Eq. (5-1) and solve for 2(f,-f2) with

, m = 05. The result is

112
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= (vo/( 4vRF) (5--"3)
2 refF VRF

where 03 and are in rms volts. Equation (5-3) can be

expressed in dB as

201Og 1IH2(f1,-f2 )I 21Olog1 0 Vo0 - 401oglo m- 21.0 (5-4)

The second-order transfer function H of the 1st stage alone, i.e.
2

between the output node of the 1st stage and the node connecting C1 and

RI, can be related to the second-order transfer function H2 of the

complete circuit. Accounting for the linear gains of the 2nd stage (100)

and the 3rd stage (10) and the attenuation factor (0.5) of the input

attenuator, we obtain the results

1H2 (f,-f9I = 1H 2(fl-f91(2)2/(O0101 = 1H2(f1,-f2)1/250 (5-5)

or 20logl 01H 2 (fl,-f 2 )= 201og 01H2(f1 ,-f2)I - 48.0 (5-6)

5.3 Measurement Results

As discussed previously, the demodulation RFI at 1 kHz in the

square-law response region can be characterized by the one parameter -

H Shown in Figures 5-3 and 5-4 are measured values of "" "
2•f l, ..;

H2 (fl-f 2 ) of the 3-stage op amp LED circuit for RF frequencies in the

range of 0.1 to 150 MHz for 35 units of 741 op amps tested. In Figure

5-3, the resistor and capacitor combinations are RI 1 10 kil, R2 - 100 kl,.

and C4 C5 = 0. The 112 (fl,-f 2 ) values at a specific RF frequency vary

+ 3 to + 11 dB. In Fig. 5-4, the resistor and capacitor combinations

are R1 10 kS?, R2 = 100 kQ2, and C4 = C5 - 27 pF. The H2 (f1 ,-f2)

values at a specific RF frequency vary - 4 to + 15 dB. Whereas H2

values in Figures 5-3 and 5-4 are for the complete 3-stage op amp LED

113
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circuit, the H2  values for the 1st stage alone can be obtained

easily by subtracting 48 dB from H values for the complete

circuit. See Eq. (5-6). The value of the ordinate in Figures 5-3 and

5-4 is reduced by 48 dB. The variations of H values in dB at a specific
2

frequency are identical to those of H2 values.

5.4 Statistical Results

Shown in Figures 5-5 and 5-6 are the mean values for H2 (f1,-f2)

which are denoted by H2 and the standard deviation,o,for 35 units of 741

op amps tested in the 3-stage op amp LED circuit. One of the two sets

of data in each figure corresponds to RI = 10 kl, R2 = 100 k, and C4

C5 = 0. Another set corresponds to RI = 10 kQ, R2 1 100 kQ, and C4

C5 = 27 pF. The mean values for H2 (fl,-f 2) indicate clearly the effect

of the RFI suppression capacitor C4 when it is connected in the feedback

path of the 1st stage. The suppression of demodulation RFI effects

caused by a 27 pF capacitor result in a reduction in H2 from 3.5 dB to
"2-

as much as 36.5 dB at a specific RF frequency. Another effect of the

RFI suppression capacitor C4 is indicated by the two sets of standard

deviation data in Figure 5-6. That plot shows that the spreading of H2

values is wider in general by including C4 = 27 pF. An increase as much

as 5 dB in standard deviation is observed at certain RF frequencies.

In Figure 5-7, RFI demodulation responses in two 741 op amp circuits

are shown. One set of data are mean values of measured H for the 741
2

unity gain buffer. Another set of data are mean values of measured H2

for the 741 inverting amplifier with a voltage gain of 10 and no RFI

suppression capacitor (C4 = 0). For comparison purposes, the H2 values

. . *11
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for the 741 unity gain buffer from Figure 4-19 have to be adjusted.

We want an H for the unity gain buffer that relates the audio-
2

frequency voltage at the op amp output to the RF voltage at the non-

inverting input terminal. We must account for the voltage division

at the output which contributes a factor of (2) and the voltage

2division at the input which contributes a factor of (2) See

Figure 4-7 in Chapter 4. Therefore, the relationships between H2

and H are given by
2

IH,(fl,-f9) = 81H2(f',-f2)j (5-7)

20glo "IH2 (f1 -f2)1 = 20Olo H2 (fl'-f 2)1 + 18.1 (5-8)

The result is an increase of 18 dB in the H2 values plotted in Figure

4-19 in Chapter 4. Also H2 values for the 741 inverting amplifier from

Figure 5-5 have been adjusted using Eq.(5-6). The result is a decrease

of 48 dB in the values plotted in Figure 5-5. The adjusted H2 values

in Figure 5-7 therefore exclude the linear amplification and attenuation

stages in the experimental setups. The adjusted mean values for It2

are surprisingly similar in that both sets of data points have a peak

value near 10 dB. The comparison shows that the 741 unity gain buffer

has an average lower RFI response for RF frequencies below 8 MHz.

Above 8 11z, the average RFI demodulation response in the 741 inverting

amplifier is lower.

11
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CHAPTER SIX

NCAP SIMULATIONS OF DEMODULATION RFI IN OP AMP CIRCUITS

In Chapter 2, we have described the NCAP procedure for determining

the nonlinear transfer functions which characterize many nonlinear

effects including demodulation in weakly nonlinear circuits. We have

also described the macromodeling p- ocedures for a 741 (bipolar) op amp

and a LF355 (JFET-bipolar) op mp in Chapter 3. Now in this chapter,

we shall present NCAP simulations of demodulation RFI effects in op amp

circuits used in our ex4eriments. The NCAP predictions are compared

with measurements. The NCAP values for the second-order transfer

function, 112(1] P-f 2 ) will be compared to the mear measured values of

H2(fl-f ) ,-:ince most NCAP parameter values were determined from typical
2 1

values Liven by manufacturers. These typical values are believed to

correspond to mean values. Also, using the op amp buffer circuit, we

performed a sensitivity analysis of NCAP parameters. The sensitivity

analysis provides information on the most critical parameters in the op

amp macromodel in causing demodulation RFI effects in op amp circuits.

6.1 The 741 Unity Gain Buffer L .

Shown in Figure 6-1 is the incremental equivalent circuit of the

the 741 unity gain buffer used in NCAP simulations. The 741 op amp

has been replaced by its incremental macromodel. The values of the 14

linear macromodel elements shown in Figure 6-1 were determined from the

typical values of op amp characteristics provided by manufacturers.

.T* lable 3-2. The values of the 16 nonlinear BJT model parameters for

the two transistors in the input stage are listed in Table 3-5. The
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NCAP input data for the circuit shown in Figure 6-1 are listed in

Appendix A. Note that in Figure 6-1, four capacitors have been

included from the collectors and emitters of both input transistors to

ground to account for parasitic substrate capacitances. The four

capacitors were added so that their values could be adjusted to fit

simulation results to experimental results. Shown in Figure 6-2 are

the NCAP simulation results for the second-order transfer function

H2 (f,-f2) which characterizes the demodulation RFI response of the 741

unity gain buffer to an RF signal, 50% amplitude-modulated at 1 k z.

Also shown are the experimental mean values for H2 (fl,-f 2) for 30 741 op

amp units. The mean values are taken from Figure 4-19 in Chapter 4. The

simulation and the measured mean values agree within 6 dB over the RF

frequency range 0.1 to 400 Ifz. The NCAP simulation was performed with

all four parasitic substrate capacitances set to zero, i.e. Csubl - 0,
sub 1"

etc. The effects of BJT parasitic substrate capacitances Csubl, Csub2 ,

Csb 3, and Cb 4 are illustrated in Figures 6-3 and 6-4. In Figure 6-3, -.-

NCAP simulations of BJT collector-substrate capacitance effects are shown

for four values of Csubl and Csub2 with Csub3 = Csub4 - 0. The effects

of collector-substrate capacitances are minor except around 3 MHz and

above 100 M z. In Figure 6-4, NCAP simulations of BJT emitter-substrate

capacitance effects are shown for four values of Csub3 and Csub4 with

Cbl C 0. Simulation results indicate that the RFI demodulation
sb. sub2

response in the 741 unity gain buffer is very sensitive to the value of

the BJT emitter-substrate capacitance in the input stage. Comparing

Figure 6-3 and Figure 6-4, we observe that the emitter-substrate

capacitance effects are far more significant than collector-substrate

capacitance effects. In an eariler investigation the values of Csubl

122 7
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C su2= C sub3= C sub4= 4 pF were assigned in order to fit the NCAP

12simulation results to the experimental results. We set C = C
sub- sub2

= Csub3 = Csub4 = 0 and obtain very good agreement between NCAP

results and experimental results as shown in Figure 6-2. Our experimental

results are for the mean value of H2 (fl,-f 2 ) for 30 op amps and they

differ from the experimental results reported upon previously for 1 to 3

12
op amps. Our measured mean values are lower than the experimental
results reported by G.K.C. Chen.1 2  That our experimental mean values .-

for H2 (fl,-f 2) agree better with the NCAP simulation results without the

capacitors Csubl' etc. indicates the importance of having a data base

large enough to yield a reliable mean value. This is especially true

when a macromodel is used for the NCAP simulation and values for the

macromodel parameters are determined from "typical values" given in

manufacturers' data sheets. Finally, it might be possible to improve

the agreement shown in Figure 6-2 between experimental and simulation

by using values Cs = C =0 and Cs = C 0.5 pF, but this
subl. sub2 sub3 sub4

has not been done.

6.2 The LF355 Unity Gain Buffer

Shown in Figure 6-5 is the incremental equivalent circuit of the

LF355 unity gain buffer used in NCAP simulations. The LF355 op amp has

been replaced by its incremental macromodel. The values of the 13

linear macromodel elements are listed in Table 3-4. The values of the

10 nonlinear JFET model parameters for the two JFETs in the input stage

are given in Table 3-6. The NCAP input data for the circuit shown in

Figure 6-5 are listed in Appendix A. Shown in Figure 6-6 are two sets

of H2 (fl,-f 2 ) data for the LF355 unity gain buffer amplifier plotted
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vs RF frequency from 0.1 to 400 MHz. One set of H2 data are NCAP

simulation results. Another set of H data are mean values of the
2

measured H2 for 30 LF355 op amp units which are from Figure 4-19.

In the NCAP simulations, the effects of parasitic capacitances are not

included, i.e, Csi = 0, etc. For RF frequencies below 3 MHz, the

NCAP 1i values and measured mean 2 values agree within 1 to 3 dB.

For RF frequencies above 3 MHz, the discrepancies are large because

the resonances observed in the experiment are not observed in the

simulation.

. In order to determine the cause of the resonances observed,

additional NCAP simulations were performed. In Figure 6-7 are shown

NCAP values for H2 calculated with Csub3 Csub4 0 and with C -.- ,

Cs = 2 pF, 4 pF or 8 pF. In Figure 6-8 are shown NCAP values for
sub2

H calculated with C C 0 and C C 0 pF, 1 pF
2 subi sub2 sub3 sub4

or 4 pF. Resonant effects, if present, are minor and are less than

3 dB. Thus we concluded that the parasitic capacitors Cbl, etc. are

S.not the cause of the resonant effects observed in Figure 6-6.

An additional effort was then made to investigate the cause for

the resonances by including the effects of other parasitic capacitances.

Additional NCAP analysis indicate that the resonances could be related

to the interelectrode parasitic capacitances of the JFETs in the input

stage of the LF355 op amp. Shown in Figure 6-9 is the nonlinear device

circuit model for a JFET. The intrinsic device model is shown enclosed

within dotted lines. The capacitances Cp, C 2 and C are extrinsic

interelectrode parasitic elements which have values in the 0.1 to 5 pF

range. The effects of Cp, C 2 and Cp3 upon the second-order transfer
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function values calculated by NCAP are illustrated in Figure 6-10.

Three different values (1 pF, 2 pF and 4 pF) were assigned to them

equally in three separate NCAP runs. When Cp C C - 1 pF, no
p1 p2  p3

obvious resonances can be identified in the H vs RF frequency plot.
2

When Cpl = Cp2 = Cp3 = 2 pF, one resonance is clearly distinguishable at

approximately 3 MCz. When C p p 4 pF, two resonances can be

clearly identified at approximately 1.5 MHz and 3.5 MHz respectively.

However, note that the NCAP simulation resonances occur at frequencies

lower than those resonant frequencies actually observed in the experiment

(approximately 4 Mlz and 12 MDz respectively). The NCAP results in

Figure 6-10 do suggest an explanation. The resonances seem related to

small parasitic capacitance effects caused by capacitance values of the

order 1 to 5 pF. There are two possible physical locations for parasitic

capacitors of this size. One location is inside the op amp itself, i.e.

interelectrode capacitance. The other location is the external circuit,

i.e. the external circuit wiring to ground capacitance. It is

our belief that capacitance effects internal to the LF355 op amp are

responsible for the resonances because similar resonances are not observed

when the other op amp types (741, L10, and CAO81) are inserted in the

same circuit. However, a more complicated situation may exist which is

caused by an external circuit and op amp interaction which is sensitive

to the impedance values inside the LF355 op amp. It would be desirable

to model more completely the external circuit wiring and external circuit

component parasitics in order to investigate these resonances further.

Shown in Figure 6-11 is an NCAP simulation which assumed inter-

. electrode parasitic capacitances Cpl= 5 pF, Cp2 = 3 pF, and Cp3  
.
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4 pF. Also shown is the measured mean for 30 LF355 op amp units. The

capacitance values have been adjusted to obtain a better fit between

experiment and simulation.

The discrepancy above 15 MHz has been reduced from 10 to 15 dB

to 1 to 4 dB but the discrepancy below 1 MHz has increased from 1 to

3 dB to 4 to 7 dB. Larger discrepancies continue to exist in the

vicinity of the resonant frequencies. '.

6.3 Three-Stage Op Amp LED Circuit

The incremental circuit of the 3-stage op amp LED circuit for

NCAP simulations is shown in Figure 6-12. All three 741 op amps have

been replaced by an equivalent 741 macromodel. The 14 linear macro-

model elements and the 16 nonlinear BJT parameters are indentical to

those used for the 741 unity gain buffer amplifier described in Section

6.1. See Tables 3-2 and 3-5. Recall that the values for the 14 linear

macromodel elements were determined from typical values of the 741 op '-p

amp characteristics (Table 3-1) using the procedures developed by Boyle

et al. Most of the 16 nonlinear BJT parameters were obtained from

Fang's measurements of the 741 input stage. The NCAP input data for

the circuit shown in Figure 6-12 are listed in Appendix A. First we

verified that the second and third stages of the 3-stage op amp LED

circuit indeed did provide linear gain for the demodulation AF component .

"- produced by the first stage. Using NCAP we calculated values for the

magnitudes of H2(fl,-f 2 ) at nodes 17 and 42 of the circuit shown in

Figure 6-12. Throughout the RF frequency region of interest, the ratio

of the two H2 magnitudes at nodes 17 and 42 is 72.95 - 0.05 dB, which

42
* corresponds to a linear gain of about 4440. The experimental value for
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[iF 0AF ' V0F

the linear voltage gain at 1 kHz is = 4000. See Table 5-2.

Shown in Figure 6-13 are NCAP simulations of H of the 3-stage op
2

amp LED circuit with R1 = 10 kQ and R2 
= 100 kQ for two values of the

RFI supperssion capacitor C4 (0 and 27 pF). The corresponding measured

mean values are also shown. Let us first discuss the two sets of experi-

mental results obtained with C 4 = C 5 = 0 and C = C5 = 27 pF. Note that

the RFI suppression capacitors reduce H2 (fl,-f 2 ) at every RF frequency.

The reduction in H2 varies from a low of 3 dB at .15 MHz to a high of

36 dB at 10 MHz and exceeds 15 dB at all RF frequencies above 10 MHz.

Now let us compare NCAP simulation results to exerimental results

with the RFI suppression capacitors omitted (C4 = C5 = 0). Below 1.0 MHz

the NCAP simulation values exceed the measured values by 10 to 17 dB.

From 1.0 to 6.0 MHz the NCAP values and the measured values agree within

1 to 4 dB. Above 6 MHz the NCAP values exceed the measured values by

6 to 15 dB. Finally let us compare NCAP simulation results and experi-

mental results with the RFI suppression capacitor included (C4 - C5

27 pF). Below 1.0 MHz the NCAP simulation values exceed the measured

values by 23 to 42 dB. Note that below 1 MHz NCAP predicts an increase

in H when the RFI suppression capacitors are added and that this is
2

contradictory to what is observed experimentally. Above 1 MHz NCAP

predicts a decrease in H2 when the RFI suppression capacitors are

added; this is in agreement to what is observed experimentally. From

2 MFz to 20 MHz the NCAP values and measured values agree quite well

S with differences in the range 0 to 7 dB. Above 20 MHz the NCAP

values decrease much more rapidly than the experimental values and

exceed the NCAP values by 20 to 40 dB. The NCAP predictions leave
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something to be desired and this may indicate that additional modeling

effort is required. It would be worthwhile to include in the NCAP

simulatiohs the appropriate parasitic elements associated with all the

34
passive components, but especially RI, R2, and C4 in the first stage

and the capacitance associated with the Printed Circuit Board wiring.

6.4 Sensitivity Analysis of NCAP Parameters

In Chapter 4, we presented the scatter plots of measured H2f 1 ,-f2)

for the op amp unity gain buffer. Large variations in H values were
2

observed at certain frequencies. It is the objective of this section

to present results of a sensitivity analysis of NCAP parameters. Th-

sensitivity analysis indicates which transistor mode] parameters and

op amp macromodel linear parameters cause the largest H2 variations.

The sensitivity analysis was performed by varying the NCAP parameters

of the 741 and LF355 unity gain buffer amplifiers. In the analysis,

H2(fl,-f 2) values were calculated using NCAP for the RF frequency

range 0.1 to 400 MHz. Recall from Section 6.1 that the model for the

741 unity gain buffer has 14 linear macromodel elements and 16 non-

linear BJT model parameters for each transistor. Their values are

listed in Tables 3-2 and 3-5. Also recall from Section 6.2 that the

model for the LF355 unity gain buffer has 13 linear macromodel

parameters and 10 nonlinear JFET model parameters for each transistor.

Their values are listed in Tables 3-4 and 3-6. In each computer run,

one NCAP parameter was varied 10% from its original value. While
pL

one NCAP parameter was varied, all other parameters were kept at their
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original values. A complete set of NCAP results are given in

tabular form in Appendix D.

Let us first discuss the results of the sensitivity analysis for

the 741 op amp buffer circuit. We examined the variations in H2 (f1 ,-f2)

at each RF frequency. At each RF frequency we determined which NCAP

BJT model parameter variation yielded the largest variation in H2

values. That NCAP BJT model parameter was labeled the critical NCAP

parameter at that RF frequency. When all RF frequencies were considered,

there were only four critical NCAP BJT model parameters: the avalanche

voltage VCBO; the dc bias collector current I the dc bias collector

junction voltage VC ; and the base emitter space charge capacitanceCB'

Cje. Shown in Figures 6-14 to 6-17 are plots of H2 (fl,-f 2) vs RF

frequencies for ± 10% variations of the four BJT model critical

parameters. Shown in Figure 6-18 is a composite plot which indicates

the critical BJT model parameters at each RF frequency. For example,

the critical BJT parameter at fl = 0.1 MHz is the dc bias collector

current IC; at f1 = 1 MHz, the avalanche voltage VCBO is the critical

BJT parameter; at f = 0.6 MHz, both IC and VCBO are equally critical.

The value of the ordinate is equal to the difference in H values divided
2

by 2 corresponding to a ± 10% variation in value of the critical

parameter. Also shown in Figure 6-18 are experimental values for the

spread in H2 obtained from Figure 4-14 by subtracting the lowest H22
value from the highest H2 value and dividing the difference by 2.

.- The spread in H2 values indicates that the variations in NCAP model

- parameters would have to be much greater than - 10% to account for the
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I.

experimental spread in H2. Unfortunately, we do not know which

parameter values vary the mosL expurimentally because the sensitivity

analysis does not provide that information. At each RF frequency we

also determined which linear macromodel parameter variation yielded

the largest variation in H2 values. That linear macromodel parameter

was labeled the critical linear macromodel parameter at that RF

frequency. When all RF frequencies were considered, there were only

four critical linear macromodel parameters: the capacitor C which
E

implements the difference in positive and negative slew rate related

to charge-storage effects 1 8 in the input stage of the op amp; the

resistance for Rel and R which model emitter degeneration for

18
slew rate enhancement ; the compensation capacitor C2 ; and the

tparameter C for differential voltage gain. Shown in Figures 6-19
a

to 6-22 are plots of H2 (fl,-f 2 ) vs RF frequencies for ± 10% variations*

of the four critical linear macromodel parameters. Shown in Figure 6-23

is a composite plot which indicates the critical linear macromodel

parameters at each RF frequency. Also shown are experimental values

for the spread in H2 previously shown in Figure 6-18. Let us compare

Figure 6-18 to Figure 6-23. The plots indicate that the H values are
2

more sensitive to variations in the values of the BJT model parameters

than to the variations in the values of the linear macromodel

parameters.

Next we discuss the results of the sensitivity analysis for the

LF355 op amp buffer circuit. We examined the variations in H 2 (fl,-f 2 )

at each RF frequency. At each RF frequency we determined which NCAP

JFET model parameter variation yielded the largest variation in H2
*2

Tn Figure 6-21 the plot for a -10% variation is not shown because

the appropriate NCAP simulation was nut performed.
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values. That NCAP JFET model parameter was labeled the critical

NC. parameter at that RF frequency. When all RF frequencies were

considered, there were only four critical NCAP JFET model

* . parameters: the pinch-off voltage V; the drain current parameter

"- I the parameter p which is related to the critical field

associated with carrier mobility and to the gate length; and the

barrier potential . Shown in Figures 6-24 to 6-27 are plots of

H2 (fl,-f 2 ) vs RF frequencies for -10% variations of the four critical

JFET model parameters. Shown in Figure 6-28 is a composite plot which

indicates the critical JFET model parameters at each RF frequency.

Also shown in Figure 6-28 are experimental values for the spread in

H2 obtained from Figure 4-17 by subtracting the lowest H 2 value from

the highest H2 value and dividing the difference by 2. The spread in

H2 values indicates that the variations in NCAP model parameters would

have to be much greater than ± 10% to account for the experimental

spread in 112 values. Unfortunately, we do not know which parameter

values vary the most experimentally because the sensitivity analysis

does not provide that information. At each RF frequency, we also

determined which linear macromodel parameter variation yielded the

largest variation in H values. That linear macromodel parameter was
2

labeled the critical linear macromodel parameter at that RF frequency.

When all RF frequencies were considered, there were only five critical

.'- linear macromodel parameters: the resistances Rdland Rd2 ; the parameter

G a for differential voltage gain; the resistances R and Rs2 ; the

compensation capacitor C2 ; and the capacitor C which models the

difference in positive and negative slew rates of the LF355 op amp.

Shown in Figures 6-29 to 6-33 are plots of H 2 (fl,-f2) vs RF frequencies

In Figure 6-25, the plot for a + 10% variation is also shown.
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for + 10% variations of the five critical linear macromodel parameters.

Shown in Figure 6-34 is a composite plot which indicates the critical

linear macromodel parameters at each RF frequency. Also shown are

experimental values for the spread in H2 previously shown in Figure

6-28. Let us compare Figure 6-28 to Figure 6-34. The plots indicate

that the 112 values are more sensitive to variations in the values of

the JFET model parameters than to the variations in the values of the

."-. linear macromodel parameters.
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CHAPTER SEVEN

SUMMARY, CONCLUSIONS AND RECOMMENDATIONS

An experimental investigation has been conducted to deter-

mine the statistical variations of RFI demodulation effects in

operational amplifiers (op amps). Amplitude-modulated (AM) RF

signals were injected into the non-inverting input of an op amp

unity gain voltage follower circuit called a buffer amplifier

circuit or into the inverting input of an op amp inverting volt-

age amplifier circuit with a voltage gain of ten. The undesired

demodulated responses at the AM-modulation frequency (1 kHz)

were measured as the RF frequency was varied over the range 0.1

to 400 MHz. The op amps investigated were the 741 bipolar op "-s.

amp which has conventional npn input transitors, the LM10 bi-

polar op amp which has less conventional pnp input transistors,

the CA081 MOS-bipolar op amp which has MOSFET input transistors,

and the LF355 JFET-bipolar op amp which has JFET input transis-

tors. Approximately 30 of each op amp type were tested in the

non-inverting unity gain buffer amplifier circuit. Thirty 741

op amps have been tested in the inverting voltage amplifier cir-

cuit. Mean values and standard deviations have been determined

for demodulation RFI. The computer program NCAP has been used

to calculate mean values for demodulation RFI. Macromodels were

16?
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used for the op amps in the computer simulations. Calculated and

experimental values for demodulation RFI are compared and discus-

sed. A sensitivity analysis was also performed using NCAP to de-

termine the critical macromodel and transistor parameters. In

Section 7.1 the results will be summarized and conclusions will

be given. In Section 7.2 recommendations for future work will be

imade.

7.1 Summary and Conclusions

This dissertation begins with a review of the nonlinear trans-

fer function approach for analyzing a weakly nonlinear circuit ex-

cited by sinusoidal signals with different frequencies. The RFI

signals used in the experiments described in this dissertation

can be written as a sum of sinusoids. The Nonlinear Circuit An-

alysis Program NCAP was developed specifically to calculate first

and higher order transfer functions of weakly nonlinear circuits

excited by a sum of sinusoids. The procedure used by NCAP is

described in this dissertation. A simple circuit consisting of

a nonlinear resistor was used as an example to illustrate the

iterative NCAP calculation procedure.

In Chapter 3, macromodels are reviewed for the bipolar op

*O amp and for the JFET-binolar op amp. Values are given for the

macromodel linear parameteis of the 741 bipolar op amp and LF355

4g

P."9.
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-. JFET-bipolar op amp. Manufacturers' typical data were used. The

NCAP BJT parameter values used for the bipolar input transistors

of the 741 op amp macromodel are the same as the values given by

6,8
Fang et al. 6 ' for the small npn transistors in an actual 741

op amp except for the adjustments described in Chapter 3. The

adjustments are related to quiescent point differences. The NCAP

JFET parameter values for the JFET input transistors of the LF355

17op amp are the same as the values given by Whalen et al. for

discrete n-type JFETs except for the adjustments described in

• Chapter 3. Again, the adjustments are related to quiescent point

differences.

This dissertation next describes experimental investigations

to determine the statistical variations of RFI demodulation re-

sponses in two op amp circuit configurations. In Chapter 4 re- -

sults for the unity gain buffer amplifier configuration are given.

Four different types of op amps were tested: the 741 bipolar op

amp with a npn transistor input stage; the LMIO bipolar op amp

with a pnp transistor input stage; the CA081 Bi-MOS op amp with a

MOSFET input stage; and the LF355 Bi-FET op amp with a JFET input

stage. Approximately 30 units of each op amp type have been

tested in the unity gain buffer amplifier. The op amps tested

were purchased five at a time over an extended time duration in

order to obtain units with different manufacturing date codes.

A 50% amplitude-modulated RF signal with a 1 kHz modulation fre-
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quency,fAF was injected into the non-inverting input of the op amp

under test. The RF frequency fRF, was varied over the frequency

range 0.1 to 400 MHz. Because of the second-order nonlinearities

* of the op amp, intermodulation interference signal components at

f = 1 kHz were produced at the output. The phenomenon is called

the RFI demodulation effects. The strength of the interference

signal at f as a function of the RF carrier frequency at the in-

AF

put is termed the RFI demodulation response. Throughout the dis-

sertation, the nonlinear second-order transfer function, H2 (fl,-f 2 )

where f = f and f RF AF has been used as the parameter

which characterizes the RFI demodulation response because the re-

sponse was kept in the square-law response region. The experi-

mental H2 (f1 ,-f2 ) values for approximately 30 units of each type

of op amp were plotted vs RF frequency. The experimental mean

values of H2 (fl,-f 2) for the four types of op amps were plotted

and compared. The results showed that RFI demodulation effects

are 10 to 20 dB lower in CA081 and LF355 FET-bipolar op amps than

in 741 and L110 bipolar op amps except above 40 MHz where the LM10

RFI response begins to approach that of the CA081. Analysis using

the transfer function model of the op amp unity gain buffer indi-
cates that the result is related to two factors. One factor is

the open-loop, second-order transfer function of the op amp. It

is believed that the second-order transfer functions of FET-bipolar

op amps are snaller thin those of bipolar op amps. The other factor

is the open-loop linear transfer function vs frequency of the op

1
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amp. The linear gain-bandwidth products of the CA081 and LF355 op

amps are larger than those of 741 and LM10 op amps. As a result,

the demodulation RFI of CA081 and LF355 op amps is lower than that

of 741 and LMIO op amps. One interesting phenomenon in the RFI

demodulation response of the unity gain buffer was observed only .-7

for LF355 op amps. The experimental results indicated two re-

sonances at RF frequencies near 4 MHz and 12 MHz. The standard

deviation of H2 (fl,-f 2 ) values for the four types of op amps were

also plotted and compared. The CA081 op amps have the smallest

standard deviation. The LF355 op amps have the largest standard

deviation near their two resonance frequencies, and the LM10 op amps

have the largest standard deviation at low and high RF frequencies.

In Chapter 5 experimental results are given for the second op

amp circuit configuration which is an inverting amplifier with

voltage gain equal to ten. In the inverting amplifier experiment,

the amplitude-modulated RF signal was applied to the inverting in-

put of the op amp under test. To date, only 741 op amp units have

been tested in the inverting op amp circuits. Values for the

second-order transfer function which characterizes the RFI demod-

ulation response were derived from the tuned AF voltmeter read-

ings at the output and RF voltmeter readings at the input. Two

%sets of experimental H 2 (fl,-f 2) values were plotted. One set of

data corresponds to the 741 inverting amplifier with no RFI

suppression capacitor. Another set of data corresponds to the
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inverting apmplifier with a 27 pF RFI suppression capacitor in the

feedback path. The mean values of the two sets of H2 data were

compared for 741 op amps. The experimental mean values for 741

op amps showed that RFI demodulation responses in the inverting

amplifier with the 27 pF capacitor were suppressed from 10 to 35

dB over the RF frequency range 0.1 to 150 MHz except at 0.15 MHz

where only 3.5 dB suppression was observed. Adding the 27 pF RFI

suppression capacitor to the feedback path also caused an in-

crease in the values of the standard deviation for H The theory

for the effect of an RFI suppression capacitor in the feedback

path of an inverting amplifier was reviewed. The difference

between our experimental mean values for H2 without and with the

27 pF RFI suppression capacitor are in reasonable agreement with

the theory. See Appendix E for the details.

In Chapter 6 computer simulation results are given. In NCAP .'

simulations, op amps were replaced by their macromodels. The 741

* incremental macromodel has 12 linear parameters and 16 nonlinear

12" BJT parameters. Chen added four capacitors to model the para-

sitic substrate capacitances of the two BJTs in the input stage.

.. He set the four parasitic substrate capacitors equal to 4 pF in

order to fit the NCAP simulation results to his experimental re-

12sults. We set the four parasitic substrate capacitors equal to

* 0 pF. The NCAP predictions and our experimental mean values for

*" the measured RFI demodulation response in the 741 op amp unity
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gain buffer amplifier agreed within 6 dB over the RF frequency

range 0.1 to 400 MHz. Our experimental results for the mean

value of H2 (f1 ,-f2 ) for 30 op amps differ from the experimental

12
results reported upon previously for 1 to 3 op amps. Our

measured mean values are lower than the experimental results re-

12ported by G. K. C. Chen. That our experimental mean values

for H2 (fl,-f 2 ) agree better with the NCAP simulation results

without the four additional parasitic substrate capacitors in- L_

dicates the importance of having a data base large enough to yield

a reliable mean value. This is especially true when a macromodel

is used for the NCAP simulation and values for the macromodel para-

meters are determined from "typical values" given in manufacturers'

data sheets.

In Chapter 6 NCAP simulations for the LF355 op amp unity gain

buffer amplifier are also given. The LF355 incremental macromodel

has 11 linear parameters and 10 nonlinear JFET parameters. Three

capacitors Cp1 , Cp2, and Cp3 were added to the intrinsic JFET model

to account for the interelectrode parasitic capacitors. When C -
p1

C = Cp3 = I pF, no obvious resonances could be identified. When

C C C =2 pF, one resonance is clearly distinguishable at
p1 p2  p3

approximately 3 MHz. When Cp1 = Cp2 = Cp3 = 4 pF, two resonances

can be clearly identified at approximately 1.5 MHz and 3.5 MHz.

However, the NCAP simulation resonances occur at frequencies

lower than the 4 MHz and 12 MHz resonant frequencies observed
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I
in the experiment. The NCAP results suggest that the resonances are

There aru two possible physical locations for parasitic capacitors of

this size. One location is inside the op amp itself, i.e., inter-

electrode capacitance. The other location is the external circuit, i.e.,

the external circuit wiring to ground capacitance. Our current thinking

is that capacitance effects internal to the LF355 op amp are responsible

for the resonances because similar resonances are not observed when the

other op amp types (741, LMO, and CA081) are inserted in the same

unity gain buffer circuit. However, a more complicated situation may

exist which is caused by an external circuit and op amp interaction

which is sensitive to the impedance values inside the LF355 op amp.

* It would be desirable to model more completely the external circuit

wiring and external circuit component parasitics in order to investigate

these resonances further. With the interelectrode parasitic capacitances

CpI 5 pF, C =3 pF, and C 4 pF, the discrepancy between experi-

mental and NCAP results above 15 Mlz has been reduced from 10 to 15 dB V

to i to 4 dB but the discrepancy below 1 1Hz has increased from 1 to 3 dB

to 4 to 7 dB. Larger discrepancies continue to exist in the vicinity of

V-" .the resonant frequencies.

*

LS.
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Also given in Chapter 6 are NCAP simulation results for the

3-stage op amp LED circuit. The three 741 op amps were replaced

by 741 op amp macromodels. Recall that the input stage had an in-

put resistor R = 10 kQ2, a feedback resistor R2 = 100 kQ, and a

desired signal linear voltage gain of -10. Recall, also, that

measurements were made without and with an RFI suppression capac-

itor C4 in parallel with the feedback resistor R2. The RFI sup-

pression capacitors reduce H2 (fl,-f 2 ) at every RF frequency. The

reduction in H2 varies from a low of 3 dB at .15 MHz to a high of

36 dB at 10 MHz and exceeds 15 dB at all RF frequencies above 10

MHz. First, we compared NCAP simulation results to experimental

results with the RFI suppression capacitors omitted (C4 = 0).

Below 1.0 MHz the NCAP simulation values exceed the measured values

by 10 to 17 dB. From 1.0 to 6.0 MHz the NCAP values and the mea-

sured values agree within 1 to 4 dB. Above 6 MHz the NCAP values

exceed the measured values by 6 to 15 dB. Finally, we compared

NCAP simulation results and experimental results with the RFI sup-

pression capacitor included (C4 = 27 pF). Below 1.0 MHz the NCAP

simulation values exceed the measured values by 23 to 42 dB. Below

I 111z NCAP predicts an increase in H2 when the RFI suppression

capacitor is added; this is contradictory to what is observed

experimentally. Above 1 MHz NCAP predicts a decrease in H when
2

the RFI suppression capacitor is added; this is in agreement with
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what i observed experimentally. From 2 MHz to 20 MHz the NCAP

values and measured values agree quite well with differences in

the range 0 to 7 dB. Above 20 MHz the NCAP values decrease much

more rapidly than the experimental values and the experimental

values exceed the NCAP values by 20 to 40 dB. The NCAP predic-

tions leave something to be desired and this may indicate that

additional modeling effort is required. It would be worthwhile

to include in the NCAP simulations the appropriate parasitic ele-

34
ments associated with all the passive components, but especial-

ly R, R 2, and C4 in the first stage and the capacitance associated

with the printed circuit board wiring.

The last set of NCAP simulations described in Chapter 6 yield-

ed data for a sensitivity analysis. The sensitivity analysis has

been performed to determine the linear macromodel parameters and

*. nonlinear device model parameters whose variations cause the

largest variations in the RFI demodulation response of the op amp

unity gain buffer circuit. Macromodels for the 741 bipolar op

amp and for the LF355 JFET-bipolar op amp were used. More than

100 NCAP simulations for the RF range 0.1 to 400 MHz were carried

out. In each NCAP simulation, all macromodel parameters were

assigned their standard values except for one macromodel parameter

which was varied either by +10% or by -10% from its standard value.

The parameter which caused1 the largest variation at each RF fre-

quency was defined as the critical parameter at that RF frequency.
S

b..k.
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At one or more RF frequencies in the range 0.1 to 400 MHz, four

of the 16 nonlinear BJT model parameters are critical parameters.

They are: the avalanche voltage VCBO; the dc bias collector cur-

rent IC; the dc bias collector junction voltage VCB; and the base-

emitter space charge capacitance Cje. Among the 12 linear macro-

model parameters, four are critical parameters. They are: the

capacitor CE which implements the difference in positive and

negative slew rates, the resistors R and R which model the
el e2

emitter degeneration for slew rate enhancement; the compensation

capacitor C and the parameter G for differential voltage gain.
2' a

The RFI calculations are more sensitive to variations in the values

of BJT model parameters than to variations in values of linear macro-

model parameters. In the LF355 unity gain buffer, four among the

10 nonlinear JFET model parameters are critical parameters. They

are: the pinch-off voltage V ; the drain current parameter IDmax;

the parameter p which is related to the critical field associated

with carrier mobility and to the gate length; and the barrier

potential p. Five among the 11 linear macromodel parameters are

critical. They are: the drain resistances Rdl and Rd2; the para-

meter G for differential voltage gain; the source resistances
a

R and R the compensation capacitor C2 ; and the capacitor C
sl s2' 2s

which models the difference in positive and negative slew rates
I

of the LF355 op amp. The RFI calculations are more sensitive to

variations in the values of JFET model parameter values than to

variations in values of the linear macromodel parameters.
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7.2 Recommendations for Future Work

Based upon the results obtained in this dissertation there

are six recommendations for future investigations. Each recom-

mendation will now be presented.

(1) Additional Measurements of Demodulation RFI in Inverting
Amplifiers

Additional measurements of demodulation RFI in inverting

operational amplifier circuits are needed. The sets of values

for the input resistor Rl and the feedback resistor R2 listed in

Table 7-1 are suggested. Data should be obtained for the four

op anip types: the bipolar 741; the bipolar LMIO; the Bi-MOS -,

CA081; the JFET-bipolar LF355. The measurements should be made

without and with RFI suppression capacitors in the locations
31D

suggested by Goedblood et al.3 1

TABLE 7-1

RESISTOR COMBINATIONS FOR INVERTING OP AMP CIRCUIT CONFIGURATION

Input Resistor Resistor Combinations for Inverting Op Amp
Circuit Configuration

RI R2:A R2:A R2:A
v v v

10 k 10 k:-1 100 k:-10 1 M:-100

100 k 100 k:-l 1 M:-10 10 M:-100

I M 1 M:-l 10 M:-10 ---
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(2) Automatic Measurement System

The data generated for this dissertation was obtained with

a manual measurement system. The volume of data was large and

almost unmanageable. The volume of data that would be generated

by implementing the first recommendation requires an automatic

measurement system. The automatic measurement system would need

to set the RF frequency and amplitude, turn on the 1 kHz AM-

modulation, measure RF and AF voltages, store the data, compute

second-order transfer functions such as H2 (f ,-f2), and plot the

results for each op amp tested in each circuit configuration.

The data stored for all op amps of one type could then be used

to calculate mean values, standard deviations, etc. which also

would be plotted.

(3) Additional NCAP Simulations To Improve Understanding of
Demodulation RFI in Feedback Amplifiers

The computer program NCAP should be used to calculate the

second-order transfer functions H2 (fl,-f 2 ) that characterize

demodulation RFI in open-loop op amp circuits. The NCAP calcula-

tions would yield interesting information, as a function of RF

frequency, on the magnitude of H2 (fl,-f 2) produced by the fast

npn input transistors in the 741 vis'-a-vis' that produced by

* the slow pnp input transistors in the LMlO vis'-a-vis' that

produced by the MOSFET input transistors in the CA081 vis'-a--vis'
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that produced by the JFET input transistors in the LF355. This

information, which can be obtained quite easily, and manufacturers'

data on the typical gain-bandwidth product for the linear voltage

gain might be sufficient to explain the relative magnitudes of

the demodulation RFI observed in the four different op amp types

and other experimental observations.

(4) Additional NCAP Simulations In Which Parasitic Effects Are
Accounted For More Thoroughly

It would be desirable to model more completely the external

circuit wiring on the printed circuit board to account for small

capacitances from wire to wire and wire to ground. It would also

be desirable to model the external circuit component parasitics.

Of particular importance are parasitic effects in the op amp

input resitor Rl, the feedback resistor R2, and the RFI suppres-

sion capacitors. The results obtained in this dissertation sug-

gest that parasitic effects caused by the capacitance of reverse-

biased isolation junctions inside the op amp may not require the

-_. .'. addition of extra capacitors to the standard op amp macromodel.

* """ Additional investigation of this topic is suggested.

%I
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(5) Additional Sensitivity Analysis

Sensitivity analyses have been performed for the 741 bipolar

op amp and LF355 JFET-bipolar op amp. A similar sensitivity an-

alysis for the CA081 MOS-bipolar op amp is recommended. The sen-

sitivity analysis will indicate the linear macromodel parameters

and the MOSFET input transistor model parameters whose variations

cause the largest variations in the RFI demodulation response in

an op amp circuit such as the unity gain buffer circuit. The

MOSFET model developed for NCAP by K. N. Chen4'5'30 should be used.

(6) Experimental Investigation On Variations Of Transistor And
Integrated Circuit Parameters

The sensitivity analysis described in this dissertation pro-

vides interesting information on the critical parameters in op

amp macromodels for producing RFI demodulation effects in op amp

circuits. What is needed are experimental results on variations

of transistor and integrated circuit parameters observed in prac-

tice. Possibly manufacturers of integrated circuits would be

willing to provide some information on the mean value and stan-

dard deviation of selected parameters which they routinely monitor.

Other transistor and integrated circuit parameters required to

predict RFI would have to be measured to determine mean values

and standard deviations. This would be a worthwhile investigation

to initiate.
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APPENDIX A

NCAP INPUT DATAr r
This appendix contains three listings of NCAP input data.

Table Al is a listing of input data for a pA741 op amp unity gain

buffer amplifier. The listing in Table Al corresponds to the circuit

shown in Fig. 6-1. The RF frequency f1 was varied over the frequency

range l.0E5 to 500E6 (0.1 to 500 MHz) by using the MODIFY command. The

1 erq utcV t was set at f 2 " -(fl - 1E3). The responses at nodes 12

.iz. I 1 In H,:. h-I were printed.

ci- A. I,,v, a listing of input data for a LF355 op amp unity

lhe listing in Table A2 corresponds to the circuit shown

"ht. kF frequencies f and f were varied in the manner
1 2

, rt.,1 . rd ib)1e Al. The responses at nodes 12 and 13 in Fig. 6-5

W.t I -I II d

rable AI is a listing of input data for the 3-stage pA741 op

amp IED circuit. The listing in Table A3 corresponds to the circuit

shown in Fig. 6-12. The RF frequencies fl and f2 were varied in the

manner described for Table Al. The responses at nodes 17 and 42 in

Fig. 6-12 were printed.
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4- TABLE Al

NCAP INPUT DATA LISTING FOR A 741 UNITY GAIN BUFFER

* FILE NAME: S741A
** UA741C UNITY GAIN AMPLIFIER
•* RECALCULATED PARAMETERS BASED ON UA741
** DATE: OCT. 31 1983
* START CIRCUIT
* GENERATOR
NODE 14 0
FR I 0.15EG
AMP 1.0 0.0
FR 2 -0. 149E6
AMP 1.0 0.0
IMP 50 0
• MODIFY
FR I 1.5E6
FR 2 -1.499E6
* MODIFY
FR 1 15E6
FR 2 -14.999EB
* MODIFY
FR 1 150E"
FR 2 -149.999E6
• MODIFY
FR 1 0.3E6
FR 2 -0.299E6
' MODIFY
FR I 3ES
FR 2 -2.999EG
* MODIFY
FRI 30ES
FR 2 -29.999EG
• MODIFY
FR I O.IE6
FR 2 -0.099E6
* MODIFY
FR I 0.2E6 lE6 5 LIN
FR 2 -0.199E6 -0.999EG 5 LIN
• MODIFY
FR I 2E6 WOES 5 LIN
FR 2 -1.999E6 -9.999E6 5 LIN
• MODIFY
FR I 20E6 100E6 5 LIN
FR 2 -19.999E6 -99.999E6 5 LIN
• MODIFY
FR 1 200E6 500E6 4 LIN
FR 2 -199.999ES -499.999E6 4 LIN

pS • LINEAR COMPONENTS
R 14 0 50
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R 14 1 700 TABLE Al
R 7 0 5.3E3 PART 2 OF 2
R 3 0 5.3E3
R 8 9 2.05E3
R 4 9 2.05E3

R 9 0 11.2E6
R 10 0 100E3
R 11 0 65
R 11 13 10
R 13 12 31E3
R 5 13 687
R 12 0 31.1E3
C 7 3 2.38E-12
C 9 0 3.13E-12
C 10 11 30E-12
C 12 0 3500E-12
* TRANSISTOR
NODE 5
4.34 14.57 20.0 0.165 7.95E-6 500E-6
1.09 400.0 1.23E-12 1.091 1.23E-12 9.09E-9
830. 5.33E6 0.IE-12 O.IE-12
- TRANSISTOR
NODE I
4.34 14.57 20.0 0.165 7.95E-6 500E-6
0.779 400.0 1.23E-12 1.091 1.23E-12 8.09E-9
830. 5.33E6 0.IE-12 0.IE-12
* LINEAR DEPENDENT SOURCE
NODE 7 3 0 10
VC 189E-6 0.0

.- * LINEAR DEPENDENT SOURCE
NODE 9 0 100
VC 5.97E-9 0.0
* LINEAR DEPENDENT SOURCE
NODE 10 0 0 11
VC 163.0 0.0
* PRINT SELECT
NODE 12 13
* END CIRCUIT
* END

.. I.

184

. .. .......... .... ....-. . .-... .

kl'



TABLE A2

NCAP INPUT DATA LISTING FOR A LF355 UNITY GAIN BUFFER

FILE NAME: LF355
** MACROMODEL OF LF355 BIFET OP AMP
** ANALYSED BY NCAP FOR H2
4* SUBMITTED AT SUNYAB
* START CIRCUIT
* GENERATOR
NODE 1 0
FR 1 0.15E6
AMP 1.0 0.0
FR 2 -0.149E6
AMP 1.0 0.0
IMP 50 0
* MODIFY
FR I 1.5E6
FR 2 -1.499E6
* MODIFY
FR I 15ES
FR 2 -14.999ES
* MODIFY
FR I 150E6

FR 2 -149.999E6
* MODIFY
FR I 0.3E6
FR 2 -0.299E6
* MODIFY
FR I 3ES
FR 2 -2.999E6- ...

* MODIFY
FR I 30ES
FR 2 -29.999ES
* MODIFY

FR I 0.1E6
FR 2 -0.099E.
* MODIFY
FR I 0.2E6 IE6 5 LIN
FR 2 -0.199E6 -0.998E6 5 LIN
* MODIFY
FR I 2E6 WOE6 5 LIN
FR 2 -1.999E6 -9.999E6 5 LIN
* MODIFY
FR 1 20E6 100ES 5 LIN
FR 2 -19.99SE6 -99.999E6 5 LIN
* MODIFY
FR 1 200E6 500ES 4 LIN
FR 2 -199.999E6 -499.999E6 4 LIN
4 MODIFY
FR 1 2.5E6
FR 2 -2.499E"
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* MODIFY TABLE A2
FR 1 1.1ES 1.4E6 4 LIN PART 2 OF 2
FR 2 -1.099ES -1.399E6 4 LIN
* MODIFY
FR 1 1.6E6 1.9E6 4 LIN
FR 2 -1.599E6 -1.899E6 4 LIN
* MODIFY
FR I 2.IES 2.4E6 4 LIN
FR 2 -2.099E6 -2.399E6 4 LIN
* LINEAR COMPONENTS
RI 6 6700.0
R 1050..0
R306630.0
R 5 14 481.0 ' A

SR 7 0 6630.0
R 9 14 481.0
R 10 0 1.0E5
R 11 0 100.0
R 11 12 20.0
R 12 13 31.0E3
R 13 0 31.IE3
R 12 2 687.0
C 3 7 2.4E-12
C 14 0 10.5E-12
C 10 II 10.OE-12 V
C 13 0 3.5E-9

** INTERELECTRODE PARASITIC CAPACITANCES
C 2 5 5E-12
C 6 9 5E-12
C 2 3 3E-12
C 6 7 3E-12
C 5 3 4E-12
C 9 7 4E-12
* JFET
NODE 2
CONSTANTS 0.87E-12 27.0
AC 371.5E-6 0.53 -1.0 -0.5 -0.293 2.2E-12 0.5 -0.5
*JFET
NODE 6
CONSTANTS 0.87E-12 27.0
AC 371.5E-6 0.53 -1.0 -0.5 -0.293 2.2E-IZ 0.5 -0.5

LINEAR DEPENDENT SOURCE
NODE 3 7 0 10
VC 1.51E-4 0.0
* LINEAR DEPENDENT SOURCE
NODE 14 0 10 0
VC 1.51E-9 0.0
* LINEAR DEPENDENT SOURCE
NODE 10 0 0 It -,

VC 66.3 00.'.

SPRINT SELECT

NODE 12 13
* END CIRCUIT
* END
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TABLE A3

NCAP INPUT DATA LISTING FOR 3-STAGE OP AMIP LED CIRCUIT

*FILE NAME S7418 IN F02WHALEN
iTHREE STAGE UA741C OP AMP LED CIRCUIT
iDATE APRIL 10, 1984

" START CIRCUIT
" GENERATOR
NODE 1 0
FR 1 0.15E6
AMP 1.0 0.0
FR 2 -0.149E6
AMP 1.0 0.0
IMP 50 0
*MODIFY

FR 1 1.5E6
FR 2 -1.499E6
*MODIFY

FR I 15E6
FR 2 -14.999E6

- . *MODIFY

FR 1 3E6
FR 2 -2.999E6 4

*MODIFY

FR 1 30ES
FR 2 -ZS.99SE6
*MODIFY

FR I 0.1E6 1E6 10 LIN
FR 2 -0.09SE6 -0.999E6 10 LIN
*MODIFY

FR I ZE6 10E6 5 LIN
FR 2 -1.999E6 -S.999E6 5 LIN
*MOD)IFY

FR 1 20E6 100EG 5 LIN
FR 2 -19.999E6 -99.999E6 5 LIN
*MODIFY

FR 1 200E6 400E6 3 LIN
* FR 2 -199.99SE6 -399.99SE6 3 LIN

*LINEAR COMPONENTS
R 2 0100.0
R 3 0 100.0
R 4 5 1003
R 516 100E3

R 11 0 5.3E3
* .R 81130 5.3E3

R 12 13 2.712E3

R 13 0 9.872ES
R 9 0 100E3
R 14 0 100E3

187



R 15 0 65.0 TABLE A3

R 15 16 1u.0 PART 2 OF 3

R 16 17 4.1E3
R 17 18 IE3
R 20 0 5.3E3 V

R 24 0 5.3E3
R 21 26 2.712E3
R 25 26 2.712E3
R 26 0 9.872E6
R 22 0 5E3
R 27 0 100E3

, R 28 0 65.0
R 28 29 10.0
* LINEAR COMPONENTS
R 18 29 506E3
R 29 0 WES"
R 30 0 10E3
R 36 0 5.3E3
R 32 0 5.3E3
R 37 38 2.712E3
R 33 38 2.712E3
R 38 0 9.872E6
R 39 0 100E3
R 40 0 65.0
R 40 42 10.0
R 42 41 22.0
R 41 0 2.0

R 42 0 333E3
R 34 0 IE3
R 42 34 9.09E3
C 1 2 0.02E-6
C 2 3 0.02E-6
C 3 4 0.02E-6
C 7 11 5.46E-12
C 13 0 2.41E-12
C 14 15 30E-12
C 17 0 0.022E-6
C 20 24 5.46E-12
C 26 0 2.41E-12
C 27 28 30E-12
C 29 30 O.1E-6
C 36 32 5.46E-12
C 38 0 2.41E-12
C 39 40 30E-12
C 5 16 27E-12
C 18 29 27E-12
* TRANSISTOR
NODE 5
4.34 14.57 20.0 0.165 7.95E-6 5O0E-6

i-'- 1.09 400. 1.23E-12 1.091 1.23E-12 9.09E-9 ,-

830 5.33E6 0.IE-12 O.1E-12
* TRANSISTOR
NODE 9
4.34 14.57 20.0 0.165 7.95E-6 500E-6

188

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



0.779 400. 1.23E'-12 1.091 1.23E-12 9.09E-B TABLE A3

830. 5.33E6 0.1E-12 0.1E-12 PART 3 OF 3
*TRANSISTOR

NODE 18
4.34 14.57 20.0 0.165 7.95E-6 500E-6
1.09 400. 1.23E-12 1.091 1.23E-12 9.09E-9
830. 5.33E6 O.1E-lZ M.E-12
*TRANSISTOR

NODE 22
4.34 14.57 20.0 0.165 7.95E-6 500E-6
0.779 400. 1.23E-12 1.091 1.23E-12 9.09E-9
830. 5.33ES 0.1E-12 0.E-12
STRANSISTOR
NODE 34
4.34 14.57 ZOO0 0.165 7.95E-6 500E-6
1.09 400. 1.23E-12 1.091 1.23E-12 9.09E-9
830. 5.33EG 0.E-12 M.E-lZ
*TRANSISTOR

NODE 30
4.34 14.57 20.0 0.165 7.95E-6 5OOE-6
0.779 400. 1.23E-12 1.091 1.23E-12 9.09E-9
830. 5.33E6 0.IE-12 O.E-12
*LINEAR DEPENDENT SOURCE

NODE 7 11 0 14
VC 189E-6 0.0
*LINEAR DEPENDENT SOURCE

NODE 13 0 14 0
VC 5.97E-9 0.0
*LINEAR DEPENDENT SOURCE

* -- NODE 14 0 015
-* VC 163.0 0.0
* * LINEAR DEPENDENT SOURCE

NODE 20 24 0 27
VC IS9E-6 0.0
*LINEAR DEPENDENT SOURCE
NODE 26 0 27 0
VC 5.97E-9 0.0
* LINEAR DEPENDENT SOURCE
NODE 27 0 028
VC 163.0 0.0
*LINEAR DEPENDENT SOURCE

NODE 36 32 0 39
VC 189E-6 0.0
*LINEAR DEPENDENT SOURCE
NODE 38 0 39 0
VC 5.97E-9 0.0
*LINEAR DEPENDENT SOURCE p

NODE 39 0 0 40
VC 163.0 0.0
*PRINT SELECT
NODE 17 42
* END CIRCUIT
* END
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APPENDIX B

MEASURED VALUES OF DEMODULATION RFI

RESPONSES OF THE UNITY GAIN BUFFER

Appendix B contains four tables, each with three parts, of

experimental results for the unity gain buffer amplifier circuit shown

in Fig. 4-7. The four tables contain values for 201og[N2(fl,-f2 in

-1
V ] which were calculated using Eq. (4-11). The values for P (dBm)

gen

are indicated in each table. Note that H2 values, when alternate Pgen

values were used, were indicated by underlining of the H values,
2

enclosing the H values in parenthesis, or enclosing the H2 values in22

brackets. Table Bl lists 30 values for H2 for 741 op amps which are

plotted in Fig. 4-14. Table B2 lists 25 values for H2 for LMlO op amps

which are plotted in Fig. 4-15. Table B3 lists 30 values for CA081 op

amps which are plotted in Fig. 4-16. Table B4 lists values for 30 LF355

op amps which are plotted in Fig. 4-17. The values for H2 listed in

Tables Bl to B4 were used to calculate the mean values for H2 plotted in

Fig. 4-19 and the standard deviation of H2 plotted in Fig. 4-20.
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TABLE Bi (1 of 3)

EXPERIMENTAL VALUES OF H2 (f 1 ,-f 2 ) VS RF FREQUENCY fl

FOR 30 741 OP AMPS IN UNITY GAIN BUFFER CIRCUIT

f 201ogo[H2 (fl,-f 2 ) inV

MHZ #1 12 #/3 14 15 #6 #7 #8 19 #10

0.1 -57.1 -56.3 -55.9 -59.0 -53.0 -55.9 -58.0 -56.3 -56.3 -53.0

0.2 -43.8 -43.1 -41.8 -45.5 -39.3 -43.5 -44.6 -42.8 -43.3 -39.3
0.3 -35.9 -35.3 -33.9 -37.7 -31.1 -35.2 -37.1 -34.8 -35.3 -31.4

0.4 -30.1 -29.9 -30.1 -32.1 -26.0 -29.3 -31.4 -29.4 -29.5 -26.3
0.6 -23.4 -24.6 -30.1 -25.5 -22.8 -24.2 -24.3 -24.0 -23.2 -22.9
0.8 -22.1 -23.8 -32.0 -24.3 -22.0 -23.5 -22.8 -25.3 -22.2 -22.9

1.0 -21.7 -23.8 -31.1 -24.1 -20.8 -22.8 -22.5 -23.5 -21.8 -22.2

1.5 -19.7 -22.5 -22.8 -23.4 -17.3 -19.0 -20.9 -21.8 -19.6 -18.6
2.0 -18.8 -21.1 -19.0 -22.5 -16.7 -18.3 -19.4 -20.6 -18.1 -16.5

3.0 -15.9 -16.8 -15.2 -17.1 -15.1 -16.4 -15.1 -16.9 -15.1 -14.0

4.0 -14.5 -14.7 -12.9 -14.7 -13.6 -14.9 -13.4 -15.0 -13.6 -12.6
6.0 -12.2 -12.8 -10.3 -12.8 -11.3 -12.2 -11.8 -12.5 -11.5 -10.7

8.0 -10.9 -11.1 - 8.8 -11.1 - 9.5 -10.3 -10.3 -10.9 -10.1 - 9.3

10 - 9.7 -10.1 - 7.9 - 9.9 - 9.0 - 9.1 - 9.2 - 9.7 - 9.0 - 8.3
15 - 8.3 - 8.6 - 6.9 - 8.6 - 8.0 - 7.9 - 8.0 -8.3 - 7.8 - 7.6

20 - 8.3 - 8.6 - 7.1 - 8.6 - 8.0 - 8.0 - 8.1 -8.1 - 7.6 - 7.7
25 - 8.2 - 8.5 - 7.3 - 8.6 - 8.2 - 7.9 - 8.0 -8.0 - 7.4 - 7.6
30 - 8.3 - 8.5 - 7.4 - 8.5 - 8.3 - 8.0 - 8.0 -8.1 - 7.4 - 7.9

35 - 8.6 - 8.8 - 7.9 - 8.8 - 8.8 - 8.0 - 8.3 -8.5 - 7.7 - 8.3
40 - 9.0 - 9.3 - 8.3 - 9.1 - 9.3 - 8.5 - 8.6 -8.8 - 8.0 - 8.6,'.

50 - 9.9 -10.1 - 9.0 - 9.9 -10.1 - 9.2 - 9.3 - 9.7 - 8.8 - 9.7

60 -10.9 -11.0 -10.1 -10.7 -11.1 - 9.9 -10.2 -10.6 - 9.7 -10.7

70 -12.0 -12.2 -10.9 -11.3 -11.8 -11.0 -11.0 -11.3 -11.0 -11.9
80 -13.3 -13.7 -12.2 -12.8 -13.3 -12.3 -12.3 -12.8 -12.2 -13.2 'S

90 -14.3 -14.6 -13.3 -13.7 -14.4 -13.3 -13.5 -13.8 -13.2 -14.3

1 100 -15.9 -16.0 -14.8 -15.2 -15.9 -14.9 -14.9 -15.2 -14.6 -15.7

150 -20.3 -22.3 -21.0 -21.3 -22.1 -20.7 -21.0 -21.3 -20.4 -22.1
*.5

200 -25.9 -27.9 -26.7 -26.9 -27.4 -26.3 -26.3 -26.9 -25.8 -27.3

300 -33.3 -35.2 -34.8 -34.6 -34.7 -33.9 -34.6 -34.3 -33.7 -34.9

400 -38.3 -40.4 -40.0 -40.0 -39.6 -39.0 -39.7 -39.5 -38.7 -39.7

Note: All H2 values were measured at P -10 dBm.2 gen
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TABLE B1 (2 of 3)

EXPERIMENTAL VALUES OF H2 (f 1 ,-f 2 ) VS RF FREQUENCY f

FOR 30 741 OP AMPS IN UNITY GAIN BUFFER CIRCUIT

201Oglo[H2 (f,-f2 ) in V- 1]

Mlz #31 132 #33 #34 #35 #41 #42 #43 #44 #45

0.1 -53.9 -51.8 -54.9 -53.0 -51.1 -53.5 -47.4 -49.0 -42.2 -43.9

0.2 -43.0 -42.5 -41.9 -43.0 -42.6 -40.7 -41.4 -40.4 -38.4 -39.2
0.3 -35.4 -35.8 -34.7 -35.8 -35.4 -33.5 -34.1 -33.2 -32.4 -32.5

0.4 -30.5 -30.5 -29.6 -31.0 -31.0 -28.5 -29.0 -27.7 -27.4 -27.0
0.6 -22.0 -22.8 -21.3 -22.2 -23.0 -20.7 -21.3 -19.0 -20.1 -18.4
0.8 -17.0 -18.2 -16.1 -17.2 -17.9 -16.0 -16.8 -14.2 -16.2 -13.8

1.0 -13.6 -15.0 -12.9 -13.8 -14.4 -13.3 -14.2 -11.3 -14.2 -11.1
1.5 -10.3 -11.4 -10.0 -10.4 -10.1 -11.1 -11.8 - 8.5 -12.9 - 9.1
2.0 -11.1 -10.9 -10.9 -11.1 - 9.7 -11.4 -12.4 - 8.8 -13.5 - 9.7

b.

3.0 -11.6 -10.7 -11.3 -11.5 - 9.8 -11.1 -12.0 - 8.8 -12.6 - 9.8
4.0 -11.3 -10.4 -11.0 -11.2 - 9.8 -10.4 -11.5 - 8.6 -11.5 - 9.3
6.0 -10.4 - 9.7 -10.1 -10.3 - 9.4 - 9.1 -10.1 - 7.8 -10.0 - 8.4

8.0 - 9.8 - 9.3 - 9.5 - 9.6 - 9.0 - 8.3 - 9.4 - 7.4 - 9.3 - 8.0
10 - 9.4 - 8.9 - 9.1 - 9.0 - 8.8 - 7.8 - 9.0 - 7.0 - 8.8 - 7.7 V
15 - 8.8 - 8.5 - 8.6 - 8.4 - 8.3 - 7.1 - 8.1 - 6.4 - 7.5 - 6.9

20 - 9.3 - 9.4 - 9.0 - 9.1 - 9.0 - 7.1 -8.4 - 6.9 - 7.8 - 7.4
25 - 9.5 - 9.6 - 9.3 - 9.2 -10.1 - 7.4 - - 7.2 - 8.2 - 7.8

30 - 0.9 - 9.9 - 9.8 - 9.7 -10.5 - 7.9 - - 7.8 - 8.7 - 8.4

35 -10.5 -10.4 -10.4 -10.3 -10.9 - 8.5 - - 8.4 - 9.3 - 9.0
40 -11.3 -11.1 -11.2 -11.0 -11.5 - 9.1 -10.4 - 9.2 -10.0 - 9.8
50 -12.6 -12.4 -12.6 -12.4 -12.8 -10.4 -12.0 -10.5 -11.4 -11.2

60 -14.1 -13.9 -14.2 -13.9 -14.2 -11.8 -13.5 -12.0 -12.9 -12.6 ,
70 -15.1 -15.0 -15.4 -15.6 -15.2 -13.6 -15.4 -13.6 -14.6 -14.2
80 -16.9 -16.9 -17.2 -17.6 -17.2 -15.2 -17.1 -15.4 -16.4 -16.2

90 -18.5 -18.4 -18.8 -19.2 -18.7 -16.5 -18.7 -16.6 -17.8 -17.5
100 -20.0 -20.0 -20.3 -20.0 -20.1 -18.2 -20.1 -18.5 -19.5 -19.2
150 -26.9 -26.9 -27.4 -27.6 -27.2 -23.3 -27.0 -25.6 -26.3 -26.1

- 200 -33.0 -32.4 -32.9 -32.9 -32.8 -30.7 -33.2 -31.6 -32.1 -32.5
300 -40.9 -41.2 -41.3 -41.2 -406 -37.4 -41.1 -40.1 -38.9 -40.7
400 -45.4 -45.0 -45.6 -45.0 -45.4 -39.8 -45.5 -44.9 -42.2 -43.0
Note: All H values were measured at Pge 10 dBm except that underlined

*2 gen
H values were measured at P = -5 didm.

2 gen
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TABLE BI (3 of 3)

EXPERIMENTAL VALUES OF 112 (fl,-f 2 ) VS RF FREQUENCY f,

FOR 30 741 OP AMPS IN UNITY GAIN BUFFER CIRCUIT

fl 201Oglo[H 2 (fl,-f 2) in V
-]

MHZ #51 #52 /53 #54 155 #56 #57 #58 #59 #60

0.1 -55.5 -54.2 -53.0 -50.9 -51.8 -51.1 -54.8 -54.2 -50.3 -57.5
0.2 -41.7 -40.6 -39.4 -37.5 -38.3 -37.7 -42.0 -40.7 -37.5 -44.0
0.3 -33.5 -32.4 -31.1 -28.8 -29.9 -30.3 -33.9 -32.6 -30.9 -36.3

0.4 -27.7 -26.5 -25.3 -23.1 -24.0 -26.9 -28.2 -27.1 -28.6 -30.1
0.6 -22.4 -20.7 -19.8 -18.2 -18.7 -26.0 -23.2 -23.2 -30.1 -22.9
0.8 -21.6 -19.8 -18.8 -17.1 -17.5 -26.9 -22.9 -23.1 -32.8 -21.2

1.0 -20.6 -18.9 -18.1 -16.3 -16.5 -26.9 -22.4 -22.5 -33.6 -20.5
1.5 -17.6 -16.3 -15.7 -14.0 -14.2 -22.6 -19.1 -18.8 -25.2 -19.1
2.0 -16.5 -15.5 -15.0 -13.9 -14.2 -18.5 -17.5 -17.0 -18.8 -18.8

3.0 -14.7 -13.9 -13.4 -12.2 -12.9 -14.2 -15.0 -14.7 -14.1 -16.7
4.0 -13.3 -12.5 -12.0 -11.1 -11.7 -12.4 -13.5 -13.3 -12.4 -15.2
6.0 -11.2 -10.7 -10.3 - 9.3 - 9.7 -10.5 -11.3 -11.3 -10.3 -13.1

8.0 -9.7 -9.3 -9.0 8.2 -8.5 -9.0 -9.8 -9.9 -9.1 -11.3
10 - 9.0 - 8.5 - 8.0 - 7.4 - 7.7 - 8.6 - 8.7 - 9.0 - 8.3 -10.115 - 7.9 - 7.1 - 7.4 - 6.6 - 6.9 - 7.8 - 7.6 - 7.9 - 7.7 - 8.5

20 - 7.7 - 7.3 - 7.3 - 6.7 - 6.9 - 8.0 - 7.6 - 7.7 - 7.7 - 8.2
25 - 7.7 - 7.3 - 7.1 - 6.7 - 6.9 - 8.1 - 7.5 - 7.6 - 8.0 - 8.1
30 - 7.9 - 7.3 - 7.4 - 6.9 - 7.1 - 8.5 - 7.7 - 7.9 - 8.2 - 7.7

35 - 8.0 - 7.6 - 7.7 - 7.3 - 7.4 - 8.9 - 8.0 - 8.2 - 8.6 - 8.3
40 - 8.5 - 7.9 - 8.2 - 7.7 - 7.9 - 9.2 - 8.5 - 8.6 - 9.1 - 8.6
50 - 9.3 - 8.6 - 9.0 - 8.5 - 8.6 -10.1 - 9.3 - 9.5 -10.1 - 9.5

60 -10.1 - 9.5 - 9.9 - 9.3 - 9.5 -11.2 -10.3 -10.3 -11.2 -10.5
70 -10.9 -10.1 -10.8 -10.5 -10.5 -12.3 -11.4 -11.4 -12.0 -11.2
80 -12.2 -11.5 -12.1 -11.7 -11.8 -13.9 -12.7 -12.9 -13.5 -12.6

90 -13.4 -12.6 -13.3 -12.9 -12.9 -15.0 -13.9 -13.9 -14.7 -13.6
100 -14.8 -14.1 -14.7 -14.3 -14.3 -16.5 -15.4 -15.4 -16.0 -15.0 ., ,
150 -20.7 -20.1 -20.8 -20.4 -20.4 -22.6 -21.5 -21.3 -22.0 -21.0

200 -26.2 -26.1 -26.2 -26.1 -25.9 -27.6 -26.6 -26.6 -27.4 -26.1
300 -33.9 -33.9 -34.2 -34.2 -34.2 -35.5 -34.8 -34.5 -35.2 -34.2
400 -39.0 -39.0 -39.6 -39.8 -39.9 -40.0 -39.4 -39.3 -39.6 -39.0

Note: All H2 values were measured at P f -10 dBm.
2 gen
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TABLE B2 (1 of 3)

EXPERIMENTAL VALUES OF H2(fl,-f2) VS RF FREQUENCY f 1

FOR 25 LMIO OP AMPS IN UNITY GAIN BUFFER CIRCUIT

f I 201oglo[H2 (fl,-f 2 ) in V- I ]

MHZ #I #2 #3 #4 #5 #6 #7 #8 #9 #10

0.1 - 7.1 -25.7 -25.0 -26.9 -31.6 -34.3 -24.8 -31.4 -32.0 0.4
0.2 - 6.9 -25.6 -24.7 -26.3 -31.4 -33.9 -24.7 -30.7 -31.9 0.4
0.3 - 7.0 -26.3 -25.3 -27.2 -32.9 -36.1 -25.6 -32.2 -33.3 0.2

0.4 - 7.1 -26.9 -25.9 -27.7 -34.4 -38.8 -26.3 -33.6 -35.2 0.2

0.6 - 6.7 -24.2 -23.7 -25.3 -29.2 -31.5 -23.5 -28.7 -29.9 0.2
0.8 - 6.7 -22.7 -22.6 -23.9 -25.9 -28.0 -21.5 -26.6 -26.9 0.1

1.0 - 6.7 -20.4 -20.5 -21.5 -22.0 -23.8 -18.9 -23.4 -22.9 0.0
1.5 - 6.0 -15.0 -15.4 -15.5 -15.4 -16.0 -13.6 -16.1 -15.9 0.0
2.0 - 5.9 -12.5 -12.6 -12.6 -12.4 -12.6 -11.2 -12.9 -12.9 - 0.6

3.0 - 5.4 -10.2 - 9.8 - 9.7 - 9.8 - 9.9 - 9.2 - 9.9 -10.1 - 1.0
4.0 - 5.5 - 9.4 - 8.9 - 8.6 -9.0 - 9.0 - 8.6 - 8.9 - 9.2 -1.3
6.0 - 6.2 - 9.8 - 9.1 - 8.6 - 8.8 - 9.1 - 9.0 - 8.8 - 9.6 - 1.9

8.0 - 7.1 -10.5 - 9.9 - 9.4 - 9.7 - 9.9 -10.0 - 9.6 -10.2 - 2.9

10 - 8.1 -11.6 -11.0 -10.3 -10.6 -11.0 -11.1 -10.5 -11.3 - 3.7
15 -11.0 -14.4 -13.8 -13.2 -13.5 -14.1 -14.2 -13.3 -15.0 - 6.0

20 -14.4 -17.8 -17.1 -17.1 -17.0 -17.3 -17.4 -16.5 -18.6 - 8.6

25 -17.0 -20.1 -19.4 -19.6 -19.2 -19.6 -19.9 -18.8 -21.4 -11.0
30 -19.5 -22.2 -21.6 -21.9 -21.6 -22.0 -22.4 -21.3 -23.9 -13.3

35 -21.6 -24.2 -23.6 -24.1 -23.6 -24.1 -24.5 -23.4 -26.2 -15.7
40 -23.5 -26.4 -25.6 -26.1 -25.7 -26.2 -26.7 -25.4 -28.2 -17.6

50 -27.0 -29.9 -29.0 -29.6 -29.2 -29.9 -30.5 -28.8 -31.9 -21.4

60 -30.3 -33.0 -32.1 -32.9 -32.1 -33.9 -33.9 -32.2 -35.2 -25.2
70 -33.5 -37.2 -36.4 -35.0 -35.8 -36.3 -36.9 -35.1 -37.9 -28.8

80 -36.2 -39.8 -38.7 -37.4 -38.4 -39.5 -40.0 -38.1 -41.1 -32.2

90 -37.9 -43.4 -39.8 -38.4 -40.1 -42.0 -42.7 -40.6 -43.6 -34.6
- 100 -40.1 -46.1 -44.9 -43.0 -43.0 -45.3 -45.7 -43.6 -46.3 -37.6

150 -50.1 -56.1 -55.5 -53.9 -53.0 -56.3 -56.8 -53.9 -57.5 -49.1

200 -52.2 -61.0 - -57.4 -56.1 -63.1 -63.7 -61.7 -64.2 -56.4
300 -- . .. .70.3 -75.2 -74.2 -76.7 -66.2
400 . .- 77.5 -79.6 -78.0 -79.6 -
Note: All H values were measured at P = - 10 dBm except that underlined

H2  gen

H values were measured at P =-5 dBm.
2 gen
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TABLE B2 (2 of 3)

.EXPERIMENTAL VALUES OF H2 (fl,-f 2 ) VS RF FREQUENCY f1

FOR 25 LMIO OP AMPS IN UNITY GAIN BUFFER CIRCUIT

fI 201Oglo[H 2 (fl,-f 2) in V
- I

MHz #11 //12 #13 #14 #15 #16 #17 #18 #19 #21

0.1 (-29.9) (--30.5) (-23.0)(-24.9) (-26.1) -27.0 -25.9 -25.5 -28.0 -23.8
0.2 (-27.4)(-27.3) (-20.5)-21.9) (-23.7) -26.6 -25.6 -25.3 -27.4 -23.7 --

0.3 (-27.4)(-27.2) (-20.5)(-21.5) (-23.2) -27.4 -26.5 -26.0 -28.3 -24.3

0.4 (-29.0) (-27.7) (-21.6)(-21.9) (-23.2) -28.1 -26.9 -26.7 -29.0 -25.2
0.6 (-28.2)(-27.4) (-22.0)(-22.6) (-22.7) -25.5 -24.6 -23.8 -25.7 -22.1
0.8 (-28.2) (-27.4) (-21.6)(-23.0) (-23.2) -24.2 -23.5 -22.0 -24.6 -20.2

1.0 (-25.5)(-25.3) (-20.0)(-22.0) (-22.7) -22.0 -21.4 -19.7 -22.6 -17.8
1.5 (-19.8) (-19.0) (-16.0)(-18.3) (-18.8) -15.9 -15.8 -14.4 -16.4 -13.1
2.0 (-16.4) (-15.6) (-13.6)(-15.6) (-15.6) -12.8 -12.8 -11.8 -13.3 -11.0

3.0 (-13.9)(-12.4) (-11.3X-12.9) (-12.2) - 9.9 -10.1 - 9.5 -10.3 - 9.3
4.0 (-13.0)(-11.1) (-10-4X-11.8) (-10.9) - 8.6 - 9.3 - 8.8 - 9.3 - 9.0
6.0 (-13.0)(-10.9) (-10.9X-12.0)(-10.4) - 8.5 - 9.3 - 9.0 - 9.0 -10.3

8.0 (-13.6)(-11.6) (-12.0X-13.0)(-11.2) - 9.1 -10.1 - 9.9 - 9.7 -11.3
10 (-14.2)(-12.8) (-13.3)(-14.2) (-12.2) -10.1 -11.3 -11.1 -10.5 -12.8
15 (-16.0)(-15.2) (-16.2)(-16.8) (-14.9) -13.0 -14.7 -14.5 -13.3 -17.3

20 (-18.7)(-18.4) (-19.5)(-20.1) (-18.5) -16.1 -18.1 -17.7 -16.3 -20.9
25 (-21.1)(-20.7) (-21.6)(-22.6) (-20.9) -18.6 -20.8 -20.4 -18.7 -23.7
30 (-23.0)(-22.6) (-23.9)(-23.9) (-23.1) -20.9 -23.2 -22.7 -20.9 -26.3

35 (-24.9)(-24.4) (-25.9)E-26.1) (-25.0) -23.2 -25.5 -25.0 -23.0 -28.6
40 (-26.7)(-26.7) (-27.7)e27.7) (-27.0) -25.2 -27.5 -27.0 -25.0 -30.7
50 (-29.9)(-29.0) (-31.0)(-30.5) (-30.3) -28.8 -31.1 -30.5 -28.5 -34.2

60 (-33.5)(-31.4) (-33.5)(-32.4) (-32.9) -32.2 -34.4 -33.9 -31.8 -37.5
70 -36.4 -35.6 -37.2 -37.5 -36.8 -35.2 -37.3 -36.8 -34.8 -40.6
80 -39.5 -38.7 -40.4 -40.5 -39.7 -38.3 -40.4 -39.8 -37.8 -43.7

90 -42.6 -41.9 -43.0 -43.2 -42.7 -41.0 -43.1 -42.6 -40.3 -46.5
100 -45.0 -44.4 -45.5 -45.7 -45.3 -43.7 -45.9 -45.5 -43.5 -49.5
150 -54.4 -52.9 -52.6 -54.1 -52.6 -55.3 -56.7 -55.9 -53.9 -59.4

200 -58.4 -55.8 -56.6 -55.4 -54.7 -62.3 -64.2 -63.1 -61.0 66.2
300 -59.5 -57.0 -57.4 -57.4 -57.9 -74.2 -76.3 -74.8 -72.2 79.6
400 -60.1 -58.4 -57.9 -57.4 -58.4 -77.5 -80.2 -78.5 -77.5 -79.6

- Note: tt2 values in parenthesis were measured at P - 20 dBm. All2 gen
other values were measured at P.:.: gen = - 10 dBm. "
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TABLE B2 (3 of 3)

EXPERIMENTAL VALUES OF H2 (f1 ,-f2 ) VS RF FREQUENCY fl

FOR 25 LM10 OP AMPS IN UNITY GAIN BUFFER CIRCUIT

f 201ogo(H2 (fl,-f2) in V- 1

MHz #26 #27 #28 #29 #30

. 0.1 -33.4 -35.0 -35.0 -22.2 -34.1
0.2 -33.7 -35.7 -34.8 -22.3 -34.6
0.3 -36.3 -38.8 -37.5 -22.9 -37.3

0.4 -40.0 -43.9 -40.8 -23.6 -41.1

0.6 -32.8 -32.4 -33.3 -21.8 -33.3
0.8 -29.3 -27.4 -30.9 -21.1 -29.1

1.0 -24.8 -23.0 -26.7 -19.3 -24.3
1.5 -16.8 -15.4 -18.3 -14.3 -16.2
2.0 -13.4 -12.4 -14.6 -11.6 -12.7

3.0 -10.5 - 9.8 -11.5 - 9.1 - 9.8

4.0 - 9.8 - 9.1 -10.5 - 8.5 - 8.8

6.0 -10.3 - 9.5 -10.7 - 9.0 - 9.1 1'-

8.0 -11.2 -10.7 -11.9 - 9.5 - 9.9

10 -12.4 -12.1 -13.0 -10.7 -11.2
15 -16.1 -16.1 -16.0 -14.6 -14.8

20 -19.1 -20.1 19.1 -17.8 -18.4
25 -21.6 -23.1 -21.5 -20.8 -21.1
30 -23.9 -25.7 -23.5 -23.0 -23.4

35 -26.0 -28.2 -25.4 -25.4 -25.9
40 -28.0 -30.0 -27.4 -27.3 -27.7
50 -31.4 -33.5 -30.9 -30.9 -31.3

60 -34.7 -36.8 -34.2 -33.9 -34.5

70 -37.8 -39.8 -37.2 -36.8 -37.4
80 -41.1 -42.8 -40.3 -40.0 -40.4

90 -43.5 -45.5 -43.0 -42.6 -42.8
100 -46.7 -48.5 -45.9 -45.6 -46.1
150 -57.5 -59.0 -56.7 -55.9 -56.7

200 -64.8 -66.5 -64.4 -63.5 -63.8
300 -77.1 -77.1 -78.5 -77.1 -77.1
400 -83.1 -81.5 -80.2 -79.6 -80.2

Note: All H2 values were measured at P - 10 dBm.
2 geri
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TABLE B3 (1 of 3)

EXPERIMENTAL VALUES OF H2 (fi,-f 2 ) VS RF FREQUENCY f1

FOR 30 CA081 OP AMIPS IN UNITY GAIN BUFFER CIRCUIT

f I 201Oglo[112 (fl,-f 2) in V
- 1

MHz #1 #2 #3 #4 #5 #6 #7 #8 #9 #10

0.1 -77.9 -77.6 -78.2 -77.9 [-84.21 -78.2 -78.2 -78.2 -78.3 -77.3
0.2 -76.7 -75.5 -77.3 -75.7 [-72.4] -77.9 -76.7 -76.7 -78.2 -76.0
0.3 -70.3 -68.5 -70.4 -68.9 (-65.4) -71.1 -70.0 -70.2 -71.0 -69.3

0.4 -65.3 -63.6 -65.3 -63.9 (-61.1) -66.2 -65.0 -65.0 -66.0 -64.5
0.6 -57.6 -55.7 -57.9 -56.2 (-53.1) -58.2 -57.0 -57.0 -58.2 -56.7
0.8 -51.8 -49.8 -51.8 -50.8 -45.4 -52.5 -50.8 -51.3 -52.5 -51.3

1.0 -46.4 -44.6 -45.6 -45.7 -42.9 -46.4 -45.4 -45.4 -46.3 -46.4
1.5 -42.5 -41.3 -42.8 -41.4 -39.2 -43.4 -42.6 -42.4 -43.3 -41.5
2.0 -39.3 -38.0 -39.5 -38.0 -36.2 -40.1 -39.3 -39.0 -39.8 -38.0

3.0 -35.1 -34.0 -35.0 -34.1 -33.2 -35.3 -34.8 -34.3 -35.1 -34.1
4.0 -33.3 -32.4 -32.9 -32.4 -32.0 -32.9 -32.7 -32.4 -32.7 -32.2
6.0 -32.6 -32.1 -31.9 -32.2 -32.0 -33.0 -32.1 -31.9 -31.7 -31.8

8.0 -33.2 -32.7 -32.4 -32.9 -32.5 -32.7 -32.5 -32.6 -31.9 -32.4
10 -33.4 -33.0 -32.7 -33.1 -32.5 -32.3 -32.8 -32.9 -32.8 -32.7
15 -33.7 -33.2 -33.1 -33.3 -32.4 -31.7 -32.9 -33.0 -33.1 -32.9

20 -34.4 -33.9 -33.6 -34.0 -32.3 -33.7 -33.5 -33.8 -33.8 -33.4

25 -35.0 -34.3 -33.9 -34.6 -34.1 -34.0 -33.8 -34.2 -34.0 -34.0
30 -35.9 -35.7 -34.7 -35.6 -35.3 -34.7 -34.7 -35.2 -34.7 -34.8

35 -38.0 -37.7 -36.2 -37.1 -36.5 -36.6 -36.1 -36.6 -36.1 -36.3
40 -38.3 -37.9 -37.0 -38.0 -37.7 -37.1 -37.0 -37.4 -37.0 -37.1
50 -39.9 -39.3 -38.5 -39.3 -39.4 -38.6 -38.3 -39.0 -38.3 -38.5

60 -42.8 -42.5 -40.7 -41.5 -41.0 -41.1 -40.1 -40.7 -40.1 -40.5
70 -44.1 -42.7 -42.3 -43.7 -42.9 -42.3 -42.3 -43.2 -42.3 -43.2
80 -46.1 -45.7 -44.4 -45.7 -44.7 -44.3 -44.4 -45.2 -44.4 -45.2

90 -47.5 -47.0 -45.9 -47.3 -46.6 -45.7 -45.7 -46.8 -46.0 -46.8
100 -49.4 -48.8 -47.5 -49.3 -47.4 -47.6 -47.7 -48.7 -47,8 -48.8
150 -57.9 -57.9 -56.3 -56.3 -54.9 -54.6 -54.6 -55.5 -54.7 -56.0

200 -61.3 -60.7 -59.3 -60.5 -58.4 -59.3 -59.3 -59.9 -59.1 -60.3
300 -68.5 -67.8 -66.4 -67.6 -62.2 -66.1 -66.8 -67.1 -66.6 -67.7
400 -70.3 -69.8 -68.7 -70.3 - -69.0 -69.1 -70.0 -69.5 -70.0

-' =0 dBm. H 2 values in"-

Note: Underlined H2 values were measured at P gen 2

parenthesis were measured at Pgen = 5 dBm. H2 values in brackets

were measured at P = 15 dBm. All other H2 values were measured
at = - dBm.
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TABLE B3 (2 of 3)

EXPERIMENTAL VALUES OF H2 (fl,-f 2 ) VS RF FREQUENCY f1  V

FOR 30 CA081 OP AM'PS IN UNITY GAIN BUFFER CIRCUIT

fl 201og1 0 [H2 (fl,-f 2 ) in V
-1

]

MHz #11 #12 113 114 #15 #16 #17 #18 #19 120

0.1 -77.0 -78.3 -77.6 -77.9 [-86.81 -77.9 -77.6 -77.9 -77.9 (-81.0)

0.2 -73.5 -77.0 -76.2 -76.5 [-76.7] -76.7 -77.0 -77.0 -76.7 (-77.4)

0.3 -66.7 -70.1 -69.5 -69.5 (-68.9) -69.8 -70.4 -70.6 -69.4 (-71.1)

0.4 -61.7 -65.4 -64.6 -65.0 (-64.5) -65.0 -65.4 -65.4 -64.6 (-66.4)

0.6 -54.0 -57.6 -56.7 -56.7 (-57.3) -57.0 -57.9 -57.6 -57.0 -58.2

0.8 -48.0 -52.3 -51.5 -51,5 -49.5 -51.3 -52.6 -52.1 -51.8 -53.4

1.0 -43.2 -46.9 -46.7 -45.8 -45.2 -45.1 -47.5 -46.6 -47.3 -48.9

1.5 -39.8 -42.5 -41.3 -42.1 -42.1 -42.1 -42.3 -42.6 -41.4 -43.3

2.0 -36.7 -38.7 -38.3 -38.3 -38.5 -38.8 -38.8 -39.1 -38.0 -39.7

3.0 -33.2 -34.3 -34.1 -33.9 -34.2 -34.1 -34.4 -34.8 -34.3 -35.9

4.0 -31.9 -32.2 -32.2 -31.8 -32.5 -31.9 -32.2 -32.4 -32.5 -33.6

6.0 -31.9 -31.8 -32.1 -31.3 -32.3 -31.3 -31.5 -31.6 -31.8 -32.7

8.0 -32.3 -32.4 -32.7 -31.8 -32.7 -31.8 -32.1 -32.0 -32.5 -33.3

10 -32.3 -32.6 -33.2 -32.0 -33.2 -32.1 -32.3 -32.3 -32.7 -33.7

15 -32-2 -32.6 -33.2 -32.1 -33.1 -32.2 -32.5 -32.6 -32.8 -33.9

20 -32.9 -33.4 -33.8 -32.7 33.9 -32.9 -32.9 -33.4 -33.8 -34.5

25 -33.8 -33.8 -34.4 -33.4 -34.5 -33.3 -33.6 -33.8 -34.0 -34.7

30 -34.8 -34.8 -35.4 -34.3 -35.4 -34.1 -34.6 -34.5 -35.0 -35.6

35 -36.5 -36.3 -37.0 -35.7 -36.3 -35.5 -35.9 -35.9 -36.3 -36.5

40 -37.4 -37.1 -37.9 -36.7 -37°4 -36.6 -36.7 -36.9 -37.3 -37.7

50 -39.0 -38.6 -39.1 -38.3 -39.0 -38.2 -38.3 -38.3 -38.6 39.2

60 -40.9 -40.9 -41.5 -39.9 -40.5 -40.1 -40.1 -39.9 -40.7 -40.5

70 -43.3 -42.6 -43.6 -42.1 -42.4 -42.3 -42.4 -42.2 -42.9 -42.6

80 -45.2 -44.7 -45.7 -44.2 -44.1 -44.6 -44.4 -44.3 -45.0 -44.7

90 -46.9 -46.2 -47.3 -45.7 -45.7 -46.0 -46.0 -45.9 -46.5 -46.6

100 -49.0 -47.8 -49.3 -47.7 -46.8 -48.2 -48.0 -47.5 -48.9 -48.1

10 -55.9 -55.8 -56.2 -54.2 -55.0 -55.2 -54.8 -54.7 -55.4 -54.9

200 -60.1 -59.8 -61.0 -59.1 -59.8 -59.7 -59.5 -59.3 -59.9 -59.0

300 -67.3 -70.7 -68.4 -66.3 -61.4 -67.1 -66.7 -66.5 -66.8 -65.

400 -70.0 -69.7 -71.8 -69.3 -62.2 -70.6 -69.8 -70.0 -70.6 -68.2

Note: Underlined H2 values were measured at Pgen . 0 dBm. H2 values in

- . parenthesis were measured at P = 5 dBm. Hv in brackets
nn 2 5 vi1uesinbak

were measured at P 15 dBmgenAll other H va ues were measuredgen 2

*" "at P -5 dBm. g2
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TABLE B3 (3 of 3)

EXPERIM.NTAL VALUES OF It 2 (f 1 ,-f 2 ) VS RF FREQUENCY f

FOR 30 CA081 OP AI'S IN UNITY GAIN BUFFER CIRCUIT

fl 201Oglo[1 2 (fl,-f)] in V - 1

Mhz #21 #22 #23 #25 #30 #31 #32 #33 #34 #35

0.1 -78.0 -77.0 -77.9 (-82.1)(-82.1)[-86.2] [-85.81[-85.4] F87.0) F86.21

0.2 -76.7 -75.3 -76.2 (-78.2)(-76.7)[-76.O] [-76.1][-75.9) -77.21 -75.9]

0.3 -70.3 -69.0 -69.0 (-71.1)(-70.1)(-68.4)(-68.4)(-67.9) (-70.1)(-68.4)

0.4 -65.4 -64.3 -64.1 -59.9 (-65.0)(-64.1)(-64.1)(-64.1)(-65.4)(-64.1)
0.6 -57.3 -56.7 -56.2 -56.7 -56.7 (-57.0)(-56.5)(-56.7)(-57.5)(-56.5)
0.8 -51.8 -51.3 -50.6 -53.0 -51.1 -50.7 -50.1 -48.4 -51.4 -50.7

1.0 -46.1 -46.1 -44.8 -47.4 -45.6 -46.2 -45.4 -46.2 -46.6 -45.0

1.5 -42.5 -41.7 -41.4 -43.6 -42.8 -42.4 -42.4 -41.6 -42.9 -41.9
2.0 -39.1 -38.5 -38.5 -39.6 -39.2 -38.5 -38.7 -38.0 -39.6 -38.4

3.0 -34.6 -34.5 -34.3 -35.2 -34.6 -34.4 -34.4 -34.2 -35.2 -34.0

4.0 -32.5 -32.6 -32.5 -32.7 -32.7 -32.3 -32.4 -32.3 -33.2 -32.0
6.0 -31.7 -32.3 -32.1 -32.0 -32.5 -32.0 -32.3 -31.7 -32.5 -31.6

8.0 -32.3 -32.9 -32.8 -32.7 -33.2 -32.4 -32.8 -32.3 -33.2 -32.3

10 -32.5 -33.1 -33.1 -33.1 -33.3 -32.8 -33.1 -32.6 -33.4 -32.7

15 -32.6 -33.4 -33.4 -33.2 -33.4 -33.1 -33.2 -32.6 -33.6 -32.7

20 -33.2 -34.0 -33.9 -34.2 -34.5 -34.1 -34.1 -33.5 -34.2 -33.4
25 -33.8 -34.5 -34.5 -34.6 -35.0 -34.6 -34.7 -33.9 -34.5 -33.7
30 -34.5 -35.5 -35.6 -35.6 -35.5 -35.7 -35.7 -34.7 -35.5 -34.7

35 -35.9 -37.3 -37.6 -36.5 -36.5 -36.9 -36.9 -35.7 -36.5 -35.9

40 -36.9 -38.2 -38.2 -37.7 -37.7 -38.0 -37.9 -37.0 -37.6 -37.2

50 -38.3 -39.3 -39.5 -39.4 -39.0 -39.6 -39.6 -38.5 -39.4 -38.7

60 -40.1 -41.8 -41.3 -40.5 -40.5 -41.4 -41.2 -39.9 -40.5 -40.5

70 -42.3 -43.4 -44.0 -42.6 -42.9 -43.2 -43.8 -42.4 -43.9 -42.9
80 -44.4 -45.4 -46.1 -44.9 -45.0 -45.8 -45.8 -44.4 -46.0 -45.0

90 -45.9 -47.0 -47.8 -46.4 -46.8 -47.4 -47.9 -45.8 -47.7 -46.6
100 -47.9 -49.0 -50.1 -48.1 -48.4 -48.4 -48.9 -47.9 -49.5 -47.9

150 -55.0 -56.3 -56.6 -54.9 -54.9 -55.8 -56.2 -54.4 -56.0 -55.2

200 -59.0 -60.5 -61.1 -59.9 -59.0 --61.4 -60.7 -59.5 -61.4 -60.1

300 -66.8 -67.1 -68.3 -65.5 -66.1 -67.4 -65.5 -64.4 -66.1 -65.5
400 -70.2 -71.1 -72.5 -68.2 -68.2 -69.0 -69.0 -66.1 -68.2 -68.2

Note: Underlined H2 values were measured at Pgen = 0 dBm. H2 values in parenthesis

were measured at Pgen = 5 dBm. H2 values in brackets were measured at P
geen

- 15 dBm. All other H2 values were measured at p - -5 dBm.
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TABLE B4 (I of 3)
EXPERIMENTAL VALUES OF 1(f,-f ) VS RF FREQUENCY f

OF 21 2 FRQENYe

FOR 30 LF355 OP AMPS IN UNITY GAIN BUFFER CIRCUIT

'- f 201log 10 [H2 (fl,-f 2) in V]
- 1

M11z #1 #2 #3 #4 #5 #6 #7 #8 #9 #10

0.1 -71.3 -71.7 -76.7 -75.1 (-76.1) -75.5 -76.5 -75.5 -76.2 (-73.9)
0.2 -60.9 -61.3 -72.5 -67.5 (-70.4) -67.7 -71.1 -68.0 -71.3 (-63.9)
0.3 -53.9 -54.3 -65.4 -6o.5 (-64.2) -60.9 -64.2 -60.9 -64.5 (-57.0)
0.4 -48.8 -49.2 -60.6 -55.4 (-59.4) -55.9 -59.1 -55.9 -59.3 -51.8
0.6 -41.5 -42.0 -53.1 -47.8 -51.1 -48.5 -51.7 -48.5 -51.8 -44.4

0.8 -36.6 -36.7 -48.3 -42.9 -46.8 -43.6 -46.7 -43.6 -47.1 -39.4
1.0 -32.7 -33.0 -44.4 -39.1 -42.9 -39.7 -42.9 -39.3 -43.3 -35.9
1.5 -26.5 -26.0 -37.4 -32.9 -36.2 -32.9 -35.9 -32.3 -36.5 -29.1
2.0 -25.6 -23.8 -34.3 -30.8 -32.8 -30.2 -32.6 -29.1 -33.6 -26.0
2.5 -27.4 -23.1 -32.2 -51.2 - -28.4 -30.3 -27.3 -31.8 -

3.0 -43.6 -25.4 -31.5 -35.3 -29.4 -28.7 -29.4 -27.4 -31.8 -23.9
3.5 -22.5 -48.4 -32.5 -51.7 - -31.2 -30.1 -30.0 -33.8 -

4.0 -15.5 -22.0 -35.6 -28.9 -31.2 -40.1 -32.9 -43.9 -39.5 -33.3
4.5 -14.5 -16.0 -47.5 -22.2 -35.9 -37.3 -40.9 -28.5 -51.5 -52.6
5.0 -15.6 -14.8 -37.7 -19.3 -51.1 -28.0 -41.3 -20.1 -34.6 -22.5

5.5 -17.7 -15.5 -29.3 -19.2 -34.1 -24.3 -30.5 -15.9 -29.3 -18.8
6.0 -20.3 -17.1 -24.6 -20.4 -27.4 -22.1 -25.8 -14.4 -25.7 -17.2
6.5 -23.6 -19.7 -22.1 -22.5 - -21.6 -23.4 -15.2 -24.2 -

7.0 -27.1 -22.8 -20.7 -25.0 -22.9 -22.1 -22.3 -16.7 -23.6 -18.5
8.0 -37.9 -30.1 -21.5 -31.8 -22.5 -25.2 -22.9 -21.8 -24.8 -22.0

9.0 -48.7 -43.6 -24.7 -43.0 -24.6 -29.8 -25.7 -28.2 -28.0 -27.1
10. -38.3 -44.5 -29.7 -50.2 -28.2 -36.6 -30.0 -36.7 -32.6 -33.5
11. -35.5 -37.7 -35.9 -41.3 -32.6 -48.0 -35.7 -57.6 -38.2 -43.8
12. -34.4 -35.4 -44.8 -38.5 -38.4 -51.5 -43.7 -44.3 -47.4 -51.4
13. -33.9 -34.5 -79.9 -37.3 -46.6 -43.6 -69.0 -39.8 -62.0 -41.9

14. -33.8 -34.2 -48.5 -36.6 -54.9 -40.7 -48.5 -38.0 -47.9 -39.0
15. -33.8 -34.0 -44.5 -36.3 -48.7 -39.3 -44.2 -37.1 -44.3 -37.4
17. -33.9 -34.1 -41.3 -36.3 -42.9 -38.3 -41.1 -36.5 -41.7 -36.3
20. -35.3 -35.3 -40.8 -37.7 -41.5 -38.6 -40.5 -37.3 -41.4 -37.0
25. -36.7 -36.5 -41.3 -39.0 -41.5 -39.5 -41.0 -38.3 -41.7 -37.9
30. -38.0 -38.0 -42.2 -40.3 -42.6 -40.5 -41.9 -39.4 -42.9 -39.2

35. -39.7 -39.7 -43.9 -42.3 -43.6 -42.3 -43.9 -41.4 -45.1 -40.4
40. -40.5 -40.7 -44.7 -43.1 -44.7 -43.2 -44.4 -42.3 -45.4 -41.6
50. -42.8 -43.0 -46.9 -45.3 -47.0 -45.3 -46.6 -44.6 -47.5 -43.8
60. -45.2 -45.2 -49.5 -47.7 -49.2 -48.0 -49.0 -47.4 -51.7 -45.6

70. -47.3 -47.5 -52.1 -50.4 -51. -50.3 -58.0 -49.5 -52.1 -49.3
80. -49.4 -49.7 -54.2 -52.6 -54j -52.5 -60.1 -51.7 -54.2 -51.4
90. -51.1 -51.3 -55.9 -54.3 -5. -54.i -61.5 -53.3 -55.4 -52.9
100 -53.5 -54.1 -58.5 -56.9 -5Q -56.7 -64.8 -55.9 -57.1 -55.0
150 -61.1 -61.5 -65.2 -63.9 -61.8 -63.9 -72.0 -63.0 -67.5 -62.2

200 -65.5 -65.6 -69.4 -67.3 -63.4 -68.2 -75.5 -67.4 -68.3 -64.9
300 -75.5 -76.7 -82.0 -75.5 - -78.5 -87.5 -76.2 -76.5 -71.0
400 -79.5 -77.0 -81.5 -79.5 - -80.7 -87.5 -79.0 -81.1 -

Note: Underlined 112 values were measured at P gen 0 dBm. 112 values in

parenthesis were measured at pgen 5 dBm. All other H2 values
were meai;ured at P = 5 dhm.gen  "
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TABLE B4 (2 of 3)

EXPERIMENTAL VALUES OF H2 (fl,-f 2 ) VS RF FREQUENCY f

FOR 30 LF355 OP AMPS IN UNITY GAIN BUFFER CIRCUIT

fl 201Oglo[H2 (fl,-f 2 ) in V
- ]

MHz #11 #12 #13 #14 #15 #16 #17 #18 #20 #25

0.1 -73.7 -76.2 -75.1 -76.5 (-73.9) -76.7 -71.3 -76.9 (-76.7)(-72.6)
0.2 -64.8 -70.0 -67.8 -70.2 (-65.6) -72.6 -61.3 -72.0 (-67.9)(-68.9)
0.3 -57.9 -63.6 -60.7 -63.6 (-58.8) -65.9 -54.3 -65.2 (-61.1)(-63.2)
0.4 -52.8 -58.3 -55.6 -58.5 (-53.4) -60.5 -49.3 -60.2 (-56.1)(-58.3)
0.6 -45.5 -50.8 -48.3 -50.8 -46.4 -52.8 -41.8 -52.6 -48.4 -49.2

0.8 -40.5 -46.3 -43.3 -46.0 -41.4 -48.1 -36.9 -47.7 -43.9 -45.6
1.0 -36.7 -42.2 -39.3 -42.3 -37.4 -44.3 -33.0 -43.8 -39.7 -41.6
1.5 -30.1 -35.2 -32.0 -35.3 -30.6 -37.3 -26.8 -36.9 -33.9 -34.9
2.0 -27.8 -32.0 -28.5 -32.5 -27.5 -34.0 -25.0 -33.8 -31.3 -31.9
2.5 -27.9 -29.3 -26.0 -30.1 - -31.4 -25.5 -31.4 - -

3.0 -31.4 -28.2 -25.0 -29.5 -26.2 -30.1 -30.2 -30.4 -31.9 -28.7
3.5 -61.5 -28.6 -25.8 -30.8 -29.8 -30.3 -36.7 -31.2 -37.0 -29.;
4.0 -27.6 -30.7 -29.3 -34.3 -53.9 -32.2 -22.2 -33.8 -47.2 -33.0
4.5 -21.3 -37.0 -49.6 -46.7 -24.9 -36.9 -17.6 -40.8 -31.6 -45.4
5.0 -18.6 -41.1 -27.8 -37.3 -18.4 -68.0 -16.6 -43.9 -26.2 -34.2 %

5.5 -18.2 -29.0 -21.3 -29.4 - -35.6 -17.4 -32.1 - -
6.0 -19.0 -23.6 -18.0 -25.1 -15.8 -28.7 -19.3 -26.8 -22.6 -22.6
6.5 -20,7 -20.7 -16.9 -23.4 - -25.4 -21.8 -24.0 - -
7.0 -23.3 -19.4 -17.1 -22.5 -19.1 -23.4 -25.1 -22.4 -24.2 -20.2
8.0 -29.3 -20.0 -20.1 -23.4 -24.9 -22.5 -33.8 -22.2 -28.5 -21.9

9.0 -37.9 -22.9 -24.8 -26.4 -32.3 -24.4 -59.5 -24.6 -34.4 -25.4
10. -69.6 -27.3 -30.8 -30.7 -44.4 -27.7 -40.7 -28.5 -43.8 -30.4
i. -43.9 -32.3 -39.3 -36.5 -47.0 -32.1 -36.7 -33.4 -57.4 -36.3
12. -39.7 -38.8 -85.5 -44.5 -40.1 -37.9 -35.1 -39.7 -45.O -45.4
13. -38.0 -49.0 -44.0 -76.2 -37.7 -46.3 -34.3 -50.4 -41.5 -52.6

14. -37.1 -56.2 -39.9 -48.8 -36.6 -75.1 -34.1 -54.6 -40.0 -46.2
15. -36.9 -46.4 -38.2 -44.4 -36.2 -49.0 -33.9 -46.4 -39.3 -43.3
17. -36.6 -41.9 -37.0 -41.3 -35.9 -42.9 -34.1 -41.9 -38.7 -40.9
20. -37.6 -41.1 -37.4 -41.1 -36.9 -41.6 -35.4 -41.0 -39.7 -40.9
25. -38.6 -41.3 -38.3 -41.4 -38.1 -41.7 -36.6 -41.2 -40.6 -41.4

30. -40.8 -43.1 -39.5 -42.3 -39.5 -42.9 -37.9 -42.3 -42.0 -42.635. -42.6 -45.3 -41.5 -44.3 -4o.6 -45.0 -39.6 -44.6 -43.2 -43.8

40. -42.8 -45.7 -41.8 -44.8 -42.0 -45.4 -40.3 -45.0 -44.5 -44.4
50. -45.4 -48.2 -44.2 -46.8 -I,4.2 -48.0 -42.3 -47.4 -46.8 -46.4
6o. -50.7 -54.0 -46.4 -48.8 -46.2 -50.1 -44.3 -49.6 -48.7 -48.1

70. -48.9 -51.8 -49.3 -51.7 -48.3 -51.9 -47.1 -51.7 -51.0 -51.2
80. -51.1 -54,1 -51.5 -53.8 -50.3 -54.0 -49.1 -53.8 -52.9 -53.
90. -52.2 -55.7 -53.0 -55.4 -51.9 -55.4 -50.6 -55.3 -3k" -54.7
100 -54.o -59.0 -55.4 -58.0 -53.6 -57.6 -52.8 -57.6 -56.2 -56.2
150 -64.2 -66.3 -65.2 -66.4 -58.9 -68.3 -62.2 -68.6 -61.1 -61.1

200 -66.1 -69.7 -66.8 -69.3 -60.7 -69.4 -64.8 -72.0 -62.2 -63.0
300 -73.7 -80.3 -73.5 -78.8 -62.2 -76.0 -71.8 -82.5 -
400 -77.0 -80.7 -78.2 -81.5 -63.9 -82.0 -77.3 -83.6 - -

Note: Underlined }|2 values were measured at Pge 0 dBm. H2 values in2 gen2
parenthesis were measured at P gen = 5 dBm. All other H2 values

were measured at 1 = -5 dBm.
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TABLE B4 (3 of 3)

EXPERIMENTAL VALUES OF It2(f,-f2 ) VS RF FREQUENCY f1

FOR 30 LF355 OP AMPS IN UNITY CAIN BUFFER CIRCUIT

f 201log 0 [112 (fl,-f 2 ) in V

MHz #31 #32 #33 #36 #37 #41 #42 #43 #44 #45

0.1 1-76.81 83.5) (-77.7) [-83.41 [-82.61 -76.7 -72.8 -75.3 -76.7 -76.7
0.2 (-65.0) 76.1) -67.4 (-73.4)(-73.0) -74.4 -63.6 -68.0 -71.3 -70.4
0.3 (-60.5) (-69.5) -61.4 -65.5 -65.5 -67.6 -56.9 -61.1 -64.5 -63.9
0.4 (-55.7) -64.4+-56-4 -63.0 -61i -62.1 -51.5 -56.0 -59.3 -58.6
0.6 -15.0 -56.8 -47.9 -53.4 -53.0 -55.3 -44.1 -48.5 -52.0 -51.1
0.8 -43.2 -51.9 -43.5 -50.4 -49.5 -50.2 -39.0 -43.5 -46.9 -46.1

1.0 -39.2 -47.7 -39.9 -46.8 -45.6 -46.4 -35.3 -39.6 -43.0 -42.5
1.5 -33.0 -41.4 -33.1 -40.0 -38.7 -39.0 -28.6 -32.5 -35.9 -35.4
2.0 -30.1 -37.4 -30.0 -35.9 -35.0 -35.2 -26.1 -29.3 -32.1 -32.1
2.5 - - - -32.7 -32.5 -31.9 -25.2 -26.8 -29.3 -29.7

3.0 -29.0 -32.7 -27.4 -30.8 -31.3 -29.8 -26.7 -26.4 -27.6 -28.7
3.5 -31.9 -31.9 -28.5 -29.8 -31.3 -28.7 -33.7 -27.5 -27.2 -29.1
4.0 -42.6 -32.3 -32.0 -29.8 -32.7 -28.5 -33.5 -32.4 -28.0 -31.8
4.5 -32.2 -34.1 -44.1 -30.9 -36.9 -29.5 -23.2 -39.5 -31.0 -39.3
5.0 -23.6 -39.0 -34.9 -34.0 -57.4 -33.3 -19.5 -24.2 -40.3 -41.1

5.5 -19.6 -47.9 -27.7 -42.9 -35.7 -55.3 -18.3 -18.2 -36.6 -30.0
6.0 -17.7 -33.4 -24.1 -38.4 -28.3 -31.0 -18.6 -15.3 -27.3 -25.4
65 - - -29.5 -24.5 -24.6 -20.1 -14.8 -23.0 -23.0

7.0 -19.1 -24.1 -22.6 -25.4 -22.1 -22.2 -22.1 -15.9 -21.0 -22.1
8.0 -23.8 -21.2 -24.4 -22.2 -21.3 -22.1 -27.5 -19.9 -20.5 -22.9

9.0 -30.2 -21.9 -28.1 -23.0 -23.6 -24.7 -35.1 -25.7 -22.9 -26.0
10. -38.8 -25.6 -33.2 -25.8 -27.7 -28.2 -50.6 -32.9 -26.7 -30.2
1i. -49.5 -30.0 -39.6 -29.6 -32.6 -32.5 -45.0 -45.2 -31.8 -35.9
12. -44.4 -34.9 -52.2 -34.1 -38.5 -37.7 -39.2 -49.0 -38.3 -43.9
13. -40.1 -41.o -49.5 -39.8 -47.2 -45.2 -37.4 -41.1 -49.6 -76.2

14. -38.7 -45.8 -44.1 -47.7 -57.4 -65.9 -36.6 -38.5 -52.9 -48.2
15. -37.7 -47.9 -41.4 -59.0 -49.5 -50.8 -36.2 -37.3 -45.0 -43.9
17. -37.4 -45.0 -39.4 -46.6 -43.9 -43.2 -35.9 -36.3 -40.6 -40.7
20. -37.7 -43.5 -39.8 -43.5 -42.8 -41.4 -36.9 -37.1 -39.9 -40.4

. 25. -38.7 -42.9 -40.2 -4.o -42.8 -41.5 -38.2 -38.2 -40.3 -40.8
30. -39.9 -43.5 -41.5 -43.9 -43.8 -42.6 -39.6 -39.4 -41.6 -41.9
35. -41.4 -44.9 -42.6 -44.9 -44.7 -44.9 -41.9 -41.4 -43.8 -44.0

40. -42.9 -45.4 -43.9 -46.2 -46.2 -45.4 -42.4 -42.2 -44.3 -44.6
50. -45.2 -47.4 -46.2 -48.4 -47.7 -48.0 -45.1 -44.6 -47.0 -46.8
60. -47.4 -49.5 -48.1 -50.4 -50.1 -50.6 -46.8 -46.8 -49.3 -49.3

70. -52 -56 -51.2 - :53.8 -52.5 -51.7 -51.9 -53.7 -53.9

80. -54.1 -5. -53.0 - -55.6 -54.7 -54.o -54.1 -55.9 -56.2
90. -55. -6o.4 -54.5 - -57.0 -56.2 -55.2 -55.6 -57.3 -57.7
100 -57.4 -62.2 57. - 595 -58.5 -57.1 -57.9 -59.1 -59.9

150 -60.1 -68.2 -61.4 - - -68.2 -69.0 -66.4 -69.8 -69.0

200 - -73.8 -66.1 - -63.9 -69.5 -69.3 -68.7 -70.6 -70.6
300 - -78.4 -75.8 - - -76.0 -76.2 -75.7 -77.6 -77.6
400 - -81.4 -78.4 - - -81.3 -82.2 -82.5 -83.6 -84.8 -.

Note: Underlined 112 values were measured at Pgen - 0 dBm. H2 values in

F. parenthesis were measured at Pgen = 5 dBm. H2 values in brackets

were measured at Pgen = 10 dBm. All other H2 values were measured
at Pgen = 5dBm.
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APPENDIX C

MEASURED VALUES OF DEMODULATION RFI RESPONSES

OF THE THREE-STAGE OP AMP LED CIRCUIT

Appendix C contains two tables of experimental results for the
- •

3-stage op amp LED circuit shown in Fig. 5-2. The values for the input

resistor R1 = 10 kohm and feedback resistor R2 = 100 kohm were used.

The Table Cl data are for the circuit with the RFI suppression capacitors

omitted,i.e. C = 0. The Table C2 data are for the circuit with the5 5
RFI suppression capacitors includedi.e. C = C = 27 pF. All op amps were

741 op amps. The 741 op amps used for the second and third stages were

not changed during the experiment. Thirty-five 741 op amps were used for N

the first stage.

The data in Tables Cl and C2 are listed in string format. Consider

Table Cl. The first two rows are

741 - #01

0.1 - 7.0 36.8 1.0 0.15 -10.3 27.5 1. 0.4 -13.0 25.3 1.0 ...

The first row indicates the op amp number which is 741-#0l in this t

example. The second row contains a data string with numbers being grouped i.

in sets of four. The first number, 0.1, in the first set is the RF

frequency fRF in MHz. The second number, -7.0, in the first set is the

RF generator available power P in dBm. The third number, 36.8, in the
gen

first set is the RF rmsvoltmeter reading VRF in mV. The fourth and lastm

number, 1.0, in the first set is the i kHz AF rms voltmeter reading

F in volts. The next set of four numbers corresponds to: f =
I3

03 RF A
0.15 MHz; P -10.3 dBm; V 27.5 mV; F = 1.0 V. The third set

gen m 03
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of four numbers corresponds to f 0.4 MHz, etc. The data string
RF

is continued in subsequent rows. Tke last set of four numbers for

741 - #01 op amp corresponds to f RF = 150 MHz. The next data which

are for op amp 741 - #02 are arranged in the same format. The data

for op amps 741 - #03 to 741 - #k32 follow in the same format.

RF A
It should be stressed that the values given for V and __ are

m 03

rms voltage values. Finally, it should be noted again that the RF

RF RE RF
input voltage V. to the 1st op amp stage is given by V. = 2 x Vi 1 m
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TABLE C1 (1 of 3)

MEASURED VALUES OF DEMODULATION RFI RESPONSES OF THE THREE-STAGE

OP AMP LED CIRCUIT WITHOUT RFI SUPPRESSION CAPACITOR

741, -@01 1''-

:-.J 3o). 1. o.1, -0.3 27.5 1. c., -13.o 25.3 1. 0.6 -1 .. 1,.0 1.
174 1.'.7 1. 1. -.c.1 14.5 1* 1o5 -15.6 19.0 1 3.0 -2 .C 1. 1.

4?0 -tjj01, 9" 1 I' .O -20.0 9.. 1. 8.0 -20.2 11.2 1. 10.0 -zoo. 11. 1.

20.0 -L.* 19,.5 I. 10*0 -14.0 22.5 1. 60.0 -00 47.0 1. 600 -4.) 5S90 1.
100.u -3.0 6., 1. 150.0 -0.5 82.0 1.

0.1s-8. 32.0 1. 0.6 -15.0 21. 1: 0:8 :16.2 18.0 1.
1. -17.5 14.b 1 1.*5 -16.5 17.0 1. Z 0.0 1O9 1. 3.0 -20.7 10.3 j. "
4.0 -20.0 le.1 1. 20.0 -15.3 18.9 1* 30.0 -12.9 25.5 1. 40.0 -10.931 1.
80.0 -4.0 61. 1. 1000. -3.0 bo.U 1. 1 0.0 0. 85.0 1.
7%1 -003
0.1 -1s.9 14.5 1. o 0.1-15.2 15.8 1. 0.2 -17.6 13.5 1* 0.3-1.6 16.2 1.
0.4 -15. 19.2 1. 0.6 -5.0 66 1. 0.6 -13.7 237 1 1.- 51941.'
1.5 -13.0 2.5 1* 3.0 -23.2 7d 1. 4.00 -23 2 1. 602.6 .4 1. a;-"
0.0 -21.t b.3 1. 10.0 -20.. 10.0 1. 15.0 -18.9 12.5 1. 20.0 -16.5 17.1 1.

1860 : 1: 60-11:6 28:8: 60.0 -0.5 44.5 1. 00, -49 7.0 I*

5 -10.2 27.5 1. 0.b -13.1 25.4 1. 0.8 -15.5 19.5 1* 1. -16.5 17.0 1.

2.0 -6.5 54.0 1. 3.0 -2.2 10.8 1 4.0 -19.9 So6 1. 6.0 -16.5 14 1 1*
10.0 -18.§ 14.2 1. 20.0 -15.5 19.0 1, 30.0 -13.0 24.5 1, 40.0 -11.1 30.0 1,
p0.0 -7.9 46.5 1. 80.0 -4.5 59.0 1. 100.0 -3.5 63.0 1, 150.0 -0.5 61. *1.

0.4 -13.5 23.5 1* 0.6 -17.0 16.8 1, 2.0 -20.4 10,5 1. 3.0 -20.31 .4 1
8.0 -20.4 10.6 I. 10.0 -20.1 11 1. 15.0 -17.5 15.e 1. zo.0 -1:. 19.4 1.
860 -,: .0 J: 40.0 -10.6 32.0 .. 60.0 -8.0 47.0 1. 60.0 -4.0 61 *00. -3C 67.0 1.

741 -0b
0.15 -10.5 27.3 1. 0.6 -13.5 24.6 1. 0.8 -16.2 17.8 1. 2.0 -20.2 10.7 1.2: : 9.0 1 190 ,.0 13.4 1.

0:8 :i :' f :; 60 -. 4 10.5 1. 8.0 -20.0 11. 1. 15.0 -17.0 16.1 1.
200-11. 30.0 3 23.5 1. 40. 59601. 60.0 -6.1 45.0 1*
800 41.1o51."01.* 10.00 -1.1 64.0 1. 150.0.-..8."1
741 -607
0.4 -9.7 318 I. 1.5 -18.4 13.6 1. 6.0 -20.0 10.0 1. 10.0 -19.311.
0.8 -16.3 1. . a1. -1. 1 . -20.7 9.7 1. 4.0 -21.4 .. IQ
6.0 -20.9 9.6 1. 10.0 -20.7 le 1. 20.0 -15.b 16.7 1. 40.0 -11.2 30.0 1.
30.0 -11.2 24.0 1.
60.(0 -o.0 46.0 . 80o.o -4.6 5.90 1. 100.0 -3.5 64.0 1. 150.0 -0.9 7.0 1.
741 -GO
0.6 -15.0 20.6 1. O.e -16.5 17.2 1. 1. -12.6 14.7 1. 2.0 -15.e 18.2 1.
3.0 -20.3 -0.5 1. 4.0 -20.9 10.1 1. 6.0 -15.7 18.9 1. 10.0 -17.1 15.91.
20.U -15.6 16.7 1. 30.0 -12.9 22.0 1. 40.0 -11.2 30.0 1. 60.0 -6.1 44.2 1.
80.0 -4.2 59.0 1.0 ICO.0 -3.0 66.0 1. 150.0 -0.4 bO.0 I.
741 - Og
0.15 -8.0 36.0 1. 0.6 -15.5 19.7 1. 0.8 -17.0 16.4 1. 1. -18.4 13.5 1,
0.4 -12.0 2b.2 12

-155191: 1. 4 032111.3*6.0 "i': 1"9. ?.o0 -2 ,o 11.881, 4 o-.1 ,,('A .,* 0. . O921 -
-lr20 1.10. 1 100 -18.0 W8 1. N1. 30.0 -13.92i:5 IQ

40 0 -11 29.1. 60.0 -6.6 39.0 1. bO.0 -4.7 57.0 1. 100.0 "3.7 63.0 Is1so.o -1" 75.0 I..-

741 -#10
0.1 -7.2 3.0 i. 0.15 -0.2 28.1 1. 0.4 -14.1 22.2 1. 0.6 -le.3 13.7 1.
1. - 0.8_12..21. 3.0 -19.2 12.0 1. 4.0 -21.8 9.0 1. 15.0 -17.3 15.9 1.
6.0 -19. 11.2 1.
20.0 -lb.0 18.0 1. 30.0 -13.0 24.5 1. 40.0 -11.1 30.0 1. 60.0 -7.8 46.0 1.
80.0 -4.0 Ol. 1. 100.0 -2.9 69.0 1. 150.0 0.0 65.0 1.
141 -e31 L

0.1 -9.0 29.5 ., 0.15 -12*2 22.5 1. 0*2 -12.1 26.6 1. 0.3 -14.0 22.2 1.
0.4 -1;.1 19 6 1. O6 -17.1 16.7 1. 0.8 -17.1 16.b 1. 1, -14.9 21. 1.
2.0 -22.0 e.' 1. 3.0 -21.9 8. 1, 20.0 -14.5 22.0 1.
1.5 -15.5 L2.0 1. 6.0 -20.5 10.4 1. .0 -19.0 12. 1. 30.0 -11.2 30.0 1.
40*.( -10.5 3:.0 1. 60.0 -0.1 55.0 1. 60.0 -Z.l 75.0 1. 100.0 -1. 84.0 1.
150.0 1.9 9E.0 1.
741 -032
0.1 -6.5 36.o. 0.15 -9. 8 .o 1. o.3 -.1: 60.0 1. 0.4 -13.0 25 1 1.
0.6 -15.2 26.311. 0. -1,.5 1 .s 1. 1.-l.- 22.1 1. .0 1:8 4 1.
3.0 -23.0 7.04 1
4.0 -.Z,5 0.3 1. 6.0 -21.1 9.5 1, 8.0 -18.6 12.9 1. 10.0 -17.9 15.0 1.
15.u -15.6 10.9 1. 30.0 -10.6 30.5 1. 40.0 -9.2 38.0 1. 60.0 -6.1 b6.0 1.
60.0 -Z.Z 75.0 1. 100.0 -1.6 84.0 1.
741 -,33
0.1 -8.5 29.0 1. 0.15 -12.1 22.5 1. 0.2 -1.4 25.6 1. 0.3 -14.6 21.2 1.
0.4 -15.ob 1.6 is 0.-16.9 . .8 -16.417.2 1 1. 14.C Z3 3 1.
1.5 -20.2 11. 1. 2.0 -2.5 6.2 1. 3.0 -22.0.0 1. 4.0 -22.1 I.8 1
6.0 -20.) 100 is 8.0 -17.5 15.. 1. 10.0 -18.4 13.1 1. 15.0 -16.0 16.1 1.
ik*O :14.1 k2.0 1. 30.0 -1.3 29.0 1. 40.0 -V.2 37.0 1. 60.0 -5.6 59.0 1.
00 -1.2 56.0 1. 100.0*0-A1 .. U 1. 150.0 980 I

741 -9311
0.6 1L.0 Z0.2 1. o.0 -13.7 24.3 1. 1.5 -20.? 11. 1* 3.0 -r., 1.
4 .0 - .1 c .o I . 6 . 0 - 1 . .t. 0 - , ', . 1 , . i . 1 0. 0 -o8. .- , 1.
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TABLE Cl (2 of 3)

MEASURED VALUES OF DEMODULATION RFI RESPONSES OF THE THREE-STAGE

OP AMP LED CIRCUIT WITHOUT RFI SUPPRESSION CAPACITOR

15.C -1o.1 . I. i3.3 -, .7 e4.0 1. 30.C -1t.I JO.0 1. 40.0 -v.1 33.0 1.6 0- o - . u 1. 0;. . 77,L 1. 1(.UL -1,. ., . 150.0 1, 16 0 1

' 741 -#350.3 "15 .5 ll#. 1. 0.4 -1t.5 17.4 1. As -16.d 17.0 1. 1.5 -14*fp 21o I0

3. .0 -23.2 1.7 1. 4.u -ZZ.b 6. al: .0 -20.e 10o 1. ado - Ioo
• 1.C -17.o 15.1 1. L5.0 -10.6 1. 2C.O -141 21*5 Is I -11o3.0 I.
_ 40o.0 -v.1 lt.5 1. 00,0 -o.0 5?.0 Is bOO -49C L1 o Is IO*0 -2*9 64*0 Is

150 0.0 85. 1
741 -$41
0.1 11. 2. 1.0.0 -21 2.7 1! 0.2 -14.1 ZO.? 1. :13. 14 1.

0 c510 -14.3 12O00 0. l. 4. 010 -621.

:1115'9.b30* :1 2:0. oo: 4o02 : 1: 60.0 -6. .04: a : 7 .0 Is"lO .O :j: 63.Z' ,o0 1 o
741 -942
0.1 -10.7 23.) 1 0.8 -11.1 31. 1.
1. -13.1 24.5 1. 1.5 -19.5 11.8 1. 2.0 -21.2 9.5 1. 3 0 -23.O 7 1.
4.0 -23.2 7.6 1. 6.0 -ZZ.4 8.5 1. e2 -o.s 10.0 1. io.o - 6.6 3.2 1.
15.0 -16.0 16.7 I. 20.0 -14.1 21.51. 30.0 -11.1 29. 1. 40.0 -11.3 40.0 1.
60.0 -6.7 54.0 1. 50.0 -4.U 63.0 1. 1000 -3.1 66.0 1 10.0 -0.4 80,0 1.
741 -943
0.b -14.5 22.1 1. 0.8 -15.3 19.8 1. 1. -12*9 26.0 1. 1.3 -20.1 11.1 1
Z.0 -2U.4 10.4 1. b.0 -23.4 7.5 1. 20.0 -15.5 19.5 1. 30.0 -. 7 2.51.
40,0 -j0.7q32.5 1. 60.0 -0.0 50.0 1. 80.0 -3.0 69.0 1. 100.0 -2.0 76.0 1.
11.
741 -944

20.8 1. 0.2 -14.8 19.b 1. 0.4 -13.9.22. 1 - I8 11-1419o 2.7 1. 1. -15.8 18.0 1. 1.5 -20,2 10s .1*9*2*9

3.0 -23.2 7.5 1. 4.0 -23.8 7?2 1. 6.0 - 27 8 2 1. e .o -2'2 9.I 1.
1 0 0 -21.9 0.0 1. 000 -2. 8 28.0 1.

40.0 -19.5 36*.0 1. 60.0 -6.6 52.0 1. 60.0 -2.6 7Z.0 1. 130.0 2.0 100.0 1.
741 -945
0.a -13.5 24.-6 1. 0.8 -13.8 24.3 1. 5 -j.0 I.
3.0 -25.0 6*.4 1. 8. -22.0 8.8 1. 10.0 -20.8 103 . 1 1505 Is
2 -12.9 24.5 1. 40.0 -10.6 30.5 1. 60.0 -7.6 47.0 1
80.0 -2.6 70.0 1. 100.0 -1.3 80.0 1. 150.0 1.9 10090 1.
741 -951
0.4 -13.6 23.6 1, 0.6 -16.8 17.3 1. 0.8 -16.0 14.7 1 1. -16.5 13.7 1.
1.5 -9.b 37.5 1. 2.0 -20.0 36.0 1 3.0 -22.2 8.5 to 4.0 -22.18.7 1a
6.o -21.6 9.3 1. 8.0 -20 0 -o o174 0o 1
20.0 -b.2 5.o5 1. 30.0 -14. • 1. 40.0 -11. 26..O 1. 60.0 -9.0 36. 1.
bO.C -4.7 57.0 1. 100.0 -3.2 63.0 1, 15090 -0.5 79,0 1*
741 -152
0.1 -10.4 24.0 1. 0.15 -13.2 20.Z 1. 0.2 -13.5 22.7 1. 0.3 -15.1 1956 1.
0.4 -16.8 17.0 1. 0.6 -18.2 34.4 1. 0.8 -20.0 11.5 1. 1 -20.2 11. 1.
2.U -17.5 15.0 1. 3.0 -21.1 to?7Is 40 -2. 9.31 6.0 -. 93.
8.0 -Z1. 10.0 1. 10.0 -ii.3 11.9 1. 15.0 -17.9 15.0 1. 20.0 -16. ?16.7 1.
40.0 -±1.1 30. 1. 60.0 -9.1 3dO 1. 80.0 -4.g 55.0 1. 100.0 -3o9 61. lo
150.0 -1.1 77.0 1.
741 -053
0.1 -13.2 17.5 1. 0.15 -16.2 14.7 1. 0.3 -17.6 15.0 1. 0.4 -17.9 14.3 1.
0.6 -19.8 lA.o ±. 0.6 -2G.5 10.6 1. 1. -20.7 10.5 1. 1.5 -16.G lb.0 1.
2.0 -16.9 13.7 1. 3.0 -21.9 8.9 1. 4 20-Z.0 8.7 1. 6.0 -21. 1.a 1
0.0 -2u.4 9.0 1. 10.0 -20.1 11. 1. 15.0-18.0 14.z 1. 2 0.0 -16.7.1.0 1.
40.0 -1Z.0 Zb.O 1. 6(,.U -9.1 38.5 1.
30.0 -13.8 22.5 1. O0.0 -4o9 6*.O 1. 100.0 -3.3 6j.0 1. 150.0 -0.7 77.0 1.
741 -024
0.3 -17.8 14.7 1
0.1 -14.1 15.9 1. 0.P -14.7 17.5 1. 0.2 21.5 1.0 1. 0.4 - 3 1.
c.o -20.5 10.8 i. 08 -z1.± 10.0 1. 1. -21.1 .0 1. 2.0 -21.0 1.4 1.

* 3.0 -2Z.1 6 6 1. 4.0 -22.2 8.5 1. b.0 -22.0 7 1 . 00 -21.2 5.3 1.
10.0 -40.6 l.5 1. 15.0 -iE.0 14.1 1. 20.0 -17.1 15.8 1. 30.0 -1406 20. 1.5
40.G -12.7 2s.5 1. 6C.O -9.6 34.5 1. 80.0 -5.0 55.0 1. 100.0 -3.9 61. 1.
150.0 -1. 75.0 1.
741 -55
0.1 -13.0 18.3 1. 0.15 -16.6 13.9 1. O.Z -17.5 14.8 1. 0.3 -18.5 13.5 1.
0.4 -19.5 11.6 1. 0.6 -20.9 10.4 1. 0.8 -21.1 10.0 10 10.0 -21. 10.2 1.
1.5 -9.1 40.0 1. 2.0 -19-.4 37.5 1. 3.0 -21.6 9.1 1. 4.0 -21.9 8. 1.
6.0 -21.9 4.0 1. 8.0 -21. 9.9 1. 10.0 -20.Z 34.0 1. 15.0 -18.2 130 1.
40.0 -12.0 2b.0 1. 60.0 -8.5 41. 1. 80.0 -4.9 56.0 10 100.0 -3.6 62.0 1
150.0 -0.4 7v.0 1.
741 -60
0.15 -e.4 34.5 1. 3,4 -12.5 26.5 1 0.6 -16.6 17.i 1. 0.6 -18.0 14.3 1.
1. -19." 12.0 1. 2.0 -l.0 43.0 1. 3.0 -21.1 9.6 1. 4.0 -21.5 8ir 1.
6.0 -21.o d.9 L. e.0 -23.t 32.0 1. ZG.0-15.9 16.i 1. 30.0 -13 1 70Z4 1.
40.0 -11. 3C.G'1. s.. -8.2 4i.G 1. 80.0 -3 64.0 1. 100.0 - Z4 .0 1
J50.060 7 67 1.41 - 5
0.2 -11.1 29.7 1. 0.8 -12.0 29.2 1. 1.5 -12.1 Zb.0 1. 2.0 -18.3 31* 1.
3.0 -2&.6 9.0 1. 4.0 -21.8 9.v 1. 6.0 -21. 9.9 1. 8.0 -20.3 1C.6 Is
10.0 -19.9 11.1 1. L,.3 -18.0 13.6 1. Z00 -16.0 18. l1 30.0 -13.5 24.0 1.
4C.c -41.e 3,.v 1. 60.0 -d. 41. 1. 84.4 -4.1 60.C 1. 100.0 -3.0 67.0 1.
150.0 0.1 o3.u 1.
741 -U;2
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TABLE Cl (3 of 3)

MEASURED VALUES OF DEMODULATION RFI RESPONSES OF THE THREE-STAGE

OP AMP LED CIRCUIT WITHOUT RFI SUPPRESSION CAPACITOR

0.6 - .64 i 8,3 1* 0.8 -17.6 1 *.4 1. 1. -6.0l, 14.6 1.,2. -ZOe 3o, .C, 1.

3.0 -21.. 6.b 1. 4.'/.086. 1. 6.0 -13.6 2 ,5 4. 8.0 4 .
10 t, -6. I 1 30 C -13.1 24.0 1. 40.0 -1 .4 ,9.5 1. 4 41. 1.
0.0 -4.1 60.0 1. 100.0 -3.2 65.0 1. 150.0 -0.4 600 I741 - 02coS --0 . ,.15 1. 1. 9 .1.5 -16.0 51

0.6 -15.b 1. 6.0 -22.1 6.7 1. '"4"
2.0 -,3 . 4, 2 3
d.0 -40.0 32.o 1. 10.0 -19.7 36.0 1 15.0 -18.1 43.0 1. *0.0 -15.9 17.1 1.
30.0 -13.0 24.5 1. 40.0 -10.9 31.* 1. 600 -7.648.01. 80.0 -4.160.0 Is
100,0 -3,067.0 1, 15000 -0.1 2sO 1.741 - oo

0.15 -e8 33.0 1 0.4 -11.9 286 1. 0.6 -14,4 23.2 1. 0,8-16.0168,b 1.
1. -16.5 17.1 1 1.5 -13.3 24.5 1. 2.0 -16,2 17:9 1. 3.0 -l;!13,0, .05 1*
4, -20.2 34,0 1 6.0 -20.0 11. 1. 8.0 -16.Z 3801, 10.0 -18.114.51,
20.0 -,4.d 10.5 I. 30.0 -12.6 25.5 1. 40.0 -11. 30.5 1. 60.0 -8.0 46.0 1.
80. -3.4 oZ. 1. 100.0 -Z.6 71. 1. 150.0 0.1 s7.0 1.
741 -#K.06
0.1 -7s3 35.0 1 0o15 -10;1 28,6 1 1.5 -15.2 JS,4 1* 6.0 -14o3 22.0 1.

"0.0 -.. 36.0 .1. 40.0 -a .7 3i. 1. 60.0 -6. 53.0 1. 80.0 -10 35.1.
luO.0 -3.6 63.0 1. 150.0 -0.7 b01
741 -OKI1
4.0 -L2.5 19.1 1. o.0 -14.2 2,2. 1. 6.0 -13.2 24.5 1. 10.0 -12i.4 26.5 *
15,( -il3 30.5 1. 20.0 -10.6 31.5 1 30.0 -9.436.51. 40.0 -8.5 4.5 I

60,0 -6.4 54.0 1 80.0 -3.0 69.0 1. 100.0 -2.2 73601. 150.0 0.1 85.0 1*
741 -3 20
0.15 -10.4 26.0 1 2.0 -15.6 16.9 1. 3.0 -15.6 18.9 1 490 -15,1 200 1,
10.0 -12.3 2?.0 1s
15.0 -11.2 30.0 Is 20.0 -10.9 31.5 1* 30.0a 9. 3W.5 1 40.0 -65 90,1
60.0 -o.2 54. I f0.0 -. 0 bC 1 10 I-. 2T 73 .0 1 15G.0 0.1 85.01741 -NK~o l

1.0 -1.0 2,., 1. o.0 -15.2 1i..2 1* 15.0 -1.O5 26.5 1. 20.0 - b.O 1.

0..-,16Y32.5 Is 0.0o -402 J7.0 I* 60. -3.2 67.0 1. 10. -23 2.0 I.
741 -s,32
10.c -12. 25.5 1. 15.0 -11.7 29.5 1. 20.0 -10.9 3 15 1. 30.0 -9.7 35.5 1.
30o0 -vo7 3 5.- 1, 40 -6.4 41 0 1 60.0 -6.0 560 1 0.0 3 1 6bO 1,
Iou.0 -0.2 74.0 1 ,0. 3.1 6 . 1,
12.1 .,03.UJPC, 2, ; 0U e KF.
I1k5J3 u LK~ 102 092 KPGI.
12. 1t.23.UCLP# AAD 033v C.25KLNS*
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TABLE C2 (1 of 3)

MEASURED VALUES OF DEMODULATION RFI RESPONSES OF THE THREE-STAGE

OP AMP LED CIRCUIT WITH RFI SUPPERSSION CAPACITOR

741 -I31
0.3- -. 1 '-4.5 1.0 C.. -4.v 3e.5 1.a j., -11. J.0 1.0 C. -1.1 27.2 1.0
1.0 -12.4325.5 1.0
1.5 -9. 7.d 1.0 2.0 - .7 0200 1. 30. -12 17.o0 10 .c -5. . 1.
8.0 -2.7 7c., I J. b.1, -u. 9S.. 1.0) 10.0 -0.6 97. 0 1.0 . -$o uS .200-3.7 06.2 1*0 30. -i.0 co0, 1.0 40, -Go 94.0 19 , Mo O4 10b, 1*0

80. 3.9 l5l. 1.J 'OL. 4. 157. 1.I 15t.. 7.1 195. 1.0
741 -#02

-' 0.3 -7.2 t9.5 1, . j,4 -6.7 41. 1.0 0.6 -10.3 33, 1.0 0.0 -11.4 30. 1.0
-tt,9.3 7 3? 0. i.0 -6.2 52. 1.0 '.) 5:5 1 0-6.8 , . 1.0 . 1 0 100 a 2d 1 1 91

1 20. 2. a-73.5 1.0 30: -1. b2. 1: 1Z.:,6 9.1.0 C0. 0.0 107. 1.0 6

04.2 153. 1.0 10. 4.7 lao. 1 - , C2. 1.0

0.1 -11.2 22.4 L.0 0.15 -11.7 Z4. 1.0 0o2 -137 22.8 1.0 0*3 -13o 25*3 1.0
0.4 -11.6 Z*.:p 1.0 0.8 -b.1 41.7 1.0 1.0 -10. 33 5110 1 5 - 0,
2.0 -10.1 33. 1.0 3.0 -9.2 36.6 1.0 4.0-7.3 469116 6106540 66W 1.8

6?:1: j:51.6 10.01-3.7 69.5.- 1.0 - . 1,0
1 17 , US50 -1b56. 1,0 60. ,1 102 1,.0 SC. I

100. 4.4 154. 1.0 150. 7.4 197. 1.0
741 -004
0.6 -8.9 3d.8 0 6. -10.3 43.5 1,o 1.0 -10.8 30. 1 0 1.5 i9 4 1
2.0 -1.7 d6.5 1.0 3.0 -7.2 46. 1.0 4.0 -6.3 51.5 1,50 6. -3.6 70.
8.0 -1.3 42. 1.0 10.0 0.8 116:0 1.0 15.0 2.7 151.0 1.0 20.0 -. 9 91 1.
30. -2.6 75.5 1.0 40. -i,4 66.5 1.0 60, -0.3 985 1.0 80. 3.4 141. Lo
00, 4.1 149. 1.0 150. 6.9 193. 1.0## 1q -805

0.4 -10.9 32. 1.0 0*6 -12.5 Z*8 1.0 0.8 -13.7 22.8 1.0 10 -12.5 25*2 1.0
195 -9* 37.6 1.0 200 -10.4 31.3 1.0 3.0 -8.3 40.3 1.0 4.0 -6.1 52.5 1.0
6.0 -3.2 72. 1.0 8.0 -1.5 89. 1.0 100 -1.6 s8o 1.0 15. -4.7 62i 1.0
20. -4.4 62. 1.0 3G. -2.3 le. 1.0 40. -1,1 5s 1,0 60. G5 107. 1t0
80. 4.3 157. 1,3 100. 5.1 166. 1.0 150. 7.6 206. 10
741 -#060 .2 -8 o,0 4 1 o?7 1 0 0 ,3 -4 7 66 5 1 ,0O 0 ,6 -b ,8 1 : 51 %0 O083 1 1 .1 p0 , 1,1.0 -11.3 29. 1.0 1.5 -4.9 62.5 1.0 2*0 -9.8 35 1.0 . -8.1 40.3 10

4.0 -6 . 35 1.0 6.0 -2 b 76,. 1.0 8.0 -0.6 9, : o C 1 oo, 1 .o
15 -3.3 3. 1.a 20, -3.4 65. 1.0 3o -2.4 77,> 1:8 d:-1,1 9,1,0
60 0 1 00. 1.0 80o 3.5 144. 1.0 100. 4.2 151; 1.0 150. 0.9 192. 1.0
74 -.07
0.§ -7.6 49. 1.a 0.6 -9.6 35.8 1.0 0.8 -10.7 31.5 1.0 1.0 -11,3 9o 190 4

1.5 -10.4732.5.0 2.0 2-1.7 86.5 1.0 3*. 7.2547i4.0 4 . -616.S 1.*0
8.0 -3.4 72. 1 . 2 93. 1.0 0.0 0.9 110 * 10. 1.1 1. 1. -0
20. -0.b 91.2 L.0 J00 -Z.O 73.5 1.0 40. -1.6 4o 1.0 00. -G2 ro. 1o
o. 3. 1.0 l o. 3.8 140. 1.0 150. 6.6 18?. 1.0

74 1 -,O 
" r  

-

0.4 -6.3 43.5 1.0 0.6 -10.1 34. 1.0 0.8 -11.2 Z,. 1.0 1.0 -11.4 26.? 1.0
1.5 -7.5 47. 1.0 2.0 -4.2 65.5 1.0 1.0 -6.7 50.5 1.0 4.0 -5., 60. 1 0
6.0 -2.2 E2.5 1.0 8.0 -0.6 90. 1.0 10.0 -0.7 97.5 1.0 1.0 -4.1 74, 1,0"
20.0 -3.4 69.5 1.0 30.0 -1.7 82.5 1.0 4C0C -0.5 9bO 1.0 tCoo 0.6 1060 1.
80.0 3.8 150. 1.0 100.0 .5 1:790 1.0 •150.0 1.3 197.0 1.0
741 -#09
3 .. -8.4 42.c 1.0
o.6 -1096 32.0 1.0 0.8 -11.6 '*5 1.0 19C -12.0 26.8 1.0 1.5 -9.2 31e2 1.0
2.0 -4.0 67. 1.3 3.0 -7.4 46.5 1.0 4.0 -5.7 55.0 1,C 6.0 -? 77. 1C
EGO -0.6 98. 1.0 10.0 U.5 11. 1.0 15.0 -1,7 87. 1.C 20. -3.1 71. 1.0
30. -2.2 7Y. 1.G 40. -0.o v2. 1.0 60. 0.2 102. 1.0
80.0 3.4 14C.0 1.0 100. 3.b 146.0 1.0 150.0 M.6 15.00 10
7§1 -010
0.3 -9.1 36.5 1.0 G.4 -10.4 33o5 1.0 O. -12.2 27.Z 1.0 0,e -13.1 24. 1.C
1.0 -13. 24.3 1.0 1.5 -b.4 4* 1.0 2.0 -go. 3492 1.0 3.0 -Eo. 4C. 1.0
§ 4.w -6.4 51.5 1.0 6.u -3.b 71.5 1.0 6.0 -1.2 93. 1.0 10.0 1.6 112. 1.0
15. -1.7 67 1.0 20. -3.7 67.5 1.0 30. -2.2 7 . 1.0 40. -1.0 S0 10
60. 0.3 106. i.0 oC. 4.0 152. 1.0 100. 4.7 162o ISC 150, 7e! 26o. 1.0

0.1 -3.7 54.5 1.0 0,Z -5.8 55. 1.C 0.3 -7.1 49, 1.0 0.4 -a.7 41. 1.0
0.8 -i.6 36.3 1.0 1.0 -0,4 52. 1.0 1.5 -10,9 30.5 1.0 2.0 -:12S 2 ,3 1.0
3.0 -10.7 30.5 1.3 4.0 -8.6 39* 1.0 o.0 -5.1 59.5 1.0 8.0 -2,2 83. 1.0
100C 0.7 113.0 1.0 15.0 -0.4 99.0 1.0 20.0 -a,' 69.0 190 30,C -1,1 88.e 1.0
40.0 1.1 113.0 1.0 60.0 3.7 159.0 1,C dOO E6 235.0 0.94
"00C 8.0 230.0 V#795)41 -132

" 0.1 0.1 61.2 1.0 0.2 -3.1 76.G 1.6 0.3 -5.3 61.3 1.0 0.4 -i,! 51.3 1.0
0.6 -8.5 41.5 1.0 0.8 -d.4 41.8 1.0 1.0 -6.4 54.0 1,0 1.5 -8.6 40.7 1.0
2.0 -12.0 07.i 1.0 3.0 -11.5 Zb5 1.0 4.0 -9.5 35.8 1.0 6.0 -6.l 54.5 10
-.0 -3.4 73.5 L.0 1000 -0.6 Y760 1.3 15.0 6.2 2k3.O 1.0 2k,0 -1.4 67.0 1.0
30.0 -1.9 b3.0 1.0 40.0 0.4 108.0 1.O 60.0 3.2 153.0 1.0 6C,0 7.5 224.0 1,
100.0 8.u 234.0 0.v55-..-. 741 -633
0.1 -J.4 54.7 1.O 0.2 -o.2 53.0 1.0 0.3 -8.1 43.3 1.0 0.4 9,1 3S. 1,0
0.6 -1.3 34.0 1.0 0.6 -'#.i 35.5 1.u 1.C -6.0 5t*5 1.0 1. - .5 29. 1:

u.0 -12.1 .5.c 4.4 3.3 -10.9 30.5 1.G 4*0 -a.? 3S.o 1C a., -,.3 600C
b.0 -2.4 82.5 1.0 IC.0 3.4 112.C 1.4 11.0 -C. 1.0 1.0 20.0 -3.4270. 1.0
30. -1.1 .1.5 1.. '0.0 A.1 li. 1.1 C 0.0 3.e Lc.,10 1., t, t2o 2.0 1.o
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TABLE C2 (2 of 3)

MEASURED VALUES OF DEMODULATION RFI RESPONSES OF THE THREE-STAGE

OP AMP LED CIRCUIT WITH RFI SUPPRESSION CAPACITOR

1,0. i. 2Z.0 0.75

2.0 -1Z.6 240a8 1.0 3.0 -i.1.i 29ot 1.6 4. -". j_!. .6-.6 57.8 1.0
8.0 -2.4 18d0 1. 10.3 -0.4 LC4*C 1.C 1;5.0 3.716W12.0 .3 26. -3427Z. 1.0
109Ci -1.7 86.5 1.0 46.0 O.c I.L3eC 1.6 6C.0 3.7 162.0 1.3 ec.0 1. 29.0 1.

00.0 v.0 230.Q 4.07
?041 -#35
04-4.0 51.5 ISO 0*15 -8.5 44.5 1.0 0.2 ?.o3,47.!51.0 0.3 -boto 40.2 1.0

0 1: : 10 )5 1..)4. 37.5 1.0
0. ,.5 .35 I. a . 0. 11* 299 1 SO :10 : 1. 1:8 4:C -So 35.8 1.3

00*0Ie 6 . 34?o S 06-s *-9 54.5 1.0 0. -3.! 72.0 1.0 10.0 -10? 90.9 :0 .b 3S.I66.0140? 1.

:5:0633.0 1a 0 2 0 -11.8 26. 10 .0 -1 . 05 1 *C 4. -16.1 34.0 1.0
-6.9 0.6 0 of -3. 730 105 11: ;!1to 1.0 15.0 -4.1 65 100

20:0 -4i6 62.0 1.0 30.0 -0.5 90.0 1.0 40.0 0.5 113.0 1.0 66.0 2@7 152.0 1.
213. 0.0

219.0to 1.0o 15000 .0 21.*0 O* : Izo ;0 .

.107 960 1:0 5:8 :j~f7 3'01.~0 1j8:??~~ : 40?-96!3j;51.0
20.0 -3.8 69.0 1.0 30.0 -0.6 970 10 4 110010 OC@0 3.2 161.0 1@
60.0 7o5 223.00 1 108030 1.0o 1 060 213.0 0.44
741 -043
0.6 -8.3 45.5 1.0 0.8 -9.1 41.0 1.0o 1.0 -6. 80.5 1.0 1.5 -11.2 30.6 1.C

08-13.0 22.5 1. . 3*0 24.5 1.0 4. -11.2 30e4 10 0.0 7 4. .
be-3.7 72.5 1.0 10.0 -0.3 104.0 1.0 1No -0.i 540. 11' 20~ !.34 49. 190

J!6-oi1 J8!~~ 40;0 .8 5.112jG .60.0 2.7 153.010 6. 22* 2 .

0 -6.8 37.6 1i~ 0 0,3-64 41t 2 1.0 1.0 -6.9 41.0 1.6
1,-10.7 32.0 1. . 11.4 Z9.3 1.0 3 0 -0 10 ~.0: 4.0 -9.5 36.0 1 0

6.0 -6o2 55.0511.0% . -O2. 5 3 62 . 0-.0 1; a. ! -54 1.0 1.6
20.0 -3.0 69.o 1.0 o 30. -091.10 40.0 0. 1' 16.0 1.0 60.03.2l 160. 1.0
50. 7.5 223s 1.0 G0o do 233s 0.99f 150. So 215. 0.4i
741 -94
0.6 -6.9 54.o3 1.0 0.8 -5.0 61.5 1.0 1.3 -11.9 26.0 1.0 2.0-13.5 23.2 1.0

.0?-1.0 !: 1.0 40 -10.7 1.5a 1.0 0.0 -7.0 50.0 1 to V. . ? 6. 19
0 0 too I0 oa3 5. 10 0.-45 4010 O-1.2 93.3

40.0 0.6 16000 60.O 3.2 16C:0 10 600 7.4222:0 :0 00 . .232. 0 4L
741 -#51249 .

::1 1:0 1:8 0: :J!6135j01 30 i.60_ejI24o9O 1. 4 : j~b: 5O~iI.0 -

5 3. 77010 2.0 139,1 10. 051.9 10 60.04 A o. .
26o-. 63.1 0 00-2.77. C 4 0 3 0
Rijo 145. 1.0 160.0 4.1 151. 1.0 130.0 6.0 190.0 1.0

S:L5_b:9 Hj:0 1:8 8:j :1;! 1eO1? 0 £3C L4!93 h~ 1 % 041: 6 1:
J:0 -6.2 42:3 4.0 360 -7.7 44.!5I1.0 410 -504 59.3 11 0 60 -2o.8 7"I1f

8. 3376.0 .0 i6 -. 63. 1. l -6. 8~ 1~ go. -s.% 9j. 1O.0

0 3 o 0 14.010 1 1 a 00-. 7510 003110 .

0.1 -6.129i.j.9. 0.15 -IG;! 26:51. 0.2 -Il11 :1.60 03 -12.7: 50?.
04-32.10 0.6 -15 do .7 13 68 -5.8 1~. 10 1. -15.5 it.? 1.0
1.5 -4.3 36.0 1.0 2.0o -7.7 4t.5 1.0 3.0 -17 §4.3 1.0 4.0 -508 56.6 1.0
bo0 -3.2 7b. 1.0 6.0 -eb e2.5 let. 10.0 -3.4 14.5 1.0 15.0 -5.4 80.5 1.0
20.0 -4. 1 .b 1.0 IS 3001;~ -2.6 ?70 10 4COC -1.4 S1.0 1.6 64;.6 -0.1 106. 1.0
4 0.C 3.5 144.0 1.0 ICO.U ".1 151.1.#0 15 0.0 6 .S 191.0 1.6
741 -#54
0.1 -9.7 k5.2 1.0 0.13 -11.6 23.6 1.t 0.2 -13.0 24.2 1.0) 0.3 -13.9 22.6 IS
0.4 -14.6 21.2 1.0 0.6 -16.6 16o ISO G*6 -16.7 179 IS 1.0 1. -16.2 16.5 100

6.0 -3.2 76.5 ISu 1000 -4.4 07.0.~ iov 8 lb .2 55. 1.0 20.0 - 5 0
30.0 -3.40 72.5 1S0 40.0 -1.7 66.5 1.0 60.0 -C.3 103. 1.0 bC.0O 3.3 138. 1.0
100.0 3.6 145.0 1S0 150.0 be? 186.0 1.0
741 -955
0.1 -d.b 26.1 1.0 0.15 -11. 25.8 1.3 1j.2 -12.2 26.5 1.0 0.3 -1312o o
0:4 -13@1 22s9 1.0 0.6 -15.7 I'V4.6 l.t 0.8 -16s 186 1.0 1.6, -1 4! 19: 0

1 : 4:2 64o5 1.0 2.0 -8.4 41. 1.0 3.0 -7ok 48.3 60 4.0 -5.4
6. 3215.0 1.0 8.0 -3.2 78f. *. IG16. -4.3 66.0 i 1s .I -5.7! 51 .5 100

260 -'..9 80.8 t.0 300 -2. 77. . 1.0 40.0 -1.3 W2.0 1.O b6.0 0.0 107. 1.0
60.0 3.5 143.0 1.0 100.0 4.1 L49.ot 1.0 150.00 6.b 140.0 100

10.0 -0.9 98.9 !AQ1~~ 1.5 .C 0.0 -3. 7.1 3. 7 1
40.0 ~ ~ ~ ~ ~ S -08I. .~a.00116010 0.0 .1 M .010 Oio1o.1 f.50 1t.

4 0 a 9 1 0 0

0.6 -10.3 J5.7 1.0 C... -11i zi.5 1.0 1.0 -1&, 861C .5-. 3 .
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TABLE C2 (3 of 3)

'- MEASURED VALUES OF DEMODULATION RFI RESPONSES OF THE THREE-STAGE

OP AMP LED CIRCUIT WITH RFI SUPPRESSION CAPACITOR

2.0 -0. 4J.5 1.0 3.0 -7.9 450 10 4.0 -6.0 .55 0.0 6.0 -3.I 7.0 1 0
8.0 -1.1 5 5.u Io -1.0; 1.0.!6 -4o0 ?1 0 1.0 20.0 -3.k 6 ,0 1.0
30.0 -. 7 1 t O 40.0 -0S. 19o.)5 1,0 60.0 0.3 110006200 60.0 4,Z 13.0 1.0
1000 407 15600 100 150.0 7.4 200.0 1.0
741 -_85
0,3 -6.0 52.3 1.0 0.4 -11.4 %1,0 1.0 0.6 -12.2 2.06 1.a C8 -13.3 25,f.1.0
Lo0 -13.3 45?7 1.0 1.5 -2.0 0100 1.0 2.0 -8. 3f.0 1.0 3.0 -8.2 42. 1.
40 -O.i 54w5 1.0 00 -3.0 77.0 100 6,0 -1.3 94.0 1.0 10.0 -1.6 9zoo 1.0
15o0 -406 0605 L. Z040 -4.2 O1.,' 10 30,0 -2. 04.0 1.0 4C00 -009 95. 10
60.0 0.3 111.0 LO 600 4.1 15.o 1.0 i 0,o 407 159. 1.0 1109C 74 200o. 1.
741 -059.
0.2 -3.7 7100 1.0 0.4 -1.5 49.3 1.0 0.6 -11.9 259. 1.0 0.0 -13.4 25.4 10
1.0 -1s.4 25. 1.0 1.5 -b.8 40.3 1.0 2.0 -70 4.7 1.0 300 -9.0 30,5 1.0
4.0 -7.2 4b.; 1.0 6.0 -4.3 ?7.5 1.0 8.0 -2.1 67,. 1 0 10.0 -.3 9.0 1.0 -
15.0 -4.0 70.5 1.0 20.0 -3.9 687 1.0 30.0 -1.9 .6 1.0 4CoO -0.9 95.0 1.
60.0 0. 5 114.0 1.0 00.0 4. 5 159* 1.0 100.0 5.1 167. 1.0 15C.0 7,7 208. IOU
741 -060
04 -7.8 46.5 1:0 0.6 -10.3 35.7 1.0 0 1 -11.2 32. 0.0 1 C -11.4 31.5 1.0
1.5 -6.3 55.0 &.0 2.0 -5 0 62 5 1.0 3.5 604 53.3 1* 40-4.764.910
6.0 -108 0965 1.0 oO 0.2 111.0 10 10.0 0.3 124,0 1,0 !.80 -2.6 Ili. 1.0
20.0 -3.0 76. 1.0 30.0 -1.5 91.0 1.0 40.0 -0.3 153. 1.0 60o0 0.4 113. 1.0
90_03.9 150.0 1.0 100.0 4e4 1t6.0 LO 150.0 6.9 19200 1.0
01 -0.4 76. 1.0 1.5 -o,7 53.3 1.0 2.0 -5.6 5.oO 1.0 3oG -2.6 73.0 1.0
,"4.0 -. :.j !0o 6,. S. 169. 0 l0o 0.05. 201,0 .0 10.0 8.4 29510 1.0
1.0 8 0. 0 1.0 0 5.0 193.0 .0 3 3.3161o0 1.0 400 3,6 16. 1.0
60.0 3.9 174.0 1.0 800.0 606 202. 1.0 1000 6.2 109. 10 150.0 7o 210. 1.07 1 -9K 14

S-7.2 50*5 10 20 -6.3 5*.0 1.O 3.U -4.1 69. 1.0 4.0 -1.7 90. 1.0
. .1 0 0 14 .0 1.01 0 I O.o 0 . o 1. ,0 V 3 0 I

- O2.0 5.3 202.0 10 0.3 16. 10 4.0.aio.0 60. .'.1,. 1

80o0 6.7 207.0 10 100.0 b.3 191.0 1.0 150.0 7.7 210. 1.0 .S

741 -81(20 
tl70100.1 -1.1 73o 1.) 0.4 -2.7 05,3 1.O 1.5 -6.6 54.3 .0 .0 -. 57.0 1.0

3.0 -3.7 72. 1.0 4.o -103 S5*., 1. o. 2* 5s . D0.0 . 22 0 1.C10 3 '0,0 ., 15.0 d.V 31.o0 1.0 Z0.0 5 * 2060 1.0 300 3Jo 16.00 1.
40.0 3.8 172.0 1.0 bo. 9.1 171.0 1.0 e0.0 60 205.0 100 IU.o 6.3 19. 1.0
.5000 7.7 206.0 1.041 -A28

* 1.0 -8.Z 45O0 10 1.5 -8.4 4j.3 1.0 2.0 -7.1 400 1.0 3.0 -4.7 64.5 1.0
4.0 -2.1 66.0 1.0 600 13. 1. . .20700 1.0 10.0 7.0 273.0 1 0
15.0 3.7 1?5.0 1.0 , .4 125.0 0 300 1..7 1 .41o.
60. ..2 16o. 1. 80. .5 100 6.4 194. 1.0 150 0. 21s3o 0.94.
741 -OK32
0.8 -5o2 65oO 1o 10 - .3 58.0 1.J 1.5 -7.1 51.0 1.0 2.0 -6.2 54.3 1.0
3.0 -4.0 69.5 1.0 4.0 -. o 9. 0. 1 6.0 2.4 150.0 1.0 e.c 1.5 21j .0 ,.
1 O0. 7.8 ZT .0 1.0 5 aO 200. 10 0 20.0 4%v 193.0 1.0 30.0 33 16. .

.' 40.03.6109.0 1.0 60.0 4.1 76.0 1.0 60.0 6.8 206 0 1.0 tO.O t.2 10'9.
1 00 .0 210 1.0
14.02.18.UCPG, 1022 0.004 :P(iC "
14.02 10.UCLN, 1022a . G.219 FLt-
14.C3oU*UCLP, AAP J33, C.2-KL4S*
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APPENDIX D

NCAP SENSITIVITY ANALYSIS RESULTS FOR THE UNITY GAIN

BUFFER AMPLIFIEI CIRCUITS

Appendix D contains four tables of NCAP sensitivity analysis results.

Tables DI and D2 contain NCAP sensitivity results for the 741 unity gain -'

buffer amplifier circuit shown in Figure 6-1. Tables D3 and D4 contain

NCAP sensitivity results for the LF355 unity gain buffer amplifier

circuit shown in Figure 6-5. The effects of the JFET interelectrode

parasitic capacitances are included in the circuit simulations.(1 5pF,

C 2
= 3pF, 03 = 4pF). The standard values in the second column of each table

are H2 values obtained when the original NCAP parameter values are used.

In Table DI are H2 values for a +10% and a -10% variation in the

value of one BJT model parameter for RF frequencies 0.1 to 100 MHz. Note

that H values for the -10% variation in the value of the parameters VB,
2 B

P, ICmax, a, h ax ,  C2, rb, and rc are not listed because the appro-FCmax' h K

priate simulations have not been performed. Also omitted are H2 values

for both +10% and -10% variations in the value of the parameters C1 and

C2. In Table D2 are H2 values for a +10% and a -10% variation in the

value of one linear macromodel parameter ior RF frequencies 0.1 to 500 MHz.

Note that H values for the -10% variation in the value of the parameter
2

C are not listed because the appropriate simulations have not been2

performed. Also omitted are H values for both +10% and -10% variations
2

in the value of the parameters R2, H0 1 , R 0 2 , and Gb. In Table D3 are H2

values for a +10% and a -10 variation in the value of one JP10 model

parameter for RF frequencies 0.1 to 500 MHz. Note that H2 values for the

-10% variation in the value of the parameters Vp, p, i, VG, and K are

211
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not listed because the appropriaLe simulations have not been performed.

Also omitted are H values for both *10% and -10% variations in the value
2

- of the parameters CG, RS , m, and V In Table D4 are H values for a
oD 2

1+10% and a -10% variation in the value )f one Ilneax macromodel parameter

- "for RF frequencies 0.1 to 500 MHz. N'ute ttat H v&aues Ior the +10% and

-10% variations in the value oi tne parameters ,. f , 11 ,,, and

Gb are not listed because the appropriate slaula, rrs rave not been

performed.

.9--
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TABLE D1(1 OF 4)
NCAP SENSITIVITY ANALYSIS RESULTS FOR 741 UNITY GAIN BUFFER AFLIJ ZI-

BJT MODEL PARAMETER VARIATION

Values of 201og1 0 1H2 (f 1 ,-f 2 )' VS RF Frequency

Freq Std. VC "
M'{z Value +10% -10% +10% -10% +10% -10% +10% -10%

0.10 -58.1 -59.0 -56.3 -59.8 -56.3 -56.5 -58.1 -58.1
0.15 -51.1 -51.9 -49.2 -52.7 -49.2 -49.4 -51.0 -51.2
0.20 -46.1 -47.0 -44-3 -47.8 -44.3 -44.5 -46.1 -46.1

0.30 -39.2 -40.1 -37.3 -41.0 -37.4 -38.0 -39.1 -39.2
0.40 -34.4 -35.4 -32.5 -36.0 -32.7 -33.0 -34.4 -34.4
0.60 -27.9 -29.0 -26.0 -29.4 -26.3 -26.0 -28.0 -28.0

0.80 -23.7 -24.9 -21.4 -25.1 -22.2 -22.0 -24.0 -24.0
1.00 -20.8 -22.1 -20.0 -22.0 -19.5 -19.0 -21.0 -21.0
1.50 -16.7 -18.4 -18.3 -18.0 -16.0 -14.0 -17.0 -17.0

2.00 -15.2 -17.0 -12.0 -16.0 -15.0 -12.1 -15.2 -15.2
3.00 -15.1 -17.0 -11.3 -16.0 -14.4 -12.0 -15.1 -15.1
4.00 -15.6 -17.5 -12.0 -16.4 -15.0 -12.4 -16.0 -16.0
6.00 -14.8 -16.4 -11.5 -16.1 -13.3 -12.0 -15.0 -15.0
8.00 -12.4 -14.0 -09.5 -14.0 -11.0 -09.8 -13.0 -12.4

10.0 -10.4 -12.0 -07.8 -12.0 -09.2 -08.0 -11.0 -10.2
15.0 -07.8 -08.9 -05.9 -09.0 -07.0 -06.1 -08.2 -08.0
20.0 -07.4 -08.3 -06.0 -08.0 -07.0 -06.0 -08.0 -07.0

30.0 -08.7 -09.3 -07.6 -09.1 -08.3 -07.7 -09.3 -08.1
40.0 -10.6 -11.0 -09.8 -11.0 -10.2 -09.9 -11.4 -10.0
60.0 -14.4 -15.0 -14.0 -15.0 -14.0 -14.0 -15.4 -13.4
80.0 -17.8 -18.1 -17.5 -18.1 -17.6 -17.4 -19.0 -17.0

100. -20.8 -21.0 -21.0 -21.1 -21.0 -21.0 -22.0 -20.0
150. -27.1
200. -32.3

300. -40.4
400. -46.6
500. -51.6
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TABLE D1(2 OF 4)

NCAP SENSITIVITY ANALYSIS RESULTS FOR 741 UNITY GAIN BUFFER AMPLIFIER
BJT MODEL PARAMETER VARIATION

Values of 20loIH 2(fl1,-f2) vs RF ?requency

Freq Std. l I ICrax a

.MHz Value +10% -10% +10% -10% +10% -10% +10% -10%

0.1O -58.1 -58.5 -58.0 -58.1 -58.1 -58.1

0.15 -51.1 -51.4 -50.6 -51.1 -51.1 -51.1
0.20 -46.1 -46.5 -46.0 -46.1 -46.1 -46.1

0.30 -39.2 -40.0 -38.7 -39.2 -39.2 -39.2

0.40 -34.4 -34.8 -33.9 -34.4 -34.4 -34.4

0.60 -27.9 -28.4 -27.4 -27.9 -27.9 -27.9

0.80 -23.7 -24.2 -23.1 -23.7 -23.7 -23.7
1.00 -20.8 -21.3 -20.1 -20.8 -20.8 -20.8

1.50 -16.7 -17.4 -15.9 -17.0 -16.7 -16.7

2.00 -15.2 -15.9 -14.3 -15.2 -15.2 -15.2

3.00 -15.1 -15.8 -14.1 -15.0 -15.1 -15.1

4.00 -15.6 -16.4 -14.7 -16.0 -15.6 -15.6

6.00 -14.8 -15.5 -13.9 -15.0 -15.0 -15.0
8.00 -12.4 -13.1 -12.0 -12.4 -12.4 -12.5

10.0 -10.4 -11.0 -09.7 -10.4 -10.4 -10.4

15.0 -07.8 -08.3 -07.3 -08.0 -07.8 -07.8
20.0 -07.4 -08.0 -07.2 -07.3 -07.4 -07.4

30.0 -08.7 -08.9 -08.4 -09.0 -09.0 -09.0

40.0 -10.5 -10.8 -10.4 -10.5 -10.6 -10.6

60.0 -14.4 -15.0 -14.3 -14.3 -14.4 -14.4

80.0 -17.8 -17.9 -17.7 -18.0 -17.8 -17.8

100. -20.8 -20.9 -20.8 -20.7 -20.8 -20.8

150. -27.1
200. -32.3

300. -40.4
400. -46.6
500. -51.6
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TABLE D1(3 OF 4)

NCAP SESITIVITY ANALYSIS RESULTS FOR 741 UNITY GAIN BUFFER AMPLIFIER

BJT MODEL PARAMWTER VARIATION

Values of 201ogojH2 (fl,-f 2)1 vs RF Frequency

Freq Std. hFEmax  K n

MHz Value *10% -10% +10% -10% +10% -10% +10% -10%

0.10 -58.1 -58.1 -58.1 -57.2 -59.0 -58.1
0.15 -51.1 -51.1 -51.1 -50.2 -51.9 -51.1
0.20 -46.1 -46.1 -46.1 -45.3 -47.0 -46.1

0.30 -39.2 -39.2 -39.2 -38.4 -40.0 -39.2
0.40 -34.4 -34.4 -34.4 -33.4 -35.2 -34.4
0.60 -27.9 -27.9 -28.0 -27.3 -28.6 -27.9

0.80 -23.7 -23.7 -24.0 -23.3 -24.2 -23.7
1.00 -20.8 -21.0 -20.7 -20.5 -21.1 -20.8

1.50 -16.7 -16.7 -17.0 -17.0 -16.7 -16.7

2.00 -15.2 -15.2 -15.2 -15.5 -15.0 -15.2
3.00 -15.1 -15.1 -15.1 -15.3 -14.7 -15.1
4.00 -15.6 -15.6 -16.0 -15.6 -16.0 -15.6

6.00 -14.8 -15.0 -14.9 -14.4 -15.2 -15.0

8.00 -12.4 -12.4 -13.0 -12.0 -13.0 -12.5

10.0 -10.4 -10.4 -10.5 -10.2 -10.8 -10.4

15.0 -07.8 -07.8 -08.0 -08.0 -07.8 -07.9
20.0 -07.4 -07.4 -07.6 -07.7 -07.1 -07.4

30.0 -08.7 -09.0 -09.0 -09.2 -08.2 -08.7
40.0 -10.5 -10.6 -10.9 -11.1 -10.0 -10.1
60.0 -14.4 -14.4 -15.0 -15.0 -13.8 -14.5
80.0 -17.8 -17.8 -18.2 -18.5 -17.2 -18.0

100. -20.8 -20.8 -21.2 -21.5 -20.1 -21.0

150. -27.1
200. -32.3

300. -40.4
400. -46.6
500. -51.6
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TABLE D1(4 OF 4)

NCAP SENSITIVITY ANALYSIS RESULTS FOR 741 UNITY CAIN BUFFER AMPLIFIR-
BJT MODEL PARAMETER VARIATION

Values of 20log10jH2( f1 -f2) vs RF Frequency

Freq Std. rb C1  C2

MHz Value +10% -10% +10% -10% +10% -10% +10% -10%

0.10 -58.1 -58.1 -58.1
0.15 -51.1 -51.1 -51.1
0.20 -46.1 -46.1 -46.1

0.30 -39.2 -39.2 -39.2
0.40 -34.4 -34.4 -34.4
0.60 -27.9 -27.9 -27.9

0.80 -23.7 -24.0 -23.7
1.00 -20.8 -21.0 -21.0
1.50 -16.7 -17.0 -16.7

2.00 -15.2 -15.1 -15.2
3.00 -15.1 -15.0 -16.0
4.00 -15.6 -16.0 -15.6

6.00 -14.8 -14.8 -15.0
8.00 -12.4 -13.0 -12.4

10.0 -10.4 -10.4 -10.4
15.0 -07.8 -08.0 -07.5
20.0 -07.4 -07.5 -07.4

30.0 -08.7 -09.0 -09.0
40.0 -10.5 -11.0 -10.6
60.0 -14.4 -14.8 -14.4
80.0 -17.8 -18.3 -17.8

100. -20.8 -21.3 -20.8
150. -27.1
200. -32.3

300. -40.4
400. -46.6
500. -51.6
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TABLE D2(1 OF 3)

NCAP SE SITIVITY ANALYSIS RESULTS FOR 741 UNITY CAIN BUFFER AMPLIFIER
LINEAR MACROMODEL PARAMETER VARIATION

Values of 20log101H2 (f1 ,-f2)I vs RF Frequency

Freq Std. C Re C G
CE eC 2 a

MHz Value +10% -10% +10% -10% +10% -10% +10% -10%

0.10 -58.1 -57.2 -59.0 -58.1 -58.1 -57.3 -59.0 -57.2
0.15 -51.1 -50.2 -52.0 -51.1 -51.2 -50.3 -51.8 -50.2
0.20 -46.1 -45.2 -47.0 -46.1 -46.1 -45.4 -47.0 -45.3

0.30 -39.2 -38.3 -40.1 -39.2 -39.1 -38.5 -39.9 -38.4
0.40 -34.4 -34.0 -35.3 -34.5 -34.3 -34.0 -35.1 -34.0
0.60 -27.9 -27.1 -29.0 -28.1 -28.0 -27.5 -28.5 -27.4

0.80 -23.7 -23.0 -25.0 -23.9 -23.5 -23.4 -24.1 -23.4
1.00 -20.8 -20.0 -22.0 -21.1 -21.0 -20.7 -20.9 -20.7
1.50 -16.7 -15.9 -17.7 -17.2 -16.4 -17.2 -16.4

2.00 -15.2 -14.4 -16.2 -15.8 -15.0 -15.9 -14.5 -16.0
3.00 -15.1 -14.2 -16.1 -16.0 -15.0 -16.0 -14.2 -16.0
4.00 -15.6 -14.6 -17.0 -16.2 -15.2 -16.2 -15.0 -16.3

6.00 -14.8 -13.6 -16.2 -15.1 -14.5 -14.9 -15.0 -15-.0
8.00 -12.4 -11.3 -13.7 -12.7 -12.2 -12.5 -12.4 -12.5

10.0 -10.4 -09.4 -11.6 -10.7 -10.1 -10.4 -10.4 -10.4
15.0 -07.8 -07.1 -08.7 -08.2 -07.5 -07.8 -08.0
20.0 -07.4 -07.0 -08.1 -07.8 -07.5 -07.4 -07.4

30.0 -08.7 -08.3 -09.2 -09.1 -08.2 -09.0 -09.0 -09.0
40.0 -10.5 -10.3 -11.0 -11.2 -10.1 -10.6 -10.6 -10.6
60.0 -14.5 -14.2 -14.8 -15.1 -14.0 -14.4 -14.4 -14.4
80.0 -17.8 -17.6 -18.2 -18.5 -17.2 -17.8 -18.0 -18.0

100. -20.8 -20.6 -21.1 -22.0 -20.1 -20.8 -20.8 -20.8
150. -27.1 -27.0 -27.4 -28.0 -26.3 -27.2 -27.1 -27.2
200. -32.3 -32.2 -32.5 -33.3 -31.4 -32.3 -32.3 -32.3

300. -40.4 -40.3 -41.0 -41.5 -39.5 -40.5 -40.5 -40.5
400. -46.6 -46.6 -47.0 -47.6 -45.7 -46.7 -46.7 -46.7
500. -51.6 -51.6 -52.0 -52.5 -51.0 -52.0 -52.0 -52.0
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TABLE D2(2 OF 3)

NCAP SENSITIVITY ANALYSIS RESULTS FOR 741 UNITY GAIN BUFFE AMPLIFIEJ

LINEAR MACROMODEL PARAMETER VARIATION

Values of 20log10jH2(f1 ,-f2)I vs RF Frequency

Freq Std. Rc RE C1  R2
MHz Value +10% -10% +10% -10% +10% -10% +10% -10%

0.10 -58.1 -58.9 -57.2 -58.1 -58.1 -58.1 -58.1
0.15 -51.1 -51.8 -50.2 -51.1 -51.1 -51.0 -51.1
0.20 -46.1 -46.8 -45.3 -46.1 -46.1 -46.1 -46.1

0.30 -39.2 -39.9 -38.4 -39.2 -39.2 -39.2 -39.2
0.40 -34.4 -35.0 -33.7 -34.4 -34.4 -34.4 -34.4
0.60 -27.9 -28.4 -27.5 -27.9 -27.9 -27.8 -28.0

0.80 -23.7 -23.9 -23.6 -23.7 -23.7 -23.6 -23.8
1.00 -20.8 -20.8 -20.9 -20.8 -20.8 -20.7 -20.9
1.50 -16.7 -16.2 -17.4 -16.8 -16.8 -16.6 -16.9

2.00 -15.2 -14.5 -16.0 -15.3 -15.3 -15.1 -15.3
3.00 -15.1 -14.5 -15.7 -15.1 -15.1 -15.3 -14.9
4.00 -15.6 -15.5 -15.9 -15.7 -15.7 -16.0 -15.3

6.00 -14.8 -14.9 -14.7 -14.8 -14.8 -15.0 -14.5
8.00 -12.4 -12.5 -12.4 -12.5 -12.5 -12.5 -12.4

10.0 -10.4 -10.5 -10.4 -10.4 -10.4 -10.4 -10.4
15.0 -07.8 -07.9 -07.8 -07.9 -07.9 -07.8 -07.9
20.0 -07.4 -07.5 -07.3 -07.4 -07.4 -07.4 -07.5

* 30.0 -08.7 -08.7 -08.6 -08.7 -08.7 -08.7 -08.7
40.0 -10.5 -10.6 -10.5 -10.6 -10.6 -10.6 -10.6
60.0 -14.4 -14.4 -14.4 -14.5 -14.5 -14.5 -14.4
80.0 -17.8 -17.7 -17.8 -17.8 -17.8 -17.9 -17.8

100. -20.8 -20.7 -20.8 -20.9 -20.9 -20.9 -20.8
150. -27.1 -27.0 -27.2 -27.2 -27.2 -27.3 -27.1
200. -32.3 -32.2 -32.3 -32.4 -32.4 -32.4 -32.2

300. -40.4 -40.3 -40.5 -40.5 -40.5 -40.6 -40.3
400. -46.6 -46.6 -46.6 -46.7 -46.7 -46.9 -46.5
500. -51.6 -51.7 -51.6 -51.7 -51.7 -51.9 -51.5
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TABLE D2(3 OF 3)

NCAP SENSITIVITY ANALYSIS RESULTS FO)R 741 UNITY GAIN BUFFER AMPLIFIER
LINEAR MACROMODEL PARAMETER VARIATION

Values of 20log10jH 2( f1I-f 2)1 vs RF Frequency

Preq Std. Gm R 2  Gb

MHz Value +10% -10% +10% -10% +10% -10% +10% -10%

0.1 J -58.1 -58.1 -58.1
0.15 -51.1 -51.1 -51.1
0.20 -46.1 -46.1 -46.1

0.30 -39.2 -39.2 -39.2
0.40 -34.4 -34.4 -34.4
0.6 -27.9 -27.9 -27.9

0.80 -23.? -23.7 -23.7
1.00 -20.8 -21.0 -21.0
1.50 -16.7 -16.7 -16.7

2.00 -15.2 -15.2 -15.2
3.00 -15.1 -15.1 -15.1
4.00 -15.6 -15.6 -15.6

6.00 -14.8 -15.0 -15.0
8.00 -12.4 -12.4 -12.4

10.0 -10.4 -10.4 -10.4
15.0 -07.8 -07.8 -07.8
20.0 -07.4 -07.4 -07.4

30.0 -08.7 -09.0 -09.0
40.0 -10.5 -10.6 -10.6
60.0 -14.4 -14.4 -14.4
80.0 -17.8 -17.8 -17.8

100. -20.8 -20.8 -20.8
150. -27.1 -27.2 -27.2
200. -32.3 -32.3 -32.3

300. -40.4 -40.5 -40.5
400. -46.6 -46.7 -46.7
500. -51.6 -52.0 -52.0
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TABLE D3(1 OF 2)

NCAP SENSITIVITY ANALYSIS RESULTS FOR LF355 UNITY GAIN BUFFER AMPLIFIER
JFET MODEL PARAMETER VARIATION

VALUES OF 201ogloIH2 (f1 ,-f2 )I vs RF FREQUENCY

Freq Std. Vp IDmax p

MHz Value +10% -10% +10% -10% +10% -10% +10% -10%

0.10 -74.0 -75.0 -76.0 -72.1 -74.1 -72.9
0.15 -67.3 -68.4 -69.0 -65-5 -67.5 -66.3
0.20 -61.9 -63.0 -63.5 -6o.2 -62.0 -60.9
0.30 -55.3 -56.4 -57.0 -54.0 -55.4 -54.3
0.40 -50.2 -51.3 -51.7 -48.6 -50.1 -49.3

o6o -43.9 -45.0 -45.2 -43.0 -44.0 -43.0
0.80 -40.1 -41.2 -41.1 -38.9 -39.9 -39.3
1.00 -38.0 -39.3 -39.0 -37.4 -38.0 -37.5
1.10 -37.8 -39.0 -37.6 -37.1 -36.8 -37.0
1.20 -37.8 -39.2 -38.0 -38.4 -37.2 -38.0 A-

1.30 -39.8 -41.5  -39.0 -42.3 -38.7 -40.8 -
1.40 -46.1 -49.0 -42.0 -74.4 -43.4 -51.7
1.50 -59.0 -54.9 -49.5 -42.3 -59.1 -47.0
i.6o -35.3 -36.0 -41.0 -31.5 -37.0 -32.9
1.70 -29.1 -30.2 -32.1 -27.3 -29.6 -27.9

1.80 -25.4 -27.0 -27.0 -25.1 -25.3 -25.0
1.90 -23.5 -25.0 -24.0 -24.6 -22.8 -23.8
2.00 -23.2 -24.8 -22.4 -25.2 -22.0 -24.0
2.10 -24.2 -26.0 -22.0 -27.3 -23.0 -25.72.20 -26.1 -28.1 -23.2 -30.0 -24.3 -28.0

2.30 -29.0 -30.8 -25.3 -33.4 -27.0 -31.0

2.40 -32.0 -34.2 -28.0 -37.8 -29.7 -34.8

2.50 -35.2 -37.6 -30.5 -42.9 -33.0 -38.7

3.00 -49.0 -45.1 -60.2 -41.0 -47.8 -41.8
4.00 -35.0 -36.1 -35.3 -34.3 -34.4 -34.4

5.00 -34.4 -36.0 -35.0 -34.2 -33.9 -34.2
6.00 -34.4 -35.7 -34.4 -34.3 -33.8 -34.2
8.00 -35.2 -36.6 -35.3 -35.2 -35.0 -35.1
10.0 -36.2 -38.0 -36.2 -36.2 -35.6 -36.o
15.0 -38.9 -40.3 -39.0 -39.0 -38.4 -38.8

20.0 -40.5 -42.0 -40.5 -40.5 -39.9 -4o.4
30.0 -44.5 -46.0 -44.5 -44.5 -43.9 -44.4
40.0 -47.2 -48.5 -47.1 -47.2 -47.0 -47.1
60.0 -52.2 -54.0 -52.2 -52.2 -51.6 -52.1
80.0 -56.3 -57.7 -56.3 -56.4 -55.7 -56.2

100. -60.0 -61.1 -60.0 -59.8 -59.2 -59.7
150. -67.1 -68.5 -67.1 -67.1 -66.5 -67.0
200. -71.4 -72.8 -71.4 -71.5 -70.8 -71.3
300. -79.0 -80.0 -78.5 -78.6 -78.0 -78.5
400. -84.0 -85.0 -84.0 -83.7 -83.1 -83.6
500. -87.6 -89.0 -88.0 -87.7 -87.0 -87.6
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TABLE D3(2 OF 2)

NCAP SENSITIVITY ANALYSIS RESULTS FOR LF355 UNITY GAIN BUFFER AMPLIFIER

HFET MODEL PARAMETER VARIATION
VALUES OF 20log10 jH (f1 -f )I vs RF FREQUENCYI

Freq Std. V c5

MHz Value +10% -10% +1.0% -10%

0.10 -74.0 -72.9 -74.0
0.15 -67.3 -66.3 -67.3
0.20 -61.9 -60.9 -61.9
0.30 -55.3 -54.3 -55.3
0.40 -50.2 -49.3 -50.3 P

0.60 -43.9 -43.0 -44.o
0.80 -40.1 -39.2 -40.2
1.00 -38.0 -37.3 -38.2
1.10 -37.2 -36.6 -37.5
1.20 -37.8 -37.3 -38.2

1.30 -39.8 -39.7 -40.5
1.40 -46.1 -48.0 -48.0
1.50 -59.0 -51.2 -53.0
1.60 -35.3 -33.6 -34.5
1.70 -29.1 -28.0 -28.6

1.80 -25.4 -24.7 -25.0
1.90 -23.5 -23.2 -23.2
2.00 -23.2 -23.2 -22.9
2.10 -24.2 -24.5 -24.0
2.20 -26.1 -27.0 -26.0

2.30 -29.0 -29.5 -28.6
2.40 -32.0 -33.0 -31.9
2.50 -35.2 -36.5 -35.1
3.00 -49.0 -43.0 -45.1
4.00 -35.0 -34.1 -34.9

5.00 -34.4 -33.8 -35.0
6.00 -34.4 -34.0 -35.0
8.00 -35.2 -35.0 -35.5
10.0 -36.2 -35.6 -36.4
15.0 -38.9 -38.4 -39.2

20.0 -40.5 -39.9 -4o.8
30.0 -44-5 -43.9 -45.0
40.0 -47.2 -47.0 -48.0
60.0 -52.2 -51.6 -52.6
80.0 -56.3 -55.7 -56.7
100. -60.0 -59.2 -60.2

*150. -67.1 -66.5 -67.5
200. -71.4 -71.0 -72.0
300. -79.0 -78.0 -79.0
400. -84.0 -83.1 -84.1
500. -87.6 -87.1 -88.1

221



V TABLE D4 (1 of 2)

NCAP SENSITIVITY ANALYSIS RESULTS FOR LF355 UNITY GAIN BUFFER AMPLIFIER

LINEAR MACROMODEL PARAMETER VARIATION

VALUES OF 20log10 H2 (fl,-f 2 )I vs RF FREQUENCY

Freq. Std. Rd  Ga  R s C2d a s

MHz Value +10% -10% +10% -10% +10% -10% +10% -10%

0.10 -74.0 -75.0 -73.0 -75.0 -73.0 -74.o -74.0 -73.1 -75.0
0.15 -67.3 -68.2 -66.4 -68.2 -66.4 -67.3 -67.3 -66.5 -68.3

. 0.20 -61.9 -63.0 -61.0 -63.0 -61.0 -61.9 -61.9 -61.1 -63.0
0.30 -55.3 -56.2 -54.4 -56.2 -54.4 -55.3 -55.3 -54.4 -56.3
0.40 -50.2 -51.1 -49.3 -51.1 -49.3 -50.2 -50.2 -49.3 -51.2

0.60 -43.9 -45.0 -43.0 -45.0 -42.8 -43.9 -43.9 -42.9 -45.0
0.80 -40.1 -41.3 -38.8 -41.2 -38.8 -40.0 -40.0 -38.9 -41.3
1.00 -38.0 -39.8 -36.4 -39.5 -36.5 -38.0 -38.0 -36.6 -39.6
1.10 -37.2 -39.7 -35.2 -38.9 -35.4 -37.3 -37.2 -36.0 -39.1
1.20 -37.8 -41.7 -35.0 -40.o -36.0 -38.0 -38.0 -35.7 -40.3

1.30 -39.8 -49.0 -35.5 -43.2 -36.6 -39.9 -39.7 -37.0 -44.0
1.4o -46.1 -47.0 -36.9 -59.1 -39.6 -47.0 -46.0 -4o0.0 -62.5
1.50 -59.0 -38.0 -40.3 -46.3 -56.6 -62.3 -47.7 -45.7
1.60 -35.3 -27.8 -52.9 -32.4 -44.0 -35.0 -36.0 -42.4 -32.2
1.70 -29.1 -22.7 -43.3 -27.0 -35.1 -28.8 -29.4 -34.4 -26.4

1.80 -25.4 -19.1 -35.8 -22.2 -31.6 -25.1 -25.6 -30.9 -22.0
1.90 -23.5 -17.1 -33.0 -19.2 -30.5 -23.3 -24.o -29.7 -19.0
2.00 -23.2 -17.1 -32.0 -18.1 -30.6 -23.0 -23.4 -30.0 -17.6
2.10 -24.2 -18.7 -32.1 -18.0 -33.0 -24.1 -24.3 -32.0 -17.2
2.20 -26.1 -21.3 -33.6 -19.4 -35.5 -26.1 -26.2 -34.5 -18.6

2.30 -29.0 -24.3 -36.2 -22.0 -40.0 -29.0 -29.0 -38.3 -20.9 b

2.4o0 -32.0 -27.7 -40.0 -24.5 -46.6 -31.9 -32.1 -44.4 -24.0
2.50 -35.2 -30.9 -44.2 -27.1 -60.0 -35.1 -35.4 -53.4 -26.3
3.00 -49.0 -49.1 -41.4 -53.9 -39.0 -45.2 -44.5 -39.3 -50.1
4.0 -35.0 -35.0 -34.4 -35.5 -34.2 -35.0 -34.6 -34.2 -35.6

5.00 -34.4 -34.6 -34.2 -35.0 -34.2 -34.5 -34.3 -34.2 -34.7
6.00 -34.4 -35.0 -34.2 -34.5 -34.2 -34.5 -34.3 -34.3 -34.5
8.00 -35.2 -35.4 -35.1 -35.3 -35.2 -35.4 -35.1 -35.2 -35.3
10.0 -36.2 -36.3 -36.0 -36.2 -36.1 -36.3 -36.0 -36.1 -36.2
15.0 -38.9 -39.0 -39.0 -39.0 -39.0 -39.2 -38.7 -38.9 -39.0

20.0 -4o.5 -4o.5 -4o.5 -40.5 -4o0.5 -41.0 -4o0.2 -40.5 -4o0.5
30.0 -44.5  -44.5 -44.5 -44.5 -47.1 -44.8 -44.2 -44.5 -44.5
40.0 -47.2 -47.2 -47.2 -47.2 -44.5 -47.5 -47.0 -47.1 -47.2

- 60.0 -52.2 -52.2 -52.2 -52.2 -52.2 -52.6 -51.7 -52.2 -52.2
80.0 -56.3 -56.3 -56.3 -56.3 -56.3 -56.8 -55.8 -56.3 -56.3

loo. -6o.o -59.7 -60.0 -60.0 -59.7 -60.3 -59.2 -59.7 -60.0
150. -67.1 -67.1 -67.1 -67.1 -67.1 -68.0 -66.5 -67.1 -67.1
200. -71.4 -71.4 -71.4 -71.4 -71.4 -71.9 -70.9 -71.4 -71.4
300. -79.0 -79.0 -79.0 -79.0 -79.0 -79.0 -78.1 -79.0 -79.0
400. -84.0 -84.0 -84.0 -84.0 -84.0 -84.1 -83.2 -84.0 -84.0
500. -87.6 -87.6 -87.6 -87.6 -87.6 -88.0 -87.2 -87.6 -87.6
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TABLE D4 (2 of 2)
NCAP SENSITIVITY ANALYSIS RESULTS FOR LF355 UNITY GAIN BUFFER AMPLIFIER

LINEAR MACROMODEL PARAMETER VARIATION

VALUES OF 2OlogloH 2 (f1,-f2)l vs RF FREQUENCY

Freq. Std. C G
s cm

MHz Value +10% -10% +10% -10%

0.10 -74.0 -73.5 -74.4 -74.0 -74.0
0.15 -67.3 -66.8 -67.8 -67.3 -67.3
0.20 -61.9 -61.4 -62.4 -61.9 -61.9
0.30 -55.3 -54.8 -56.o -55.3 -55.3
0.40 -50.2 -50.0 -51.0 -50.2 -50.2

0.60 -43.9 -43.5 -44.2 -43.9 -43.9
0.80 -40.1 -39.7 -40.4 -4O.O -40.0
1.00 -38.0 -37.8 -38.3 -38.0 -38.0
1.10 -37.2 -37.2 -37.4 -37.2 -37.2
1.20 -37.8 -38.0 -37.8 -37.8 -37.8

1.30 -39.8 -4o.3 -40.0 -39.8 -39.8
i.4o -46.1 -48.1 -45.0 -46.1 -46.1
1.50 -59.0 -52.2 -82.1 -59.0 -59.0
1.60 -35.3 -34.1 -36.4 -35.3 -35.3
1.70 -29.1 -28.3 -29.9 -29.1 -29.1

1.80 -25.4 -24.7 -26.0 -25.4 -25.4
1.90 -23.5 -22.9 -24.0 -23.5 -23.5
2.00 -23.2 -23.0 -24.0 -23.2 -23.2
2.10 -24.2 -23.7 -24.6 -24.2 -24.2
2.20 -26.1 -25.7 -26.5 -26.1 -26.1

2.30 -29.0 -28.4 -29.1 -29.0 -29.0
2.40 -32.0 -32.0 -32.4 -32.0 -32.0
2.50 -35.2 -35.0 -36.0 -35.2 -35.2
3.00 -49.0 -44.5 -45.2 -45.0 -44.8
4.00 -35.0 -34.4 -35.0 -35.0 -35.0

5.00 -34.4 -34.1 -35.0 -34.4 -34.4
6.00 -34.4 -34.0 -34.7 -34.4 -34.4
8.00 -35.2 -34.8 -36.0 -35.2 -35.2
10.0 -36.2 -35.7 -36.6 -36.2 -36.2
15.0 -38.9 -38.5 -39.4 -38.9 -38.9

20.0 -40.5 -4O.O -41.o -40.5 -4 0.5
30.0 -44.5 -44.1 -45.0 -44.5 -44.5
40.0 -47.2 -46.8 -48.0 -47.2 -47.2
60.0 -52.2 -52.0 -52.5 -52.2 -52.2
80.0 -56.3 -56.1 -56.5 -56.3 -56.3
100. -60.0 -59.6 -60.0 -60.0 -60.0
150. -67.1 -67.0 -67.2 -67.1 -67.0
200. -71.4 -71.4 -71.5 -71.4 -71.4
300. -79.0 -78.5 -79.0 -79.0 -78.6
400. -84.0 -84.0 -84.0 -84.0 -83.7
500. -87.6 -87.6 -87.6 -87.6 -87.6
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APPENDIX E

DISCUSSION: SUPPRESSION OF RFI RESPONSES

IN INVERTING AMPLIFIER

In Chapter 5, we have presented experimental results showing how

RFI demodulation responses in an op amp inverting amplifier can be supp-

ressed by including a 27 pF capacitor in the feedback path. Here we

attempt to apply the approach used by Goedbloed, Riemens and Stienstra
3 1

to calculate theoretically the amount of RFI suppression. The calculated

values will be compared to the experimental values in Figure 5-5.

Shown in Figure E-1 is the circuit diagram of an inverting amplifier.

We define:

Vi = input voltage containing a desired signal and an interference

signal,

Vin = desired signal,

VRF = interference signal,

Z =differential input impedance of the op amp,

Zo  output impedance of the op amp,

A op amp open-loop voltage gain,

Vo  output voltage,

ZL = load impedance.

The voltage at the inverting node and the non-inverting node of the op amp

are denoted as V1 and V2 respectively. We assume that the non-inverting

node is connected to ground so that V2 = 0. Following the approach used

by Goedbloed et al.?' we first determine the voltage ratio Vj/V •

Applying Kirchhoff's current law at the inverting input node, we have

.VI-V)/R1 = (v1/Zi) (V1-V0)/Z2  (E-1)

where Z= R2 1 C4 = R/(I iaR 2C4). Rearranging Eq.(E-1) so that only Vo
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RAI Suppression In the Inverting amplifier

R2

04

V0

J ZL

Fig. E-1. RFI suppression in the inverting amplifier.
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appears on the left-hand side, we have

(Vi/Rj) - (v1/R) = (v1/z1 ) + (vl/z 2) - (vz 2) (3-2)

(viz 2) = vl[ (/zi)+(1/z 2)'(1/R 1)] - (vi/R) (E-3)

v0 = viz2[( /zi)+(1/z 2)+(1/R1)] - viziR1  (E4)

Applying Kirchhoff's current law at the output node, we have

(-AV 1-Vo)IZo + (V1-V)IZ2 = Vo/ZL (-5)

Rearranging Eq.(E-5) so that only V° appears on the left-hand side, we

have

(-AVllZo ) - (V/Zo) (vl/z2 ) - v/z 2  v/ZL (-6)

v°[ (-1/z°)-(1/z2)-(lz/L)J = vICA/Zo- (1/z2)] (E-7)

: v° : v0 l[AZo- ('lz2) ]I[(-'/Zo)- ( lZ2)- ('lz) ] (8
V'.

Note that the voltage dependent voltage source, 0  is in general a non-

linear function of VI . The nonlinear function can be expressed as a power

series and AVI is the linear term. In writing Eq. (E-5), we have assumed

that the nonlinear terms in the power series are small compared to the

linear term. Equating the right-hand sides of Eqs. (E-4) and (E-8), we

have
* .

viz2[ (lzi)+(1/z 2)+( IRi )]- vizI = vl[Zo-(/z2 )]/[(-/Zo)-(/Z 2)-(/ZL)]

(3-9)

Rearranging Eq.(E-9) to obtain the voltage ratio V1lv i , we have

v1, (z Izi )+ D+ (z  Rl)+(Al z o - z 2 )I( z o +1/z 2+ z d ] = ViZRP (E-10)

v1/v i = (z2/R1)/[(z2/zi)+1+(z2/n1)+(/zo-1z 2 (/zlZoI1/z+i )) (3-11) r
In order to simplify the calculation, we assume that Zi is relatively
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large compared to the impedances of other elements and Z is relatively
0

small. This assumption may not be justified at high frequencies where

the open-loop voltage gain, A, is small. Rewriting Eq.(E-1i) with Z 0. 0

and Z 00 , we have

=1V (Z/ R,)/[I + (Z2 /Rl) + A] (E-12)

When the RFI suppression capacitor C~4 is not included, then Z R2 and

Eq.(E-12) reduces to

(Vi/iI (R2 /R,)/[lI+ (R2 /R1 ) +A) (E-13)

The amount of RFI suppression at the inverting input node of the op amp

can be obtained by dividing Eq.(E-12) by Eq.(E-13)a

I(Z2R[ + (Z2/R1 ) + Al,
RFI suppression at inverting input node = .(RR1 /L .9(j1

-s (E-14~)

The amount of suppression of second-order RFI responses at the output

node of the op amp can be obtained by taking the square of Eq.(F,14)a

Second-order RFI suppression at output node

I(2fl '+(Zj/Rl) + A] 2 (23I15).

To facilitate the cal~culation of .( i5,an op amp having only a single

time constant is considered here. Therefore the open-loop voltage gain,

A, is given by

A =AI(1I + jf/f,)(- )
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where A is the dc open-loop voltage gain and f the upper half-power
00

frequency. (In practice, the effects caused by additional time constants

may show up at higher frequencies. It is believed that these effects are

*" small enough to be ignored.) Assuming typical parameter values for a 741

* op amp, we have

A 200,000 f 10 Hz
0 0

. Also, we assume that R1 =10 kn, R2  100 kri, and C4 =27 pF. We insert

these values in Eq.(E-15) and calculate S2 at frequencies 0.1 MHz, 1 MHz,

and 10 MHz. The results are tabulated in Table E-1. Also shown in Table

E-1 are experimental values from Figure 5-5. .

TABLE E-1

CALCULATED VALUES OF SECOND-0RDE RFI SUPPRESSION AT OUTPUT NODE

Calculated Experimental Discrepancy

f Suppression Suppression

MHz 201og10 (S) dB dB dB

0.1 -13.1 -10.7 2.4

1.0 -25.0 -11.6 13.4 ..,.

10. -48.1 -36.2 11.9

The calculated values of RFI suppression using Eq. (E-15) are larger

than experimental values by 2.4 dB to 13.4 dB and thus overpredict the

amount of RFI suppression. It does not seem possible to compare directly

our agreement between calculated and experimental values of RFI suppress-

ion with that obtained by Goedbloed et al.31 For RFI frequencies 10 kHz

to 2 MHz, they obtained agreement within 3 dB for suppression of RFI-
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induced dc voltage shifts in an inverting amplifier with RI = 4.7 k and

R2 = 150 kf). However, for RFI frequencies 0.2 to 5 MHz they obtained

discrepancies from 0 to 20 dB for suppression of RFI-induced 1 kHz

demodulation voltages in a non-inverting op amp circuit.

The linear theory proposed by Goedbloed, Riemens, and Stienstra3 l

focuses on the linear suppression of the RFI signal at the op amp input

terminals. They used a simple one time constant model for the op amp

because it yields a simple formula for the RFI suppression which can be

evaluated using a hand-held calculator. This simplifies the EMC design

process. That is why they ignored the effects of additional time constants.

The 741 op amp macromodel used in this dissertation accounts for excess

phase shifts effects caused by additional time constants. The 741 macro-

model could be used to calculate the RFI suppression, but the calculations

would have to be made on a computer. An additional advantage of using the

computer to calculate the RFI suppression would be that it would not be

necessary to assume that the input impedance Zi = 00 and the output

impedance Z. = 0. Furthermore, the frequency dependent behavior of Zi

and Z would also be accounted for. We have not yet attempted to use the

op amp macromodel to calculate RFI suppression in the manner described.
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