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Two op amp circuits were investigated, The first op amp circuit configuration was the t:?

unityv voltage gain buffer circuit known as a voltage follower. The circuit configuration s

is also called noninverting because both the intended signal and the RFI signal are }:

e injected into the noninverting input. The second circuit was an inverting op amp con- A

A fivuration. The intended signal voltage gain is determined by the ratio of the feedback
A resistor R2 and the input resistor Rl, The investigation includes the effects of an RFI e
-;?t suppression capacitor in the feedback path. tﬁ:

f;- Approximately 30 units of each op amp type were tested to determine the statistical §:$~
e variations ot the RFI demodulation effects in the two op amp circuits. Statistical }{h‘

. parameters such as mean and standard deviation provide quantitative measures on variations o
in op amp RFI susceptibility.
v Ihe Nonlinear Circuit Analysis Program, NCAP, was used to simulate the demodulation RFI ,:1
Y response.  In the circuit simulation, the op amp was replaced by its incremental macromodel. T,
> - Values of macromodel parameters were obtained from previous investigations and from :’
SR manutacturer's data sheets. Sensitivity analysis of the effects of variations of model r.)
parameters upon RFI susceptibility was performed for the unity gain buffer circuit in which A
!!_ critical parameters were identified. The effects of the RFI suppression capacitor in the
e inverting op amp circuit were also simulated. The simulated results were compared to -
SN measurements and satisfactory agreement has been achieved, I
- LR
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Rl Mz where the LM1O RFI response begins to approach that of CA08l. (2) The experimental 3
means values for 30 741 op amps show that RFI demodulation responses in the inverting J
. amplifier with a 27 pF feedback capacitor were suppressed from 10 to 35 dB over the RF r}'
. frequency range 0.1 to 150 MHz except at 0.15 where only 3.5 dB suppression was observed. {{‘
f- - - (3) The computer program, NCAP, can predict RFI demodulation responses in 741 and LF355 RN
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S except near the resonant frequencies for the LF355 circuit. (4) The NCAP simulations o
suggest that the resonances of the LF355 unity gain buffer circuit are related to small =
) , parasitic capacitance values of the order of 1 to 5 pF. (5) The NCAP sensitivity analysis ;
Shit) indicates that variations in a second-order transfer function are sensitive to some macro- ;
:}: model parameters. In the 741 unity gain buffer circuit, the parameters Vggg, Ic, and Cje g !
:ai- are critical BJT model parameters; the parameters Cg, Re, C2 and G, are critical linear _j;
I macromodel parameters. In the LF355 unity gain buffer circuit, the parameters Vp, IDmaxs j}
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CHAPTER ONE

INTRODUCTION

In recent years, wideband monolithic analog integrated circuits
(1Cs) 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 brie?ly consider nonlinear elements described

by a power series. If the input and output are denoted by x and y
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respectively, the power series description assumes the form

-

.
" 4

e

= 2 x3 LN
y = ayx + asx + a.3 + oo (1'1) L

o

o
Suppose that the input x(t) is composed of a desired signal s(t) and o
unwanted modulated signal i(t) Fﬁi
hh

o~
s(t) = Scosw, t (1-2) S
Ry

e

1(t) = I(1 + m(t))cosw,t , Im<1 (1-3) -

v

&

where wy and w, are angular frequencles, S and I are amplitudes, and Ef
.
m(t) is a modulation function. After substituting x(t) = s(t) + 1i(t) \
into Eq. (1-1), the output signal y(t) will include the following 1$‘
8y

e
terms: 3
o

y(t) = eeo ¢ a18[1 + (3a3/l+a1)32 + (33.3/23.1)12 + (3a3/a1)m(t)12]cosm1t

e
PRERA
s 'y

7 -'r"‘r"._

+ eee 4 SIcos(wl- <1)2)t + SIcos(aslﬁbz)t + oo (1-4)

7 (A

where the terms with factors (3a3/4a1)82, (383/281)12, (3a3/a1)m(t)12

hasky TRV A g

)

v _e
L

are called the gain compression/expansion, desensitization, cross

modulation terms respectively, and SIcos(m1 - wz)t and SIcos(wl + wz)t

are two of the intermodulation terms. "

; This dissertation investigates mainly a subset of the inter- i:-
: modulation effects, namely demodulation effects, in op amp circuits. ‘
F.,: The intermodulation effect which causes demodulation is illustrated t ‘
) 08
:::«:':' in Figure 1-1. Two sinusoidal RF signals at frequencies fl and f2 f(::_
E'};:' respectively, which are outside the passband of an amplifier, combine _\

nonlinearly to produce second-order nonlinear components at frequencies

i
4
)
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fl—fz. 2f2,fl+f2, and 2f1. It is possible that the frequency
component at fl-f2 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 fRF’ amplitude A, modulation frequency f,._., and modulation

AF

index m. Then the interfering signal can be expressed as

vi(t) A(l + mcosZTrfAFt)COSZTYfR t

F

Acos2nf,t + (mA/Z)cOSZN(fRF- £t (mA/z)coszn(fRF+ fAF)t
(1-5)
Defining the frequencies fl and f2 of Figure 1-1 to be the RF carrier

frequency and the lower sideband frequency respectively, we have

£, = fpr (1-6)
Ty = fgp = T (1-7)
fip = - £, (1-8)

The second-order nonlinearities of the amplifier cause an inter-
modulation product (IMP) at the frequency fAF 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

1, 35-38

in these electronic circuits becomes necessary. The computer-

aided procedures include the use of nonlinear models for semiconductor
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- devices and nonlinear transfer functions to characterize various S

o LN
L nonlinear effects in electronic circuits.>’> PN
o ;

The Nonlinear Circuit Analysis Program (NCAP) was developed during

\:i 1972-1977 through the joint efforts of government, industry, and ﬁ;i.
"= LS
:; universities to provide the Electromagnetic Compatibility (EMC) 5
. community with a usable procedure for analyzing electronic equipment

§§ which must operate in a multi-signal RFI environment.3’35 The program ?ﬁ;
’32 NCAP includes nonlinear circuit models for semiconductor diodes, BJTs, 2
- FETs, and also for vacuum diodes, triodes and pentodes. Nonlinear '

- models for resistors, capacitors and inductors are also available. ;inf
:; Recently, a nonlinear MOSFET model 4,5 has been developed for NCAP. G
St When this model is incorporated into NCAP, then NCAP can be used to Sy
;iz analyze circuits that include MOSFETs. NCAP uses a circuit oriented :3;i
4 It
'; procedure based upon frequency domain analysis to predict the nonlinear 22
N transfer functions which characterize many nonlinear effects in X
Eg electronic circuits. Among the nonlinear effects NCAP can predict ;:;E
_is are intermodulation and demodulation, desensitization, cross modulation, );x}
- and gain compression/expansion. :1
2 ::::.::::
;i In 1979, Fang demonstrated that NCAP can be used to predict how zgﬂe
- audio frequency modulated RF signals with radio frequencies up to 100 o

; MHz are demodulated in bipolar ICs to cause undesired low frequency ﬁ‘i‘
E responses.ﬁm9 The ICs reported upon were the differential pair CA3026 gﬁ?
;i which was used in a broadband cascode amplifier and the uA741 e
;; operational amplifier which was used in a unity gain buffer configuration. ;Ega
:3 Among the significant contributions of Fang is a set of nonlinear BJT T gi-
- 3,10 o

. model parameter values for NCAP simulations of uA741 op amp clrcuits. ’
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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 circuit:s.()_7

In 1980, G.K.C. Chen, in modeling the 741 and LM10 bipolar op amps,
applied the macromodeling procedures by Boyle et al.11 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
a partial justification for replacing a full model with a macromodel.

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

op amps: the 741 and LM10., 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
using macromodels.13 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
derived from the large-signal macromodel of Krajewska and Holmes.1 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. i

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
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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, LMI10O,

Ty -~
AR

<%

-
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]
.
.
]
N




s
LF355, CAO8l). Another configuration is an inverting amplifier with a ;;E
voltage gain of 10. For the unity gain buffer amplifier, approximately Séi:
30 units of each op amp type have been tested. For the inverting '35
amplifier, the same 30 units of 741 op amps have been tested. The op ii%
ampe tested were purchased in groups of five over an extended time E%i
duration in order to obtain units with different date codes. i:}

Y

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

transfer function, which characterizes a demodulation RFI effect, to s

the mean value of measured data for the two op amp configurations. The 3;?

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

NCAP. Values for op amp macromodel linear elements were based upon ?i}v

values provided in manufacturers* data sheets. The values for the ;fﬂ

model parameters of the nonlinear transistors in the macromodel were :{gl

obtained from publications.6’14’l7 Since macromodel linear parameters ;iﬂ

were derived from typical values, the predicted values for the second- f:;

order transfer functions are best interpreted as typical or mean values, Eil

Hence, they will be compared to the measured mean values. ;2:.

o

(3) To identify the critical macromodel input parameters. ﬁf%

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

- unity gain buffer amplifier configuration were performed. Each of the gy

o S

:;; nonlinear device parameters and the macromodel linear parameters was it}

E;: varied independently by * 107 from its original value. Variations in a i;i
L.

second-order transfer function resulting from variations in op amp

’

Y
v

v

~? macromodel parameters were compared at corresponding RF frequencies.

(4

v
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(4) To study experimentally the effect of a RFI suppression g
capacitor on the inverting amplifier, especially its influence on the oy
demodulation RFI statistics. A 27 pF capacitor was connected in the S

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

(5) To discuss some of the experimental observations. These D
observations include lower demodulation RFI effects in CA081 and LF355 op i;;f
amps than in 741 and LM10 op amps and two resonances in the unity gain f"i

buffer configuration when LF355 op amps were used.

-
This dissertation is organized in the following manner. In Chapter f?i
Two, an analysis of weakly nonlinear circuits using the nonlinear ;
transfer function approach is presented. This approach is employed by %ﬁ%
NCAP to characterize nonlinear effects in electronic circuits., 1In iiﬁ
Chapter Three, op amp macromodels for RFI predictions are described. f%%
Chapter Four presents statistics of measured demodulation RFI effects are

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.
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CHAPTER TWO oS

Y

ANALYSIS OF WEAKLY NONLINEAR CIRCUITS: N
NONLINEAR TRANSFER FUNCTION APPROACH ]
.

Y

]

The analysis of nonlinear circuits is complicated, and no single

atla a4

R

o, T e
. el ot e -
LA N AN A
N 3’

analytical tool is generally applicable. However, various approaches
are available for specific classes of nonlinear circuits. For the

special case of weakly nonlinear circuits, whosenonlinearities are A
characterized by gradual, rather than abrupt variations, the Volterra

functional series has proven to be an effective method.ls’16 The

frequency domain transformations of Volterra functional series are

called nonlinear transfer functions.

2.1 Nonlinear Transfer Function Approach o
Consider a nonlinear circuit with input x(t) and output y(t), as '%
shown in Figure 2-la., Using the Volterra series method, the output y(t) ;~#
RO
may be written as16 -:ai
=0
] _'.__:.:
y(t) =y () *yy(t) * +oo = Ty (1) (2-1) o
n= r
where RN
[ I ] 00 n
= coo seee T Er - T.)AaT 2=2 R
ra(8) = L Tn(emy ) 7ot - Tar (2-2) t
%:# The kernel of Eq. (2-2), hn(rl,rz,---,Tn), is called the nonlinear .:ﬁ
((:‘ f}?
b impulse response of order n, The n-dimensional Fourier Transform of S
}" - T
¥ S
{. y, ¢can be expressed as - ‘j
o n (2-3) ;f-.'_::j
P eo e = L ¢ TY 2- \.‘_‘~h‘
L Ca(Eyafpntenfy) = H (g0 0o, e Ey) 1=1x(fi) 0
= R
» 16 T
@ where the nth-order nonlinear transfer function
- N
8
b 10 )
b, et
o ]
@
- IR TR PSP AT i
L R b o el i
3 T e e T R TN R PG O SR TR S LY
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H(£), 6,000 1) = _o{: _i _0{ h (TyaTon®enyT )
exP[_jZﬁ(fiTl ¥ fZTZ T fnTn)]drldTZ.“dTn (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) = I y (t) (2-5)
. °n U
n=1 e
where yn(t) is given by Eq. (2-2). Terms above the lth-order have been ii}i
omitted from the infinite series because they are assumed to contribute ]
)
negligibly to the output. Thus, the output of a weakly nonlinear circuit S
S
can be modeled as a sum of N individual responses, as shown in Figure )

2-1b. 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 fq and phase

angles Oq

MO

x(t) = IEJ cos(Zﬁfqt + Gq) (2-6)

q=1

e

s

We define the complex amplitude Eq as

vy ey

b E = |E 10 2~
2 AREA exp(J8,) (2-7)
'.j'“ = = = - -
::_:__; with E_ E ., E, =0, and f_q fq (2-8)
t!

E._ y

E:f::: 11

PSR e
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*
where Eq is the complex conjugate of Eq. Now Equation (2-6) can be

written as :;}
Q T
x(t) = (1/2) £ E_exp(j2nf_t) (2-9) o
="'Q q q et
q
p:- After substituting Eq.(2-9) into Eq. (2~2) and manipulating, we obtain2
=
o W Q Q
e y,(t) = (1/2") £ <+ T B ott By Hn(fq AR )e
F Qy =Q qn=-Q 1 n 1 n
o explgen(f + £ + eoo + £ )t] (2-10)
- 4 9 Q,
SRS
where Hn(f ,---,fq ) 1is the nth-order nonlinear transfer function as

1 n
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 yn(t) by the constant A". Based on the nonlinear transfer
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 2-1b.

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), yz(t) and y3(t) respectively,

are given by

2

v (t) = (1/2) £ E_ H,(f. )eexp(jerf )t (2-11)

1 g =2 U Y 1
A (£ 5, )
y.(t) = (1/4) £ L E E H,(f

2 q=2 q,=2 1 92 % 9;""a, .
--\....-1
exp[jen(f + £ )t] (2-12) i
n Q«l q2 Sy
L o
- ——
& , 2 2 2 , | A
R y.(t) = (1/8) £ z ¥ E E E H(f ,f ,f ) ARY
. 3 1 -2 q2__2 q,=-2 ql q2 q3 3 qy q2 qj -\.W
. 3 N

. 2n(f + £ +f )t 2-13)

exp[.j2m( a," fa, q3) ] (2-13
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Fig. 2-2., Model of weakly nonlinear circult suggested by the Volterra
series frequency domain representation: the nonlinear trans-
fer function approach. (After Ref.[2]).
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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,
Hy(f),1,) = Hy(f,,5)) (2-14)
¥*
Hz("flv'fz) = Hz(flrfz) (2"15)

Because the output response of a real system to real inputs 1is real,
yn(t) is real. Thus the complex terms in Eqs. (2-11), (2-12), and (2-13)
appear in conjugate pairs. For example, for the second-order response at

frequency (-fl + fz), there are four terms in Eq. (2-12) that contribute:

i.e., (ql:qz) = (-1,2), (q]_)QZ) =(2,"1)’ (q1’q2) = (1,-2), and (ql’qz)

(-2,1). Therefore the output term yz(t) at frequency (—fl + fz) may be

expressed as

* 3
yz(t)|_f1+ £, * (1/W{E B H,(~1,,5,) *explizn(-£,+ £,)t] +
*
E2E1H2(f2,-f1)'exp[jZW(fz- fl)t] +
*
E1E2H2(f1,-f2)'exp[jZﬂ(fl— fz)t] +

*
E2E1H2(-f2,f1)'exp[ij(-f2+ fl)t]}

(1/2){E;E2H2(—f1,f2)-exp[ij(—f1+ £,)] +

*
E1E2H2(f1,-f2)'exp[jZn(fl- fz)t]U

|E1||E2||H2(-f1,f2)|cos[2n(f2— £1)t+ 0, -0, +

Yp(=£145,)] (2-16) iy

- et
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where Hz(-fl,fz) = IHZ(-fl,fZ)|exp[jY2(—f1,f2)].
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

third order.l"16

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.
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2.2 Nonlinear Models for Basic Circuit Elements
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In Section 2.1, we have shown how nonlinear effects in weakly non-

>
L
<
e

ce] B

linear circuits are characterized by nonlinear transfer functions. 1In

g
order to facilitate the calculation of nonlinear transfer functions, non- Rt
linear devices in a nonlinear circuit are replaced by equivalent nonlinear o
boey
models. Some basic nonlinear circuit elements are the nonlinear [
A
resistor, nonlinear capacitor, nonlinear inductor, and nonlinear con- :?:\
. Ny
trolled sources. These are adequate for modeling the nonlinearities of ,zj
i - %
most electronic devices such as diodes, vacuum tubes, transistors, ;w_é
integrated circuits, etc. In weakly nonlinear circuits, electronic w:e:
e
-'_ - d
devices are typically operated over a localized region of their R
characteristics. Therefore, it is possible to expand the non- ;;‘
S
linearities in power series about the quiescent operating point in terms Efﬁ
S
of incremental variables, Ajg
e
[ ".1
(1) Nonlinear resistor fic
L"‘:']
L
Let er(t) and ir(t) denote the incremental voltage and current .:}3}

o
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TABLE 2-1

RESPONSES OF A WEAKLY NONLINEAR CIRCUIT FOR THE TWO TONE INPUT CASE

Order Frequency Amplitude of Response

Combination
16 ey Ly (£ |
1t [, | 1y (£,) |
2 fy-f, [y HE, |1y CE),-£,) |
2 £+, B HEy | 1B, (8,8, |
2 26y o.lelIZIHZ(fl,fl)l
2 28, 0.5E, 1% |1, (£,,£,) |
3 26)-f, 0.75]E1|2|E2||H3(f1,fl,-f2)|
326, 0.75|E, | [Ey|® [Hy(-£,£,,£,) |
3 3f, 0.25 €, |1, (£), 8,8 |
33, 0.25[E, | [Hy(£,,£,,£,) |

Type of Response

Linear

Second-order

intermodulation

Second harmonics

Third-order

intermodulation

Third harmonics

qAfter K.N.Chen,aa more complete table can be found in Refs. [2] and

17

a

[15].
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associated with a nonlinear resistor. The incremental current through

the resistor may be expressed a52

(1) = L g Le (1) (2-17)

where 8, is the conductance of the linear resistor normally included in

a linear incremental equivalent circuit, and the 8y for k > 1 are

. g

usually referred to as nonlinear coefficients.

v
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(2) Nonlinear capacitor

Let ec(t) and ic(t) denote the incremental voltage and current

associated with a nonlinear capacitor. The incremental current through

the capacitor is given by2

1,(t) = k§0 ck[ec(t)ff‘dec(t)/dt (2-18)

where CO is the capacitance of the linear capacitor to be inserted into
a linear incremental circuit, and the Cy for k > 1 are usually referred

to as nonlinear coefficients.

(3) Nonlinear inductor

Let ei(t) and 12(L) be the incremental voltage and current
associated with a nonlinear inductor., The series representation of the

incremental current through the inductor 152

% t
ORI ey(2)dz (2-19)

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

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

z
4‘ to as nonlinear coefficients,




(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
the control current ix 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:

(ba) Voltage-controlled voltage source”
o0
eo(®) = I Lo,

(4b) Current-controlled voltage source2

©0

ORI WENON
(4c) Voltage-controlled current source2
o
teo(®) = T g Lo, (0T,

(4d) Current-controlled current source?

Loa(t) = 51 o [, ()T . (2-23)

The linear term in each expansion defines the linear controlled source
to be used in linear incremental equivalent circuits, The linear

ici e referred to as the voltage
coefficients His T1g0 842 and a, ar g
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. Mgs Toos




etc. The incremental equivalent circuit models for the nonlinear

resistor, capacitor, inductor, and the four nonlinear controlled sources

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. Chenl"5 the
nonlinear drain current is a function of the gate-source voltage vgs’ the
When

drain-source voltage v, , and the substrate-source voltage v

ds bs*

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

representation of this nonlinear controlled source may be expressed as

o0 o0
= J k = =24
1o jzb kzb gjk(vgs) (vds) where g5 = 0 (2-24)

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
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