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ABSTRACT

AN ADVANCED LARCE- S| GNAL GPERATI ONAL AMPLI FI ER MACROMODEL
FCR WATAND COMPUTER SI MULATI ON

BOWEI RAY HSU
Master of Science, Hectrical Engineering

Youngstown State University, 1987

A general - pur pose | arge-si gnal nacronodel of an
operational anplifier is presented. The nodel sinulates the
foll owi ng characteristics: input inpedance, voltage and
current offsets, input bias current, gain versus frequency,
slewrate limting, output voltage and current |imting, and
out put inpedance. The paraneters used in the nodel can be
taken froma typical data sheet and the user's circuit.

The nodel is designed to neet the requiremnents of
flexibility, maxi numspeed, and mni numstorage with the
WATAND package. The nacronodel is accurate for general
pur pose | arge- and snal | -signal applications. Conparisons
of nodel perfornmance with data obtai ned experinentally are
present ed.

The capabilities of the nodel are denonstrated w th
five exanples. An inverting anplifier exanpl e shows gain
versus frequency and | arge-signal input response. The slew
rate characteristic and output voltage limting are shown
with a nonostable nultivibrator. A single supply non-
inverting anplifier is tested. The fourth exanple is a
triangul ar wave generator whi ch consists of a conparator and
an integrator. The |ast exanple is a band-pass R active
filter. The frequency response of this nodel is tested.
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CHAPTER |
| NTRCDUCTI ON

1.1 OBJECTI VE

Conput er - ai ded desi gn (CAD) has becone an i nport ant
tool for circuit analysis and design. Wth CAD sinul ation
prograns, engineers can sinmulate a circuit, change t he
conponents, alter el enents! val ues, vary paraneters, and
observe the change at any point inthe circuit. Gdrcuit
sinmulation has largely replaced "breadboardi ng" in circuit
anal ysi s and desi gn.

The integrated circuit operational anplifier (op anp)
I's very popular and widely used in electronic circuits.
When a circuit is designed containing op anps, the
characteristics of op anps are frequently assuned to be
I deal, i.e., gain and input inpedance are infinite and -
out put inpedance is zero. |In nany cases, this assunption is
not adequate. For exanple, in |large-signal response, the
output voltage is limted by the slewrate, the nmaxi num
change rate in the output. The present built-in op anp in
WATAND [1] is a linear el enent which has ideal op anp
characteristics. An existing user-defined op anp nodel for
WATAND [ 2] al so is not adequate for |arge-signal response.

An inproved nodel is necessary when anal yzi ng sone circuits”

cont ai ni ng op anps.



1.2 THE WATAND SCFTWARE PACKAGE

WATAND (WATerloo ANalysis and Desi gn), devel oped at
the H ectrical Departnent of the University of Waterl oo
[1,3], is an interactive, user-oriented systemfor
simulating linear and non-linear electronic circuits.
WATAND has a | arge nunber of built-in linear and non-I|i near
el enents, such as resistors, capacitors, inductors, diodes,
transistors, the linear op anp, etc. Besides these built-in
el ements, user-defined el ements and subcircuits can be
defi ned and used (see Refs. [1,2,4] for exanples). The
WATAND package uses pi ecew se |inear (PA) nethods to
represent nonlinear characteristics. This nethod allows a
user to define the tradeoff between execution tine and
accuracy [5]. This package was designed to neet the
requi rement of nmaxi mumflexibility, mninumstorage, and
maxi mum speed. The WATAND version used inthis thesis is

ver si on 1. 10-00.

1.3 MACROMCDEL REVI EW

Several op anp nacronodel s have been publ i shed.
Boyl e, et al.-[6] use a sinplification technique to-describe
the i nput characteristics by using sinple ideal elenents to
repl ace nunerous real elenments. The other characteristics
are nodel ed by a "build-up" technique. In this technique, a
circuit is proposed to neet certain external circuit
speci fications wi thout necessarily resenbling the original

circuitry. This nmacronodel nodel s the input and out put



characteristics, differential - and common- node gai n ver sus
frequency characteristics, offset characteristics, and
| ar ge- si gnal characteri stics.

d esner and W¢isang [ 7] present a macronodel obtai ned
by using the "build-up" technique. This nodel contains only
i near elenents and uses RCcircuits to sinulate the
frequency rel ated characteristics of the op anp. Besides
t hose characteristics contained in Boyle's nodel, the
t hermal behavior is al so considered in this nmacronodel .

Sanchez- Si nenci 0 and Majewski [ 8] use the "build-up"
technique in their nmacronodel. The nodel is devel oped for
frequency domai n applications and not for nonlinear
transi ent operation. The |arge-signal response in frequency
donmai n analysis can be simulated in this nodel. 1t has nmany
nmat hemat i cal and frequency dependent equati ons whi ch can not
be used directly i n WATAND.

Weil and McNamee (9) use 13 diodes to nodel the
nonl i near characteristics of op anp. The "build-up"
technique is used in this nodel. Those op anp characteri s-
tics contained in Boyle's nmodel can be simulated in this

nmodel .

1.4 OVERVI EW
The foll owi ng chapters devel op a general macronodel
for an integrated circuit operational anplifier. Chapter II

briefly describes the op amp's functional bl ocks and

properties which are used in the nmacronodel. The step by



step devel opnent of the op anp nacronodel is contained in
Chapter 111, Chapter |1V describes the nethod for using
#DEfine and a user witten Fortran subroutine to build the
op anp nacronodel into WATAND. Five exanpl es of the
application of the op anp nacronodel are contained in
Chapter V. These exanples are used to test the op anp

macromodel's function and are conpared to experinent.



CHAPTER 11
CPERATI ONAL AMPLI FI ER

2.1 I NTRCDUCTI ON

For the design of the operational anplifier (op anp)
macromodel, the op amp's characteristics - input inpedance,
I nput of fset vol tage, open-|oop voltage gain, etc. - are
consi dered, therefore these op anp characteristics are
di scussed in this chapter. The op anp is a direct-coupled
high-gain anplifier. It anplifies the difference of the two
I nput vol tages and can be ideally characterized by the
function

v

-V (2.1)

o = A1 (Vg 2) s

wher e A i s the open-loop gain of op anp and V, and v,

1
are input voltages. A block diagramof a basic op anp is

usual ly as shown in Fig. 2-1 f10]. The differential anpli -
fier inthe input stage transfers the differential input
voltages to differential currents. These differential

currents, 1 _, and I are then converted to a singl e-ended

cl c2’

current, I inthe current mrror block. The inferstage

out’

changes this current back into voltage, v The i nt er nal

out”’
capacitor, c_, is used to keep the op anp stable. The out-
put stage contains unity-gain emtter followers. This stage
anplifies the output current and provides | ow i npedance
drive to the load. The properties of the op anp are

described in the foll owi ng sections.
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Fig. 2-1 Block Diagramof a Basic o Anp.

2.2 | NPUT STAGE

2.2.1 | NPUT OFFSET VOLTAGE

For an ideal op anp with finite gain, the output
voltage is an anplified replica of the difference between
two i nput voltages. The output voltage will be zero when-
the input voltages are the same. Real op anps do not
provide this idealized perfornmance because of the inbal ance
of the internal circuit and t he comon- node gai n coupl ed
with very high gain. The input offset voltage, Vs Is the
amount of the input voltage added between two i nput

termnals to nake the output voltage zero. For the 741 op



amp, Vo is 6 mv maxinum Wth the hel p of an of fset

vol t age conpensati ng network, the output voltage can be

reduced to zero.

2.2.2 I NPUT Bl AS CURRENT

| nput bias currents, 1. and I are the base bias

bl b2’
currents of the bipolar input transistors or the gate

| eakage currents of JFETs. I, . and I,, are not equal

bl
because of internal circuit i nbal ance and non-i denti cal

I nput transistors. The difference between 1, . and I, is

bl b2

the input offset current, I For the 741 op anp, a

os’

Is 500 na at supply
bl

typi cal value of input bias current, I

vol tages of f15 V and I s 200 na.

2.2.3 | NPUT | MPEDANCE

The ideal op anp has an infinite input inpedance, Z,-
Areal op anp has a finite input inpedance which can be
represented as a conbi nati on of a difference-node i npedance,

Zigr and a common- node i nput i npedance, Zion

Z and zic

id
are both ac signal inpedances, that is

Zia = Riq 7 Cia -
Zic = Ric % Cic

Rig

ohns for bipolar op anps or 1012 ohnms for FET op anps [10].

Is generally in the range of 100k ohns up to 100M

The di fference-node i nput capacitance, ¢ Is typically

id’
2 pF for both types of op anps. The val ue of R; Is in the



range of 1M ohns to 100G ohns. The common- node i nput capa-
ci tance, Cicr Is3to5 pr for FET op anps and 2 to 3 pF for
bi pol ar op anp. 2, is increased by the use of feedback but

Z;. remains unaffected [11].

2.3 | NTERSTACE

2.3.1 GAI N CHARACTER STICS
The voltage gain of the op anp is usually provided by
the input stage and interstage. The differential -node

voltage gain, A, , is theratio of the voltage change in the

dm
output to the change in the difference between the two
I nputs. The open-loop voltage gain is essentially identical
to the differential -node vol tage gain. The open-| oop gain
is usually in the range 10% to 10° at | ow frequency [11].
The common- node vol tage gain, A, is theratio of the
vol tage change in the output to the change of the comon-
node i nput. A Is usual ly very small conpared to Ay B}
The op anp gain i s frequency dependent because of the
capacitive conponents in the op anp circuit. There are
three nmaj or sources responsible for capacitive effects [12]:
1) the conpensati on capacitor which is used for stabliza-
tion, 2) the junction capacitors in the bipolar transistors
or FETs whi ch conpose the op anp, and 3) the stray capaci -
tance of the sem conductor device's substrate. The cumul a-
tive effect of these capacitive effects causes the gainto _
decrease as the frequency increases. A typical Bode plot is

shown in Fg. 2-2



The frequency £, Is the first break point frequency
of the op anp and is usually snall (around 10Hz). For high-

gain IC op anps, the second break point frequency, £,, is

usual ly very large (1 to 3 Miz) conpared to £, [11]. The
unity-gain frequency, f is defined as the frequency at

which the gain is unity. The gain as a function of frequen-

cy can be expressed in the form [10]

Aol (0)
A (f) = , : : (2.2)
(L+3£/£)) (1+3£/£,) (L+IE/£5) . . .
wher e £, < £, < f5 < ...
Gai n( db)
A
f

1 |2 £

' l d

f1 fu

Fig. 2-2 Bode Plot for Qo Anp.



2.3.2 SLEWRATE

The slewrate specification of an op anp i s the
maxi numrate of change of output voltage with respect to
tinme, (dv /dt) .- Siewrate limtation ari ses because of
current limting of an op anp when a hi gh frequency and
| arge (qui ckly changing) signal is applied.

For nost op anps, the positive going slewrate is
slightly different fromthe negative going slewrate [13].
The slewrate effect is illustrated in a voltage foll ower
wi th rectangul ar-pul se input as shown in Fig. 2-3, since
t hese represent the worst case condition for slewrate in
the op anp. For the NPN input stage, the output waveform
shows a step "enhancement" on the positive going output and
a "degradation" in the negative going output. For the PNP
I nput stage, these effects are reversed as shown by V&p(t)-

in Fg 2-3

2.3.3 COMWON- MODE REJECTI ON RATI O
The common-node rejection ratio (CMRR) can be defi ned

as theratio of the differential voltage gain, A,, to the

dl
conmon- node vol tage gain, A_ , that is, --

ORR = Ay /A

cnm

For the ideal op anp, a_ would be zero and therefore OVRR
ideally would be infinite. The actual op anp has a non-zero
comon- node vol tage gain which is generally less than 1.0
(12]. The OMR is a function of frequency and decreases as

t he frequency is increased.

(2.
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Fig. 2-3 Effect of Slew Rate on Vol tage Fol | ower Qutput.



2.4 QUTPUT STACE

2.4.1 QUTPUT | MPEDANCE

For the ideal op anp, the output inpedance is zero.
_The out put resistance of the op anp is the equival ent
resi stance that can be nmeasured between the output term nal
and the ground. For a real op anp, R is generally in the
range of 10 to 100 ohns. Wth feed back in a circuit using

an op anp, R, can be reduced to the milliohm range [11].

2.4.2 QUTPUT VOLTACGE SWNG

The out put vol tage swi ng, Vv , Islimted by the

omax

supply voltages. For the 741 op anp, V IS guaranteed to

omax

be between +13 V and -13 V for R, > 2K ohns and supply

1
vol tages of f15 V.

2.4.3 QUTPUT SHORT- O RCU T CURRENT

Qut put short-circuit protection is usually provided
to prevent op anp danage due to nonentary shorts to ground
or to either of the power supply voltages. For the 741 op

anp, the short-circuit current, I oo IS 25 maA.

2.5 FET CPERATI ONAL AMPLI FI ER

The i1 nput inpedance of op anps using bipol ar transis-
tors is usually in the range of several hundred kil ohns to
megaohms because t he base-emtter junction is forward
bi ased. For op anps using junction field-effect transistors
(JFETs) in the input stage, the input termnal is the gate

whi ch i s one side of the reverse-bi ased gat e- channel



junction. The input resistance i s nuch higher than the
bi pol ar op amp's input inpedance, with values well up into
t he gi gaohmrange. The input current of the JFET device is
the gate current and is the reverse | eakage current of the
gat e- channel junction. The current is usually around 10 pa,
whi | e t he base current of bipolar transistor is in the
m croanpere range. For op anps using netal - oxi de-silicon
FET (MOSFETs), the gate termnal is separated by a thin
insulating layer of silicon dioxide. As aresult, extrenely
hi gh val ues of input resistance in the t eraohm (1012 ohm
range can be obtained. The gate current is also extrenely
smal |, often below 1 pa.

The slewrate of an op anp is limted by the
qui escent current, Iy [11]. The input resistance and i nput
bi as current of the bipolar op anp are both directly

dependent on the qui escent current | Thus a hi gh slew

rate is difficult to obtain. For FE?’-input op anps the gate
current is not dependent on the quiescent current. So, a
relatively |large current IQ can be used in the design, that
is alarge slewrate (50 to 75 v/us) and a high uniEy-gain
frequency (~20MHz) can be obtai ned. —

The advant ages of FET op anps over bi polar op anps
are higher input resistance, |ower input bias and of fset
current, higher slewrate, and hi gher unity-gain frequency.
The di sadvantage is the | ower voltage gain because FETs B}
often have 30 to 100 ti mes smal | er transfer conductance than

bi pol ar transistors [11,13].



CHAPTER I1I
DEVELCPI NG THE CP AW MACROMCDEL

3.1 | NTRCDUCTI ON

Grcuit simulation has proven to be very useful in
t he anal ysis or design of electronic systens. Most
electronic circuits contain nmany integrated circuits (ICs)
today. |If these 1Ics are nodel ed at the device | evel, the
circuit simulation programw || require | arge nenory and
execution tine. The solutionto this problemis using
macr onodel s whi ch nodel the term nal behavior to the desired
degree of accuracy with a conparatively small nunber of
circuit elenents. The 741 op anp, if nodel ed at t he device
| evel , woul d consist of 96 nonlinear el enments and 131 |i near
elements in WATAND. Using the macronodel presented by
d esner and Wisang [7], the op anp nodel woul d only contain
eight nonlinear and fourteen | inear elenents. This 90%
reduction in nodel size using the nacronodel instead of the
devi ce | evel nodel would result in significantly | ess
sinmulation tine and | ess nenory space.

Two nacronodel i ng procedures have been i ntroduced
(6]. One is sinplifyingthe circuitry by using sinpler
circuits with ideal elenents. The other, the "build-up"
procedure, sinulates the terninal behavior by an equivalent

circuit wthout necessarily resenbling the original



circuitry. The nmacronodel presented in this chapter uses
t he "build-up" technique and i s based on the basic di agram
shown in Fig. 3-1. The follow ng sections discuss the

devel opnent of the op anp nacr onodel

3.2 I NPUT STACE

The i nput stage of the op anp nacronodel sinul ates
the functioning of the real op anp input stage. It nodels
the input offset voltage, input bias current, input offset
current, differential - node i npedence, conmon- node i npedence,
differential voltage gain, and common-node vol t age gai n.
The differential gain will be nodeled in the interstage for
sinplification.

Boyle's nodel [6] shown in Fig. 3-2 uses a sinplifi-
cation techni que to nodel the input stage by using a
differential anplifier and ideal elenents. Because in
WATAND each transi stor nodel (Ebers-Ml| nodel) contains

four current sources and si x passive el enents, the circuit-

Vitﬂ
OUTPUT
|
INPUT TRANSFER OUTPUT .
Vi(') CHARACTERISTIC CHARACTERISTIC CHARACTERISTIC
H.‘

| NPUT STAGE | NTERSTAGE QUTPUT STACE

Fig. 3-1 Function Bl ocks of a Basic O Amp.



of this input stage nodel would contain nine current
sources, nineteen passive el enents, and ten nodes. Since
this nodel is big, it would take relatively | arge nenory and
CPU ti e.

G her nacronodel s [7,8,14] use the "build-up"
technique. d esner's nodel [7] shown in Fig. 3-3 uses one
vol tage source to represent the input offset voltage and
three current sources to represent input offset current and
bias currents. It contains input differential node

| npedance and common- node resistance. It also simulates the

v
{
Rcl
¢
'L
1¢
v, (=) [/ a, v, (+)
. Rgy
v

Fig. 3-2 Boyle's @ Anp | nput Stage Model .
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Fig. 3-4 Sanchez-Sinencio's Op Anp |nput Stage Model.
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frequency dependent conmmon-node rej ection behavi or by using
one dependent vol tage source, two resistors and a capacitor.
The nodel needs five dependent sources, seven passive

el ements and si x nodes.

The nodel of Sanchi ez-Si nenci 0 and Majewski [ 8] shown
in Fig. 3-4 sinulates the differential and common-node i nput
i npedance. An extra stage (I, R, and C.) must be used to
provi de t he frequency dependent common-node rejection rati o,
CMRR (w) , When used in WATAND. The nodel woul d need two
dependent sources, seven passive el enents and five nodes.

The nodel proposed by weil and McNamee (9) shown in
Fig. 3-5 uses two diodes and a current source to nodel the
| npedance, input offset current, and nonlinear input bias
current. |t needs four dependent sources, SiXx passive
el ements, and seven nodes when nodel ed i n WATAND.

The proposed nodel shown in Fig. 3-6 is based on
Glesner's nodel but with sone nodification. R, and cy make
up the input differential inpedance. R;_ I's the input
common- node resi st ance. Vs I's the input offset voltage.

may be positive or negative.

The sign for v
| | Jos | | Ibl and Ib2
are input bias currents in terns of average bias current,
I, and of fset current, Igr and
Ibl = Ib + Ios
I, = Iy - I g (3.1)

I,g May be positive or negative. The signs of I, and I
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Fig. 3-5 Weil and McNamee's Op Anp | nput Stage Model
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Fig. 3-6 Proposed Op Anp Input Stage Mdel.



shown in Fig. 3-6 are positive for NPN-input or FET/bipolar
op anps where the bias currents enter the op anp. For PNP-
| nput op anps, these signs are reversed. Because the val ues
of Vogr Tosr and I, are random one nay want to use the
Monte-Carl o anal ysis (see Ref. [(15)) to nodel the random
ef fect of these parameters' val ues.

The vol tage source v_ is used for the voltage |evel
between t he i nput stage and the output stage. For a
bal anced supply vol tage situation, the mddle point (comon

point), v,, should be zero voltage (ground), but for an

A
unbal ance supply vol tage case, the mddle point is not at

zero voltage. The voltage level is

(V++V—)
Vo = ~——~:;——— (3.2)
L FE and cc(see Fig. 3-6) are used for the
frequency dependent OVRR

CMRR (0)
Icm =
R
C
. 1
w —
cmrr
RCCC
I_R CMRR (0)
Vo = — - = CMRR(w) (3.3)
l-"JWRcCc 143 f/fcmrr
where £_ .. is the breakpoint frequency of CVRR obtained

fromthe manufacturer's specifications.
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Fig. 3-7 The Sinpler O A | nput Stage Mdel.

The nodel has five dependent sources and six passive
elenents. Since the CMRR is usually very |large, the common-
node gain is very snall conpared to differential gain. The
CMRR stage is, therefore, omtted for sinplicity. The fina
sinplified input stage nodel is shownin Fig. 3-7. Two
vol tage sources, two current sources, four passive el enents,

and five nodes are used in this nodel. -.

3.3 | NTERSTACE

The interstage nodels the gain which is affected by
frequency and slewrate. Mbst interstage nodel s use the
"build-up” technique (5-9). The nodel s use the frequency
donmai n nmet hod (using RC circuits) to simulate the pole

function. These nodel s provi de two- pol e (- breakpoint)



characteristics. Fig. 3-8 shows Vlach's nodel [14] for the

provide the first pole and slew

interstage. I R, and cC

2 2
rate characteristics. The slewrate is nodeled by limting

I,.
Im = Vomax/Ro
I, < |Im|
c, = I /SR
R, = 1/w,C,
wher e I = t he maxi nmum out put current sw ng
Vomax = t he maxi mum out put vol tage swi ng
R, = out put resistance
SR = slewrate
Wy = the first breakpoint frequency
T + ? +
I, = I
1 R C v 2=(k R c fg
g O 1 1 LV1 v 2 2 Ty
Im1Vi Im2"1 2

Fig. 3-8 Vlach's Interstage Mdel [14].



Ry, Cy and I, formthe second pol e characteristic. R, is
4

chosen arbitrarily.

R, = 100
C, = 1/w,R;
wher e w, = t he second break poi nt frequency.

Anot her nethod for nodeling the interstage is to use

the tinme domain equation to sinulate the two-pol e function.

V2(s) A

Gin = - 0
V. (s) (1+s/w,) (1+s/%,)
A
= Q = (3.4)
(Nl+u.>2) s
1 + s +
wqwy wow,
w1+w2 1 5
V2(s) + sV2(s) + s V2(s) AOVi(s) _
wiwy wqwy

Taki ng the inverse Laplace transform (16}, the equation

becones ~-
w Fw, AV, (t) 1 dZVZ(t)
v, () + + —2— - AV,
at at 1(t)
wiwy w1y
2
w.+w. dv. (t) 1 a%v.(t) ]
vy(t) =awv,(t) -2 2 2 _ 2 (3.5)
Wy Ot wiwy gt 2



| n WATAND a deri vative such as dv,/dt can be represented
with a charge source, Q or a flux source, F. The Q source
has a current val ue equal to daQ/dt, and the F source has

vol tage val ue equal to darF/dat. Since the F source is
acconpani ed with an auxiliary variable in WATAND, enpl oyi ng
it would nake the circuit matrix | arger than t he nodel using
the Qsource. Therefore, Eg. 3.5 is nodel ed by using the

charge source as shown in Fg. 3-9.

Qa = V5
1
0. = v
b 1
w,w,
w_+w
I =av, -~ 2y
q 0'i T 1
1%

Therefore as seen fromF g. 3-9,

+ l T +
\%
do_ A R 1 aQ, V Iq@ ROV,

dt dt

Fig. 3-9 The Q Source Method | nterstage Mdel .



Ry =R, =1
an de
V1= =
dt dt
daQ

= AV, - 1 2 v, - _1
“’1“’2 wlwz dt
W +w. dv 1 a%v
17wy 4V, 2
- AV, - -
0Vi

2
wyw, dt wlwz dt

This equation is exactly the sanme as E. 3.5.

25

The slewrate characteristic is nodeled by limting

t he current Iq. Eq. 3.6 is given in Ref. [13]
av
nax
wherew = t he uni ty-gai n frequency

SR=the slewrate
The maxi muminput to the interstage. v_, is

SR SR
v = =

m
Wy Wik

Then, the input voltage. v, islimted as fol | ow

ifv, >V, V., =V
1 m 1 m

V- = _V

and if v, < -v_,
1 m 1 m

(3.6)

(3.7)



3.4 QUTPUT STACGE

The out put stage sinmul ates the characteristics of
out put i npedance, output voltage limt and short-circuit
current limt. Boyle [6] and weil [9] use two diodes to
limt the output voltage. Mach [14] and Sanchez- Si nenci o
[8] use a nonlinear resistor tolimt the voltage. These
nonl i near el enents nmake the nodel nore conplicated to
simul ate on the conputer. A sinpler nethod for WATAND is to

use a voltage source having a voltage limt function.

1t Vo > Vomh’ Vo = Vomh

1t Vo < Voml’ Vo = Voml

where v_ = the output voltage of the op anmp
Vomn = the naxi numoutput vol tage

Vom = the mninumoutput voltage

The short-circuit current can be [imted by using two
di odes [6,9], or by using a current source (7). The latter
nethod will be used for the proposed nodel because it is
sinpler for conputer simulation. Fig. 3-10 i s the out put

stage for the proposed nodel. The equations are --

r

[
Io

R
o

= ! -
Io Io I1

= if - '
I1 0 if ISC < IO < Isc



o]
IP' +’\/\/\r — * ; +°
(@] v (o}
r
vy (= I Vo

Hg. 3-10 The Qutput Stage Mdel

- 1 ] 1 -
I Io + Isc if Io < Is

1 c

I

I

[ ] - 3 1
1 o} Isc if Io > Is

C

wher e R, = t he out put resistance

vV, = t he vol t age across R,

I, = the output current of the op anp nodel
I, = the current limter
I = the short-circuit current

3.5 THE COWPLETE P AMP NACROMCDEL

The conpl ete nodel of the op anp shown in Fié: 3-11
I's the conbination of the separated nodels in Fig. 3-7to
3-10. This nmacronodel uses RCcircuits to simulate the
pol e frequencies. Another nacronodel shown in Fig. 3-12
sinmul ates the poles function with Q sources which are part-
of the #DEFI NE el enent in the WATAND nacronodel . The

di fference between these two nodels is the interstage. The



Fig. 3-11 The RC Circuit Method Qo Anp Macronodel .
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Fig 3-12 The Q Source Method Qo Arp Macronodel .



function for these two nacronodel s i s the sanme but the
perfornmance i s sonewhat different.

The macronodel s shown in Fig. 3-11 and 3-12 work wel
in the small-signal case. However, in a | arge-signal case,
because of the large gain in the interstage, that stage's
output will be very |l arge conpared to the power supply
voltages. Due to the large charge supplied to c, (see Fig.
3-11), the output response can not followthe input voltage
at high frequency. A noninverting anplifier using a test
nmacronodel shown in Fig. 3-13 is used to illustrate with
WATAND.

2’ V2
becones triangul ar i nstead of sinusoidal as seen in Fg.

Because the slewrate limts the change of 1

3-14. Wen the input voltage of this anplifier goes from

positive to negative, v, is very high and c, t akes

2
additional tine to discharge. The output voltage of this
anpl i fier becones rectangul ar i nstead of being a square
wave. Therefore, the nodel nust be nodified to elimnate
t he di scharge delay. A voltage reduction in v, duri ng

| ar ge- si gnal response nust be added. Boyle's nodel [6]
provides this voltage limt by using two di odes and‘é
dependent vari abl e.

Inthis work, v, is limted by nodifying the function

2
I, (dependent source). |If v, exceeds t he nmaxi num out put
vol t age, I, I S reduced by an anount Ig- The equations for _
I, are

d
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Fig. 3-14 The Cutput Voltage v, of the
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Fig. 3-15 The Qutput Voltage of the Mdified Mdel.

I. =0 if v > \72 > V

d omh oml
Iq = eXp(Vy=Vo)-1 | f Vv, > Vo
Id = —exp(Voml-—Vz)-—l if V2 < Voml

Under this limt, v, won't go too high above the nmaxi nrum

2
out put voltage. Fig. 3-15 shows the out put of the non-
Inverting anplifier using the nodified nodel .

The Q source nodel shown in Fig. 3-12 can be nodified

by just changi ng t he dependent current source Iq, that is

| =y, 222
q " oL T AT - [exp(VymVopy) -1

for V, >V 4 (3.8a)



wl+w2 de
Iq = oni - ” - [exp(Voml—Vz)—l]
w1y

for v, <V (3.8b)

oml

The exponential expressions in Egs. 3.8a and 3.8b are added
tolimt the voltage in the interstage.

These op anp nodel s provide for i nput and out put
characteristics, differential gain versus frequency
characteristics, offset characteristics, and | arge si gnal
characteristics, such as slewrate, output voltage sw ng,
and short-circuit current limting. Both nmacronodels are
capabl e of working in an unbal anced power supply situation.
Chapter 4 deals with the inplenentation of these two

macr onodel s i n WATAND.



CHAPTER | V
THE WATAND COP AWMP IVACROMCDEL

4.1 OVERVI EW

To build a nodel in WATAND, one can use the #DEFI NE
control word to describe the internal circuit and paraneters
of the nodel. The #DEFI NE nodel nmay contain a) any WATAND
| i near el ements except independent sources, sw tches and
nmut ual 1 nductances, and b) any of four nonlinear el enents:
current source, voltage source, charge source (I=dQ/dt) and
flux source (v=drF/dat) [4]. A user witten Fortran subrou-
tine is used to evaluate the val ues of the nonlinear
characteristics.

The #DEFI NE section of this op anp nmacronodel is
stored in a WBLOXK file which is discussed in section 4.2

The user witten Fortran subrouti nes are described in

section 4.3.

4.2 WBLOX FI LE

For conveni ence, the nacronodel s devel oped iH'Chapter
3 areredrawn in Fig. 4-1. The WBLOXK file of the op anp
nmacr onodel using the RCcircuit nethod is shown in Table 4-1
(see Refs. [4,17] for the detail of WBLOCK Macros). The
line nunbers to the extrene left are not part of the file.

The default paranmeter val ues are for the Fairchild 741 op

anp. The QAinline 18 is the defined el enent's name
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Table 4-1 RC Circuit Method of Op Amp WBLOCK Fil e.

OA

01
02
03

05
06
07
08

10

12
13
14
15
16
17
18
19

21
22

24
25
26
27
28
29
30
31
32
33
34
35
36

38
39
40
41
42
43
44
45
46
47
48

WBLOCK:

#****************************************************************

#* OPERATIONAL AMPLIFIER MODEL USING RC CIRCUIT METHOD

H#H* WITH 741 DEFAULTS AND ZERO-OFFSET VALUES.
#*

#* IN THE #MODEL SECTION, ENTER

#*

#* OA.MNAME < OA PARAMETERS >

#*

#* |IN THE #DATA SECTION, ENTER

#*

#H* OA.MNAME.NAME N1 N2 N3 N4

#* (VI+ VI- VO GND)

#*

#* CREATED 25-0OCT-87 B.R. HSU EE DEPT. YSU

Fhddddkdkdkkdkddkkkkdkhhkkkkkkkhdkkhhkdkhhhkhhkhhhhhhhkhdkdhdkhhkderhhhrhhkrrhddk
&MODEL
#DE OA
I_){IODEL OA 13
VSUP 15 -15 A0 2D5 RI 2D6 Cl 1.4P RO 75 SR 6.7D5 5D5
FB 5 3D6 VOS 0 10S 0 IB 80N RIC 2D9 ISC 25M VOLIM -1.5 2.5
AUTOSP 1
SPVI -15 -14 -80M —-IM 1M 80M 14 15
spvl -15 -14 -80M - IM 1M 80M 14 15
SPV2 -20-15 -14 -7 0 7 14 15 20
SPVR -20 -5 -1.975 -1.875 1.875 1.975 5 20
ATA 4 1 5 7 4 8 4 9 3
UNCTIONS
5

O % % % * * *

L

WOWOAPMITOYMU<auaygdT
OONJOUONRRPRLRTMTWORLEAANDREN
hhh»ummmmmppm\lpa\o\

o

#M
OA.&MNAME &PARAM




The QA'inline 19 is the Fortran subroutine's nane. The
nunber 13 after QA is the nunber of extra storage | ocations
reserved for use by the subroutine. Lines 20 to 22 contain
paraneters and their default values. Lines 23 to 26 contain
sanpl e- poi nt paraneter nanes and their default values. The
nunber 4 after DATAin line 27 indicates that the first four
nodes in the nodel will be connected to the external

circuit. The nunbers follow ng DATA 4 are the node pairs
for the independent variables (vis, v74, v84, and Vv93).
Lines 28 to 36 nake up the FUNCTI ONS section. The first two
nunbers foll owi ng each V and J are the nodes of the
dependent source. The first four functions, v25, Ji6, J26,
and V64, are constant sources whi ch depend only on the
constant paraneters. The linear elenents in the op anp
nmacronodel are in the ELEMENTS section in lines 37 to 46.

Val ues are obtai ned from paraneter values R, d, etc., or
fromthe extra storage | ocations for the last four el enents.

Table 4-2 is the VBLOX file of the op anp nmacr onodel
using the Q source nethod. It is simlar to Table 4-1
except that it uses charge sources to sinmulate the pol e
frequencies instead of using RCcircuits. -

The paramet er val ues of either nmacronodel can be
taken from manuf acturerst' data sheets and fromthe user's
circuit. The description of these paraneters is given in
Tabl e 4-3. The default paraneter values are for 741 op anp.

(ne can use these general WBLOXK files to build other

op anp nodels. A WBLOX file for the LF355, a JFET/bipolar



Table 4-2 Q Source Method of Op Amp WBLOCK File.

OA2 WBLOCK:

fhhkhkhhhdkhhkhkhkhkhhkrkdkhhkhkhkhkhkhkhkhhdkdkdkdddhhdohkhkhkhdkdhkhkhhkhkhhkkhhrhhrkkik

#*  OPERATI ONAL AMPLI FI ER MODEL USI NG Q SCURCE METHOD

#: W TH 741 DEFAULTS AND ZERO OFFSET VALUES,
ﬁi** | N THE #MODEL SECTI ON, ENTER

ﬁ: QA2.MNAME < QA2 PARAMETERS >

iﬂ* | N THE #DATA SECTI ON, ENTER

ﬁi OA2.MNAME.NAME N1 N N3 M

#* (VI+ VI- VO Q\D

#
#* CREATED 25-CCT-87 BR HSU EE DEPT. YSU

#*****************************************************************

&MODEL

#DE QA2

MODEL QA2 8

* VSUP 15 -15 a0 2D6 RI 2D6 d 1.4P RO 75 SR 6.7D5 506
* FB5 36 VOG5 0 1G5 0 IBS8ONRC?2D |ISC25MVCLIM-1.5 2.5
* AUTCSP 1

* SPVI -30 -15 -10 -1 -8D-2 -7.9D-2 .10663 .10763 1 10 15 30
* spvl -1Dr7 -1D6 -1D3 103 1D5 1D7

* spv2 -30 -15 -14.1 -14 -10 -1 1 10 14 14.1 15 30

* SPVR -10 -1.975 -1.875 1.875 1.975 10

DATA4 15 74 84 93

FUNCTI ONS

v 25

J 16

J 26

V6 4

Q 4 7

Q 8 4

J 4 8

v 9 4

J 3 4

ELEMENTS

R15 R

cC15 d

R16 RC

R26 RC

R9 3 RO

R84 8 M

R74 8 M

O
PR
N

. §MNAME &PARAM




Tabl e 4-3 Macronodel Paraneters.

PARAMETER DEFAULT UNTS DESCRI PTI ON
NAME VALUES
VSUP o Anp Suppl y Vol t ages
VSUP. 1 15 \ Posi tive supply vol tage
VSUP. 2 - 15 \ Negat i ve supply vol t age
A0 500k Low frequency open-| oop gain
RI 2M o) | nput resistance
CI 1.4p F | nput capaci t ance
RO 75 Q Qut put resi stance
SR Slewrate
SR 1 0.67M V/s Posi tive going slewrate
SR 2 0.5M V/s Negat i ve going slewrate
FB Br eak- poi nt frequency
FB. 1 5 Hz Fi rst break-poi nt frequency
FB. 2 3M Hz Second br eak- poi nt frequency
VoS 2m v | nput of fset vol tage
I0S 20n A | nput of fset current
IB 80n A | nput bias currrnt
R C 2G Q Common- node i nput resi stance
| SC 25m A Qut put short circuit current
VQLIM The di fference between
maxi mum out put vol t ages
and supply vol t ages
VAIM 1 -1.5 \Y Maxi num out put m nus VALP. |
VQLI M 2 2.5 \' M ni num out put m nus VSUP. 2
AUTCSP 1 Desi gnat es aut omati ¢ sanpl e-

poi nt sel ection (=1),
ot herw se, user-specified
sanpl e- poi nts are used




Tabl e 4-4 LF355 WBLAXK Fil e.

LF355 VWBLOCK:

#*********************************************************************a;x
E2 ]

i LF355 CP AMP MCDEL

ﬁ: USI NG THE QA MARco WTH LF355 DEFAULTS

#** I N THE #MCDEL SECTI ON, ENTER

ﬁ: LF355.MNAME <LF355 PARAMETERS>

##** I N THE #DATA SECTI QN, ENTER

ﬁ* LF355.MNAME.NAME N1 N2 N8 M4

#: (VI+ VI- VO QD

ﬁ* CREATED 25- OCT- 87 BR HSU EEDEPT. YSU

#************************************************************************

&MODEL

§PARAM VSUP a0 R d ROSRFBVB IG5 IB RCISCVAlMAUTGSP
SPVI SPV1 spv2 SPVR

&DEFAULT ¥SlP 15 -15 a0 205 R 1p12 ¢I 3P RO 120 SR 506 9D6 FB 20 1.5D7

* 5 3SMIGC5 3P 1B 30P RC 1p12 | SC 25MVALIM -2 2 AUTGCSP 1
* SPvi -30 -15 -10 -1 -.1 =-.01 .01 .1 1 10 15 30

* Spvl -1D8 -1D6 -1D4 -102 102 1D4 106 1D8

* SPv2 -50 -15-14 -10 -1 1 10 14 15 50

* SPVR -50 -15 -14 -10 -1 1 10 14 15 50

#M

OA &MNAME VSUP &VSUP A0 &20 R &R A &0 RO &RO SR &SR FB &FB VCB &V0S
IS &10s IB & B R C &RIC | SC &Isc VAI M &VvOLIM AUTCSP &AUTOSP

% SPVI &SPVI SPV1 &SPV1 SPV2 &SPV2 SPVR &SPVR

&DATA
£D
CA.&MNAME. &NAME &PARAM

op anp, is shown in Table 4-4 as an exanple. The WBLOCK
file uses the LF355 paraneter values and calls the QA nodel
(the RCcircuit nodel).

4.3 THE FORTRAN SUBROUTI NES
The user witten Fortran subroutines for the RC
circuit and Q source nodel s are shown in Tables 4-5 and 4-6,
resp. Inthis sectionthe RCcircuit subroutineis
descri bed. The Q source subroutine is very simlar.
In the IcoDE=1 section, paraneters VSUP, VOLIM | SC,

and FB are checked. |If any invalid value occurs, an error



nmessage is issued by calling the WVATAND utility routine
USRMSG and the error flag IERRis set to 1. After all
paraneters are checked, the |[ERR flag is checked and t he
routine is exited wth vaAL(1)=1 if IERR=1. Stored
paraneters such as M4, I|M, VM 1IB1, etc., are cal cul ated
and noved to storage positions after the check section.

I f AUTCSP (autonmatic sanple-point flag) is 1, the
subrouti ne generates a set of sanpl e-point val ues by calling
a WVATAND utility routine UDSAP[see Ref. 4]. Because the
i nput voltage, M, is limted by IML/GM2 and IMH/GM2 for
slewrate limting in the interstage, sanpl e-point SPVI has
two break-points, IML/GM2 and IMH/GM2. SA(l), SA2) , SA6),
and SA(7) are set at or near the break-points. sSaA(3) and
SA(5) are choosen near SA(4) which is 0. sPvVl and SPV
val ues are identical for the RCcircuit nodel.

The maxi mum and m ni mum out put vol t ages (VOW and
VOWM) are used as break-points for spv2. The supply
vol t ages are chosen for SA(1) and SA(7). SA(2) and SA(6)
are set equal to VOW and VOM.. VM a mddl e poi nt between
supply voltages, is chosen for SA(4). SA(3) is set between
vM and VOM., and SA(4) is set between W and VOWH _—SPVR
al so has two break-points, -ISC*RO and ISC*RO. SA(1l),
SA(2), SA(4), and SA(5) are chosen at or near these break-
points, and SA(3) is set to 0.

If the IER return fromUDSAP does not equal zero, an

error nessage is issued and IERRis set to 1. After all



sanpl e- points are set, |ERR is checked again, and if it is
equal to 1, the routine is exited with VAL(1)=1.
In the ICODE=2 section, the values of the functions

(dependent sources) are calculated. The equations used are

from Chapter 3.

Table 4-5 RC Circuit Method Fortran Subrouti ne.

OA FORTRAN:

C***********************************************************************
SUBRCUTI NE QA (ICODE, PAR, VAR, VAL, EPAR, MIDA, DERIV)
C***********************************************************************
C
8 CPERATI ONAL AMPLI FIER (USING RC A RCU T METHOD)
C CREATED 25- OCT-1987 BR HSU EE DEPT. YSU
C***********************************************************************
REAL*8 PAR(1),VAR(1),VAL(1),EPAR(1),DERIV(1,1),
SA(7),INC(6) ,DE,LE,HE,
ERMSG (5) ,CNSA(4),
VPOS,VNEG,AO,RI,CI,RO,SRP,SRN,F1,F2,V0s,10S,IB,RIC,ISC,
VOLIMH, VOLIML,AUTOSP,
€1,R1,C2,R2,GM1,GM2,IMH, IML, IB1,IB2, VOMH, VOML, VM, LPAR(31),
vIi,Vv1,v2,VR,I1,I2,VL,IL,TWOPI,IO,ID
| NTEGER ICODE,MIDA(1),IVAR,NSA,IER,IERR
LOGICAL*1 ERMSG1(40),CNIER(4)
EQU VALENCE
(LPAR( 1), WG5S ), (LPAR( 2), VNEG
(LPAR( 4), RI ), (LPAR({ 5), cI
(LPAR( 7), SRP ), (LPAR( 8), SRN
)
)
Y.

* % ok ¥ % *

, (LPAR( 3), A0
, (LPAR( 6), RO
, (LPAR( 9), F1
(LPAR(10), F2 (LPAR(11), V(B ;

)

)

)y, (LPAR(12), |CS
(LPAR(13), IB (LPAR(14), R C g

)

)

(LPAR(15), | SC
(LPAR(18), AUTCSP

P S

NA A et et S e

* & ¥ * * *

(LPAR(16), VOLIMH (LPAR(17), VQLI M.

E VALENCE
A (LPAR(19), C1

* , (LPAR(20), R1 ., (LPAR(21), €2 ),
* (LPAR(22), R2 g, (LPAR(23), GM1 , (LPAR(24), GM2 ),
* (LPAR(25), IMH ), (LPAR(26), IML , (LPAR(27), IB1 ),
* (LPAR(28), | B2 ), (LPAR(29), VOW ), (LPAR(30), VOWL ),
* (LPAR(31), VM )
EQU VALENCE (ERMSG (1), ERMSG1(1l))

C
DATA ERMSG/'UDSAP: I','ER = # F','OR SAMPL','E PO NT ', '###kssss'/
* ,CNIER/'1','2','3','4"'/
* ,CNSA/'SPVI','SPV1', 'SPV2','SPVR'/
* ,TWOPI/6.283185307179586D0/

C

o I o o L B B L B R B I e T SRR S
C -
C...TRANSFER WATAND PARAMETERS | NTO LocAL STCRACGE

DO 10 J=1,31
10 LPAR (J)=PAR(J)



...CHECK TOSEE IF ITIS INTIAL CALL
IF(IODE EQ2) GoTo 200

S B o mL c o B B I
. .ICODE=1

... INITIALIZE QOONSTANT

IERR=0

00 o0 a0

. CHECK SUPPLY VOLTAGES
| { VPCS.GT.WNEG GOTO 20
CALL USRVBG( WPCB <= WNEG',12,8)
JERR=1

. .CHECK PARAMETER VLI MH

0 IF(VOLIMH.GE. (VNEG-VFOS)/2D0.AND.VOLIMH.LE.ODO) GoTO 30
CALL USRVBG(' VALI MH > 0 CR < (VNEG WPCY) /2',29,8)
IERR=1

NOO

. .CHECK PARAMETER VOLI M
IF (VOLIML.LE. (VPOS-VNEG) /2D0.AND.VOLIML.GE.0D0) GOTO 50
CALL USRMSG('VOLIML < 0 CR > (VPOS-VNEG)/2',29,8)
IERR=1

wn
o

...CHECK PARAMETER | SC
IF(ISC.GE.0DO) GOTC 60
CALL USRMSG('ISC < 0',7,8)
IERR=1

an
o

.« OHECK PARAMETER F1
IF(F1.GT.0DO) GOTO 70
CALL USRMSG('F1 <= 0',7,8)
IERR=1

g0o0

..« .CHECK PARAMETER F2
IF(F2.GT.0D0) GOTO 80
CALL USRMSG('F2 <= 0',7,8)
TIERR=1

~N 0
o

. .CHECK ERRCR FLAG
IF(IERR.NE.O) GOTO 140

00g00

..0oUTPUT CURRENT SW NG
IMH= (VPOS+VOLIMH)/ RO
IML=-IMH*SRN/SRP

a0

. .DOMINANT PCLE STAGE
C2=IMH/SRP
R2=1D0/ (TWOPI*F1*C2)
GM2=A0/R2

. SECOND PCLE STACE
R1=1D2
C1=1D0/ (TWOPI*F2*R1)
GM1=1DO/R1

..SET | NPUT Bl AS QURRENT
IB1=IB+I0S/2D0
IB2=IB-I0S/2D0

0o

0o

..SET VOLTACE LEVEL FCR | NPUT STACE
M= (VPOS+VNEG) /2D0

an a0

. .SET QUTPUT VOLTACE SW NG
VOMH=VM+ VPO5- VNEG ,/2D0+VOLIMH
VOML=VM~ (VPOS-VNEG) / 2D0+VOLIML



00

...CHECK AUTO SAMPLE PO NT FLAG
| F(AUTOSP.NE.1D0) GOTO 150

C

¢...SET SPVI SAMPLE PO NT
IVAR=]1
SA1) =-1D0+IML/GM2
I NQ 1) =1Dp0o
SA(2)=SA(1)+1DO
SA(3)=SA(2)/1D1
INC(2)=SA(3)-SA(2)
INC(3)==-SA(3)
SA(4)=0D0
| NC(4)=IMH/GM2/1D1
SA(5)=INC(4)
I NG 5) =INQ 4) *9D0
SA(6)=INC(4)*1D1
I NC(6) =1D0
SA(7)=1DO+SA(6)
DE=0D0
LE=5D0
HE=5D0
Nsa=7
GoTo 120

C

C...SET spvli SAMPLE PO NT
90 IVAR=2
GoTo 120

C...SET spv2 SAVPLE PO NT
100 IVAR=3

SA (1) =VNEG
| NC(1) =VOML-VNEG
SA(2) =VOML

SA(3)=(3DO*VOML+VOMH) /4D0
INC(2)=SA(3)-SA(2)
SA(4)=VM
INC(3)=SA(4)~SA(3)
SA'5) =(VOML+3DO*VOMH) /4D0
INC(4)=SA(5)-SA(4)
SA(6)=VOMH
INC(5)=SA(6)=-SA(5)
| NC(6) =VPOS-VOMH
SA(7) =VPoSs
DE=0DO
LE=5DO0
HE=5D0
NSA=7
GoTo 120
C
C...SET SPVR SAMPLE PO NT
110 IVAR=4
SA(1)=-ISC*R0O-1D-1
INC(1)=1D~-1
SA(2)=SA(1)+1D-1
I NC(2)=-8a(2)
SA(3)=0D0
INC(3)=INC(2)
SA(4)=INC(2)
I NC(4)=1D-1
SA(5)=INC(2)+1D-1
DE=0DO0
LE=5D0
HE=5D0
NSA=5



C...CALL UDSAP, | F ERROR, SEND ERRCR MESSACGE AND RETURN
120  CALL UDSAP(MIDA,DERIV,IVAR,DE,LE,HE,SA, INC,NSA, IER)
IF(IER.EQ.0) GOTO (90,100,110,130),IVAR
ERMSG1 (14)=CNIER(IER)
ERVBG 5) =cNSA( | VAR)
CALL USRMSG (ERMSG,36,8)

C
C...SET ERROR FLAG

IERR=1

GOTO (90,100,110),IVAR
C

C...CHECK ERROR FLAG | F =1, FLAG WATAND TO TERM NATE THE OPERATI ON
130 IKIERR NE 1) coTo 150
140  VAL(1)=1DO
GOTO 999
C
C...TRANSFER | NTERNAL PARAVETERS BACK TO WATAND
150 DO 160 I=19,31
160 PAR(I)=LPAR(I)
GOTO 999

e R S TS TS T R A o A e o e s A o AT S RS
C...ICODE=2
C...EVALUATE FUNCTI ON VALUES

C

C...GET VAR ABLES

200 VI=VAR(1)
V1=VAR(2)
V2=VAR(3)
VR=VAR 4)

C

C...CURRENT | N THE SECOND POLE STAGE
I1l=GM1*VI
C
c

...FIRST POLE STAGE GAIN AND SLEWRATE LIM T
I2=GM2*V1
IF(I2.LT.I M) I2=IML
IF(I2.GT.| MH) I2=IMH

C
c...LIMIT AQURRENT I N THE FI RST POLE STAGE
ID=0DO
IF(V2.GT.VOMH) ID=DEXP(V2-VOMH)-1DO
IF(V2.LT.VOML) ID=-(DEXP(VOML-V2)~-1D0)
12-12-1D
C
C...SET QUTPUT VOLTAGE LI M TI NG
VL=V2
I {HW. GI.vaw) vL=VOMH
c IF(VL.LT.VOML) VLTVOML
C...SET QUTPUT CURRENT LI M TI NG
IO=VR/RO.
| LTCDO
IF(I0.GT.ISC) IL=IO-ISC
c IF(IO.LT.-ISC) IL=IO+ISC
C...ASSIGN FUNCTI ON VALUES AND RETURN
VAL (1) =vos
VAL(2)=IBl
VAL( 3) =1B2
VAL(4) ="M
VAL(5)=l1
VAL(6)=I 2
VAL(7)=VL
VAL(8)=IL

999 RETURN




Table 4-6 Q source Method Fortran Subroutine

OA2 FORTRAN:

C***********************************************************************
SUBROUTI NE QA2 (ICODE,PAR, VAR, VAL, EPAR,IDA,DERIV)
C***********************************************************************
C
8 CPERATI ONAL AMPLI FI ER (USI NG Q SOURCE METHCD)
C CREATED 17- OCT- 87 B.R HSU EE DEPT. YSU
C***********************************************************************
REAL*8 PAR(1),VAR(1l),VAL(1l),EPAR(1l),DERIV(1,1),
SA(7),INC(6),DE,LE,HE,
ERMSG (5) ,CNSA(4),
VPOS,VNEG,AO0,RI,CI,RO,SRP,SRN,F1,F2,
vos,I0s,IB,RIC,ISC,VOLIMH, VOLIML, AUTOSP,
IB1,IB2,VMH, VML, VOMH, VOML, VM, R1, LPAR(26) ,
vI,v1i,V2,VR,QA,QB,IQ,VL,IL,I0,DEXP, TWOPI
| NTEGER ICODE,MIDA(1l),IVAR,NSA,IER,IERR
LOGICAL*1 ERMSG1(40),CNIER(4)

* F F * ¥ *

c
+EQU VALENCE
(LPAR(¢ 1), VPOB ), (LPAR( 2), VNEG ), (LPAR( 3), A0 ).
* (LPAR{ 4), Rl y, (LPAR( 5), CI ), (LPAR( 6), RO )
* (LPAR( 7j; SRP ), (LPAR( 8), SRN ), (LPAR( 9), F1 ),
* (LPAR(10), P2 ), (LPAR(11l), VOB ), (LPAR(12), ICS8 ),
* (LPAR(13), |IB )y, (LPAR(14), RC ), (Lpar(15), ISC ,
* (LPAR(16) ,VOLIMH ), (LPAR(17),VOLIML ), (LPAR(18), AUTCSP&
EQU VALENCE
* (LPAR(19), VMH , (LPAR(20), VML ), (LPAR(21), IBl ),
* (LPAR(22), IB2 ), (LPAR(23), VOW ), (LpArR(24), VOWML ),
(LPAR(25), VM ), (LPAR(26), R1 )
EQU VALENCE
* (ERMSG (1), ERMSG1(1l))
C
DATA ERMSG/'UDSAP: I','ER = # F','OR SAMPL','E PO NT !, '#4ss4444'/ "
* ,CNIER/'1','2','3',141/
* ,CNSA/'SPVI','SPV1', 'SPV2', 'SPVR'/
* , TWOPI/6.283185307179586D0/
C

Lo R e R o T o 1 i
C
C...TRANSFER VWATAND PARAMETERS | NTO LOCAL STCRAGE

DO 10 J=1,26
é? LPAR (J) =PAR(J)
C ..CHECK | OCDE
| F(1 OCDE. EQ 2) GoTo 200
C
Cttdttttdtd ottt tttrdddppddddttttrrtttss E R s i e e o o i B o o o o o o
C...ICODE=1
C...INITIALIZE CONSTANT
IERR=0
R1=1DO
C
C...CHECK SUPPLY VOLTAGES
IF (VPOS.GT.VNEG) GOTO 20
CALL USRMSG('VSUP.l <= VSUP.2',616,38)
IERR=1
C
C...CHECK PARAMETER VLI MH
20 | F(VOLIMH GE -vpos. AND VOLI MH LE.CDO) GOTO 25

L USRMSG('VOLIM.1l > 0 (R < -VSUP.1',624,8)
IERR=1



0O o0 00

PO 00

. .CHECK PARAMETER VQOLI ML

IF(VOLIML,LE.-VNEG,OR,VOLIML.GE. 0D0) GOTO 30

IERR=1

. .CHECK PARAMETER | SC

IF(ISC.GE.ODO) GoToO 40
CALL USRMSG('IsSC < 0',7,8)
IERR=1

. .CHECK PARAMETER F1

IF(F1.GT.0D0) GOTO 45
CALL USRMSG('FB.l <= 0',9,8)
IERR=1

. .CHECK PARAMETER F2

IF(F2.GT.0D0) GOTO 50
CALL USRMSG('FB.2 <= 0',9,8)
IERR=1

. .CHECK ERRCR FLAG

IF(IERREQ1) GoTo 120

.SET | NPUT Bl AS CURRENT

IB1=IB+IO0S/2D0
IB2=IB~I0S/2D0

. .CALCULATE NMAXI MUM I NPUT VOLTACE FOR SLEW RATE LI M TI NG

VMH=SRP/ (TWOPI*F1*AQ)
YML=-SRN/ (TWOPI*F1*AQ)

..SET VOLTACE LEVEL FOR | NPUT STAGE

VM= (VPOS+VNEG) /2D0

. COWUTE MAXIMUM COUTPUT VOLTACGE

VOMH=VM+ (VPOS-VNEG) /2D0+VOLIMH
VOML=VM~ VPCE ~VNEG) /2D0+VOLIML

..CHECK AUTO SAMPLE PO NT FLAG

| { AUTCSP. NE. 1D0) GOTO 130

..SET SPVI SAMPLE PA NT

IVAR=1
SA(1)=-1DO+VML
SA(2)=VML-1D-3
I NQ 1) =999D-3

I NG 2) =1D-3

SA (4) =VH

| NC(3) =VMH-VML
SA(5)=VMH+1D-3
I NGO 4) =1D-3
SA(6)=1DO+VMH
| NG 5) =999D-3
DE=0D0

LE=5D0

HE=5D0

NSA=6

GoTo 100



C
C...SET spvl SAMPLE PO NT
60 IVAR=2
SA(1) =-1D5
I Nd 1) =99D3
SA(2)=-1D3
I NC(2)=1D3
SA(3)=0D0
I NC(3)=1D3
SA(4)=1D3
INC(4)=99D3
SA(5)=1D5
DE=0DO
LE=1D7
HE=1D7
NSA=5
GOTO 100
C
C...SET spv2 SAMPLE PO NT
70 IVAR=3
SA(1) =VNEG
SA(2) =VOML
INC(1l)=SA(2)~SA(1)
SA(3)=(3DO*VOML+VOMH) /4D0O
INC(2)=SA(3)=-SA(2)
SA(4)=VM
INC(3)=SA(4)~-SA(3)
SA(5)=(VOML+3DO*VOMH) /4D0
INC(4)=SA(5)-SA(4)
SA(6) =VOMH
INC(5)=SA(6)-SA(5)
SA(7)=VPOS
INC(6)=SA(7)-SA(6)
DE=0D0
LE=1D1
HE=1D1
NSA=7
GOTO 100
C
C...SET SPVR SAMPLE PO NT
80 | VAR- 4
SA 1) =-ISC*RO-1D-3
I NG 1) =1D-3
SA(2) ==ISC*RO
INC(2)=-SA(2)
SA(3)=0D0
INC(3)=INC(2)
SA(4)=INC(2)
I NG 4) =1D-3
SA(5)=INC(2)+1D=-3
DE=0DO
LE=5D0
HE=5D0
NSA=5
C
C...CALL UDSAP, | F ERROR, SEND ERROR MESSAGE AND RETURN
100 CALL UDSAP(MIDA,DERIV,IVAR,DE,LE,HE,SA, INC, NSA, IER)
IF(IER.EQ.0) GOTO (60,70,80,110),IVAR
ERMSG1(14) =CNIE%ER)
ERMSG (5) =cNsa (I VAR
CALL USRMSG (ERMSG,36,8)

..SET ERRCR FLAG
IERR=1
GOTO (60,70,80),IVAR

oo



C
C ..cHECX ERROR FLAG | F = 1, FLAG WATAND TO TERM NATE THE OPERATI ON

110 |IFIERR NE 1) coTo 130
120  vaL(1l)=1DC
GoTo 999

C...TRANSFER | NTERNAL PARAVETERS BACK TO WATAND
130 DO 140 I=19,26
140  PAR(I)=LPAR(I)

GOTO 999

- -+
+t ottt

C ..ICODE=2 (EVALUATE FLh[TICN VALUES)
C...CET VAR ABLES

e oo e b oo oo oo o e . oo
CHtttttrttrttttt s e T o

V1=VAR(2)
V2=VAR(3)
c VR=VAR (4)
¢...LIMIT | NPUT VOLTAGE CHANGE FOR SLEW RATE FUNCTI ON
IV .Gl.vH) VI=VMH
c | VI .LT. VM.) VI=VML
C...TWo-POLE GAI N FUNCTI ONAND VOLTACE LI M TI NG
QA=V2
QB=V1/ (F1*F2*TWOPI**2)
IQ=A0*VI~(F1+F2) *V1/ (F1*F2*TWOPI)
| V2. LT.VOML) IQ=IQ DEXPEVC]VL V2) - 1DO
c | F(v2.Gl. VOW) 1o=1Q< DEXP(V2-V -1 DO)
C...SET OUTPUT VOLTAGE SW NG
VL=V2
| { VL.GT.V VIL=VOMH
| {VL.LT.VOW.) VL=VOML
C
C...SET MAXI MUM OQUTPUT CURRENT
I0=VR/RO
IL=0DO
IF(IO0.GT.ISC) IL=IO0-ISC
c | F(10.LT. -ISC) IL=IO+ISC
C...ASSIGN FUNCTI ON VALUES AND RETURN
VAL (1)=vos
VAL(2)=IBl
VAL(3)=1IB2
VAL(4)=VM
VAL (5) =QA
VAL(6)=QB
VAL(7)=IQ
VAL(8)=VL
VAL(9)=IL
999 RETURN

END




CHAPTER V
MACROMCDEL PERFCRVANCE

To investigate the validity of the nacronodel, five
il lustrative exanpl es are presented in this chapter. These
exanpl es cover a w de range of applications. The RCcircuit
nodel with the default 741 op anp paraneters is used for
these sinulations. 741C op anps are used for the | aboratory
tests. The results of conmputer simnulations are conpared
with experinents, and an execution tine conpari son between
the RCcircuit and the Q source nodels is presented in
section 5.6. Al exanples are run usi ng WATAND ver si on

1. 10- 00.

5.1 | NVERTI NG AMPLI FI ER

The inverting anplifier circuit of Fig. 5-1 provides
tests with respect to voltage gain versus frequency and
voltage limts. The sinmulation output is conpared with the
experinments and is shown in Figs. 5-2to 5-4 FQg 5-2is
t he frequency donmai n anal ysis of the voltage gain. The
transi ent responses of sinewave inputs with peak vaiue 0.3 V
Is shown in Fig. 5-3 and with peak value of 10 Vis shown in
Fig. 5-4. The results show good agreenent wi th the val ues
found experinentally. The offset characteristics are al so
tested for this circuit and are shown in Table 5-1. The
first DC anal ysis shown there is with zero offset current

and voltage. The second anal ysis has of fset voltage of



2 mv. The last DC analysis is with bias current of 80 na
and offset current 20 na. These results showthat the of fset
vol t age causes nore DC shift than the bias and of f set

currents do, for this circuit.
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Fig. 5-1 An Inverting Anplifier Grcuit and its WATAND
Netlist.
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5-3 Voltage Limting Effect with V.S = 0.3 V Anplitude.



Table 5-1 DC Sol utions of the Inverting Anplifier.

dc
DC
SOL'N # 1 (DET -)
( 1) 0.0
( 4) -8.49405D-17
| V.S
A2 Al
Al QA |
A6 QA |
A8 A1l

DC  EXECUTI ON Tl ME-

#am oa. 1 VOS 2m
ALTER PERFORVED

dc
DC V1.10-0g SR13701
SOL'N 4 1 (DET -)
( 1) 0.0
( 4) 1.01973D-01
| V.S
A2 A1l
A4 QA
A6 QA |
A8 A1l

DC  EXECUTI ON TI ME=

#am oa.l vOS 0 ib 80On
ALTER PERFORVED
dc

DC V1.10-0g SR13701

V1.10-0g SR137015 15-OCT-87 21:41:20

-t s s

o I TER
( 2) -1.66542D-18 (
(
-1.66542D-20 Al A1l
0.0 A3 QA1
-8.68266D-17 A5 A1l
~8.32667D-25 A7 A1l
2.51491D-20
0. 003 SEC.
s 15-OCT-87 21:41:35 YSUCMVB

5 I TER
( 2) 1.99948D-03
(
1.99948D-05 Al A1l
0.0 A3 QA
1.04238D-01 A5 QA
-2.60595D-13 A7 A1l

-3.01921D-05

0. 023 SEC

i os 20n

5 15-OCT-87 21:41:55

0.0
~-1.08972D~04

DC  EXECUTI ON TIME=

-8.99944D-06

-8.99944D-08 Al QA
0.0 A3 QA
-1.11288D-04 A5 QA
2.78221D-16 A7 QA

3.08916D-08

0. 027 SEC

—TRpR

YSUCMS

(

YSUCMS

(

3)

3)

3)

FILE | AW

-8.32667D-23

~-1.66542D-18

9.87708D~-19
-8.68266D-17
-8.32750D-28

FILE | AW

-2.60595D-11

-5.21215D-07
$.21189D-07
1.04238D~01
9.99739D-13

FILE | AW

~-9.00000D~06

-8.99944D-06
-5.56442D-10
-1.11288D~04

1.60000D~07
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Fig. 5-4 Voltage Limting Effect with V.S = 10 V Anpli tude.

5.2 MONOSTABLE MLTI M BRATCR

To estimate the slewrate characteristics and out put
voltage limts of the op anp nodel, the nonostabl e _
mul tivibrator circuit (18) shown in Fig. 5-5 is sinulated.
The DT analysis (DT SN 4 3 SO-1M 1M ZS) shows three DC
solutionsinthis circuit (see Table 52). The |ast DC
solutionis the desired initial point for TC anal ys}'s. Fi g.
5-6 i s the simulation output and the experinental result.
The sl opes frompoint Ato Band Cto Dshowthe slewrate
limting. A sharper sloped pul se can be generated by using
a faster slewrate op anp such as the LF355. It is seen .
that the simul ation and experinmental output are in good

agr eenent .
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Fig. 5-5 A Monostabl e Multivibrator Grcuit and its WATAND
Netlist.



Tabl e 5-2 The DC Sol utions of the Monostable Multivibrator.

dt
DT v1.10-0g SR137015 17-0CT-87 12:53:25 YSUCMB FI LE: MONS
SOL'"N# 1 (DET -) 19 ITER
( 1y 0.0 ( 2) -8.41750D-13 ( 3) -8.41834D-09
{ 4) =1.,24779D-08 ( 5) 7.99907D-04 ( 6) 7.99899D-04
| V.S 0.0 Al D1.1 -1.24779D~16
Al D1. 2 -8.41834D~-13 Al D1.3 -1.24699D-08
Al Q1 ~1.24779D-08 A2 A1l 0.0
A3 QA1 4.05953D-09 A4 QA 8.11907D-04
A5 QA1 8.11907D-04 A6 Q| -2.02977D-15
A7 QA1 1.60000D-07 A8 Q| -1.59992D-07
SOL'N % 2 (DET +) 38 ITER
( 1) 0.0 ( 2) 1.32847D-01 ( 3) 7.33079D-01
( 4) 7.33035D-01 ( 5) 8.19752D+00 ( 6) 1.46256D+00
I V.S 0.0 Al Dl.1 7.48133D-03
Al D1. 2 1.32860D-01 Al D1.3 7.39770D-01
Al Q| 7.33035D-01 A2 OA.1l 0.0
A3 QA1 4.40731D-05 A4 OA.1 8.81461D+00
A5 A1 8.81461D+00 A6 OA.1l -2.20365D-11
A7 QA1 1.60733D-07 A8 OA.1l -8.22786D~03
SOL'N ¢ 3 (DET -) 52 ITER
( 1) 0.0 ( 2) 4.85614D-01 ( 3) 1.09213D+00
( 4) 7.55084D-01 { 5) 1.25016D+01 ({ 6) 1.50465D+00
| V.S 0.0 Al D1.1 1.21717D-02
Al D1. 2 4.85663D-01 Al Dl. 3 7.66081D-01
Al QA1 7.55084D-01 A2 Q| 0.0
A3 QA 3.37049D-01 Al Q| 1.35775D+01
A5 Q1 1.35000D+01 A6 (o | ~1.68524D-07
A7 QA 1.60924D-07 A8 QA -1.33125D-02
DT EXECUTI ON TI ME= 0. 273 SEC
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Fig. 5-6 The Input/output Vol t ages of the Monostabl e
Multivibrator.

5.3 SINGLE PONER SUPPLY NON- I NVERTI NG AMPLI FI ER

A non-inverting anplifier circuit using a single
power supply [(12] is shown in Fig. 5-7. The gain of this
anplifier is 11. F g. 5-8 is the output of the anplifier.
vt is the output voltage with a average val ue of v:l"—/z. The
bandwi dth of this anplifier is show in Fig. 5-9. The | ow
frequency cutoff, £ and hi gh frequency cutoff, £ from
WATAND sinul ation are 50 Hz and 84k Hz. The experi nent al
results for £, and £_ are 50 Hz and 85k Hz. The results of

1 h
t he WATAND si mul ati on and the experinment are very cl ose.



c.1l R.3 R.F
.———ﬁpldew N
50k
L +15 vt
- \T\ c.o
L® Yo
106 7kQ @ [ v H ——0

c.I
o Il
© 1pF
0. lOlp
R.2 R.L
106.7kQ

SPS WATAND:

#T A NON- I NVERTI NG AMPLI FI ER WTH SI NGLE SUPPLY
#M

QAAl VSUP 15 o FB 4.5

roH—
—_ohNpNDNOWNOIN
o0 ORrRr~NOoONW
3

5539
g

(V8 ,/V1)

PHASE CALL GAPH (V8 / V1, -1)

PR OU ALL

'S NPER2 QUV 4 V8 VB -6 14 PP KE ALL ON D
EN 10ME LO 10 PP QU G GAIN VB 0 12 KE ALL ON D
RON D QU G PHASE VB 0 360 PP

5923358
Ll
Tk <

wn

Fig. 5-7 ASingle Power Supply Anplifier Grcuit and its
WATAND Netlist.
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Fig. 5-9 Voltage Gain as a Function of Frequency.
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5.4 TR ANGULAR WAVE CENERATCR
The triangul ar wave generator circuit show in Fig.
5- 10 consi sts of a conparator oal and an integrator QA2.

The conpar ator conpares the voltage at point A Vv,, contin-

A
uously with the inverting input that is at o V. Wen v,
goes slightly above or bel ow zero, the output of oa1, Vg,
goes to the positive or negative saturation | evel, respec-
tively. The integrator converts the square wave input, vy
to the triangul ar wave. The Zeners, D1 and D2, at the

output of oAl are used to limt the anplitude of the square
wave. The circuit netlist in WATAND shown in Fig. 5-10 uses
the paranmeter VC(LIMto limt the square wave instead of

usi ng Zeners. Because the output of oai, v_, is bistable, a

B
command (#IP DC AL vN 1 7) is used to apply a pulse to the
circuit at zerotine which initiates oscillation. The DC
solutionis shownh in Fig. 5-11 with node 1 of seven Volts.
The result of the simulation and the experinment shown in

Fig. 5-11 again agree well.

5.5 R active bandpass filter

An R active bandpass filter using two op anps-is
shown in Fig. 5-12. The sinulation results in the snall
signal response are conpared with the experinents presented
in Rf. [8 and both are very simlar (see Fig. 5 13). The
center frequency is 100k Hz for both sinulation and

experinmental result. -
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Fig. 5-10 A Triangul ar Wave Cenerator Crcuit and its
WATAND Netlist.



#ip dc al vn 1 7

#q R#Jai(dc

( 7.00000D+00 ( 3) 3.83209D-09 ( 5) -2.12267D-09

( 6) 4.21060D-04 (

Al QA1 0.0 A2 A1l 0.0

A A1l 3.83209D-09 A4 QA 7.66418D-04

A (A1l 7.66418D-04 A6 QA -1.91604D-15

AT A1 1.60000D0-07 A8 QA ~1.13684D-07

Al QA 2 -2.12267D-09 A2 QA 2 0.0

A A2 2.12267D-09 A4 QA2 4.24534D-04

A5 A2 4.24534D-04 A6 QA2 -1.06133D-15

AT A2 1.600000-07 A3 (A2 ~4.63162D-08
EXTRA= 0.0
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FHg. 5-11 The DC Initial Point and the Qut put Wavef or m of
the Triangul ar Wve Cenerat or.
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Fig. 5-12 An R Active Bandpass Filter CGrcuit and its
WATAND Netlist.
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5.6 MODEL COWPAR SON B

The above conputer outputs were sinul ated by using

the RCcircuit nodel. Simulations using the Q source nodel

were run to conpar

ewththe RCcircuit nodel's out put .

Simulation outputs for both nodels have only mnor differ-

ences due to sanpl
different. Table

e- poi nt choi ce, but execution tines are

5-1isthe CPUtine list for these two

nodel s when runni ng t he above exanples. |n al nost every

case t he RC nodel

Is faster than the Q source nodel, and.

especially in FR (frequency donai n) anal ysis.
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Tabl e 5-3 Simul ation Ti me Conpari son.

FI LE ANALYSI S SI MULATI ON Tl ME (sec)
Q source RCcircuit
Model Model

| AMVP DC 0.033 0.03
FR(Fig. 5-2) 0.637 0.323
TC(Fg. 5-3) 0.683 0.547
TC(Fg. 5-4) 1.117 0.727

MONS DC 0.027 0.04
TC(Fig. 5-6) 1.463 1.28

SPS DC 0.07 0.147
TC(Fig. 5-8) 0.433 0.33
FR(Fg. 5-9) 1.43 0.48

TR DC 0.027 0.04
TC(Fg. 5-11) 1.77 1.19

BRF DC 0.037 0.023
FR(F g. 5-13) 6.243 4.93
DC ANALYSI S 0.194 0.28

SUBTOTAL TC ANALYSI S 5.466 4.074
FR ANALYSI S 8.31 5.733 .

TOTAL CPU TI ME 13. 97 10. 087




CHAPTER VI
CONCLUSI ON

Two nmacronodel s of the operational anplifier have
been presented. Wen designing these op anp nacronodel s,
t he nmaj or consi derations were to keep the nodel size snall
(less execution tinme and nmenory space) and to nodel the op
amp's | arge-signal response characteristics.

The nacronodel using the RCcircuit nethod has nine
passi ve el enents, eight dependent sources, and four
i ndependent variables. The other nmacronodel using the Q
sour ce nethod has seven passive el enents, nine dependent
sources, and four independent variables. The conplexity of
each of these macronodels is alnost twice that of the BJT
transi stor nodels in WATAND. Conpared with the real op anp,
such as the 741 which has twenty four transistors and twel ve
passi ve el enents, the size of these nacronodels is small. _
These nacronodel s can sinul ate t he nost inportant character-
I stics, such as slewrate limting, input and out put
characteristics, offset characteristics, voltage gain versus
frequency, output voltage limting, and short-circu}l
current limting. The trade off for the small size of the
op anp nacronodel is that sone | ess i nportant character-
Istics incircuit analysis are not nodel ed. These include
common- node gain, thernal effects, and power supply

rejection ratio.



The Q source nodel is a bit sinpler than the RC
circuit nodel but the latter has a faster average sinulation
speed especially in frequency domain analysis. The
simulation results in Chapter 5 show these nodels are
accurate enough and efficient for general |arge- and snall -

signal circuit analysis.
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