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INTRODUCTION

This application note describes the SPICE macro-model for the
OP-470 very low noise quad operational amplifier. This model
was tested with and is compatible with PSpice* and HSpice"".
The schematic and net-list are included here so that the model
can easily be used. This model can accommodate multiple
frequency poles and zeros, which is an advanced concept that
results in more accurate AC and transient responses. For ex-
ample, 6 poles and 2 zeros are required 1o accurately model the
OP-470, which this model can easily accommodale.

This macro-model represents one of the four amplifiers on one
chip. To use thequad ampilifiers, the simulation circuit needs only
10 call up the model four separate times and specily the same
power supplies eachtime. Throughoutthe OP-470 macro-model
RC networks produce multiple poles which simulate the amplifi-
ors AC bahavior. The stages, which each contain a single pole or
a pole- zero pair, are separated from each other by voltage-
controiled current sources sothat itis easy to set individual pole
locations. The only nonlinear elements in the entire model are
two NPN transistors which comprise the input stage, and diodes
for voltage clamping. Limiting the model to almost entirely ideal,
linear circuit elements significantly reduces simulation time and
simplifies model development.

MODEL DESCRIPTION

The schematic (Figure 1) and net-list (Figure 2) describe the
complete OP-470 model. This model breaks up the OP-470 into
many distinct stages as described below:

INPUT STAGE

To correctly model the OP-470's input behavior, the model uses
a differential pair of NPN transistors biased with a 1mA current
source (Figure 1a). Tokeepthis stage as simple as possibie, only
the forward beta, B, is specified in the NPN-BJT modsl. Thisis
chosen to give the correct input bias current, 1. The voltage
limiting network of the OP-470 input is added with the diodes in
series with the voltage source across thé inputs. Avoltage source
is used instead of ancther diode to save computer time.
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Asfor nonideal behaviors of the input stage, suchas Vos. los, and
Cin: these are modelled with external circuit elements. For ex-
ample, no junction capacitance is specified for the NPN model,
therefore a capacitor, Ci, is added across the inputs. Further-
more, since the input NPNs in this model are perfectly matched,
Vos and log efror sources areé added using an external voltage
source and current source, respectively. Lastly, the collector re-
sistors Ry and R4 are chosento be 1/gm of the NPN transistors to
give a gain of unity inthe input stage. C, is addedtocreateone of

the secondary poles in the model.

GAIN STAGES

The open-loop gainof the OP-470 is acheived entirely inthe gain
stage (Figure 1b), and al other stages have unity-gain. The gain
is taken in two steps duetoa limit for only one step based onthe
combinationofthe siew rate, dominant pole, and open-loop gain.
The voltage-controlled current sources, G, and Gp, have scaled
transconductances that, when combined with Ry and Rg, givethe
gain in the first step at node 12. The gain in the second step i¢
produced thesame way, andtogetherthetwo steps givetheopen
loop gain of 1,000,000. The current sources Gy and G are con
trolled by the voltage drops across Rj and Ry in the input stage
providing the ditferential to single ended voltage conversion. C:
and C, create the dominant pole at 5.5Hz and model the
amplifier's slew rate. Lastly, the diodes, Ds and Dg and voltag:
sources Vj and V4, are necessary 1o clamp the voltage of nod
15 below the power supplies. Because the next stage (Figure 1c
has unity-gain and its voltage is controlled by the voltage atnod:
15, then it too is clamped, at node 18, below the power supplias
The same istrue for subsequent stages, includingthe output, suc
that the output voltage is clamped to withinthe specified voitag
range.

POLE STAGES

In addition to the poles in the input stage and the gain stag(
additional poles are easily added with separate stages. The pol
and pole-zero stages (Figure 1¢-e, g) have unity-gain, whichis
result of the gm of the voltage-controlied current sources bein
the reciprocal of the resistors. The pole and zero locations ai
determined by the resistor and capacitor of inductor values t

each stage.
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FIGURE 1: OP-470 SPICE Macro-Model Schematic and Node List
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OP-470 MACRO-MODEL e AD! 1900
:SUBCKT OP-470 12359950
: INPUT STAGE & POLE AT 60 MHZ

Rt 2 3 2ES

R2 1 3 2E5

R3 7 99 101.6

R4 8 99 101.6

CIN 1 2 2E-12

c2 7 8 13.06E-12

n 11 50 1E-3

108 1 2 3E-8

EOS 6 1 POLY(1) 25 20 1E-4 1
Q 7 2 9 QX

Q2 8 6 10 QX

RS 9 11 50

R6 10 11 50

D1 2 4 DX

Vi 4 1 0.7

va 1§ 0.7

92 § 2 DX

: FIRST GAIN STAGE

R7 12 99 1E6

R8 12 50 1E6

Gl 99 12 7 8 64.1E6

G2 12 S0 8 7 64.1E-6

D3 12 13 DX

D4 14 12 OX

E1 99 13 POLY? 99 29 -26 1
E2 14 50 POLY(1) 29 50 -2.6 1
. FIRST GAIN STAGE & DOMINANT POLE AT 6.8 HZ
R 15 98 46.8E6

R10 15 50 46.8E6

C3 15 99 S00E-12

c4 15 &0 500E-12

G3 99 15 POLY?; 12 29 380E-6 333.3E-6
G4 15 50 POLY({1) 20 12 380E-6 333.3E-6
V3 99 16 1.9

v4 17 S50 1.9

DS 15 16 DX

ps 17 15 DX

: POLE AT ZERO AT 1.9 MHZ/3.5 MHZ
R11 18 99 1E6

R12 18 50 1E6

R13 18 19 1.19E6

R14 18 20 1.19E6

c5 19 98 38.21E-15

Cé 20 50 38.21E-15

G5 99 18 15 29 1E-6

'GS 18 50 29 15 1E-6

: ZERO-POLE AT 5 MHZ/10 MHZ

R15 21 22 1E6

Ri16 21 23 1E6

R17 99 22 1E6

R18 50 23 1E6

L1 99 22 15.92E-3

L2 50 23 15.92E-3

G7? 99 21 18 29 1E-6

G8 21 50 29 18 1E-6

* POLE AT 10 MHZ

R19 24 99 1E6

R20 24 50  1ES

C7 24 99 15.9E-15

c8 24 50 15.9E-15

Go 99 24 21 29 1ES
G10 24 50 29 21 1E-6

* COMMON-MODE GAIN NETWORK WITH ZERO AT 100 HZ
R21 25 26  1ES

R22 26 27  1ES

L3 26 99  1.502E3

L4 27 50 1.592E3
Gl199 25 3 20 1E12
Gi2 25 50 29 3 1E2
o7 25 9 DX

ps 5 25 DX

* POLE AT 50 MHZ

R23 28 99  1ES

R4 28 50  1ES

Co 28 99  3.18E-15
Glo 28 50  3.18E-15
G13 99 28 24 29 1E-6
G4 28 50 29 24 1E6

* OUTPUT STAGE

R25 29 99 20E3

R26 29 50  20E3

R27 34 99 300

R28 34 50 300

L5 34 36  1ES

Gis 32 50 28 34 3333
G16 33 50 3428 333E3
Gi7 34 99 99 28 3333
G18 50 34 2850 3333
Vs 30 34 13

ve 34 3 1.3

Do 28 30 DX

D10 31 28 DX

D11 8 32 DX

Di2 99 33 DX

D13 50 32 DX

D14 50 33 DX

* MODEL USED

.MODEL QX NPN (BF = 166667)

MQODEL DX D (iS = 1E-15)

.MODELDYD (IS = 1E-15 BV =50)

ENDS OP-470

FIGURE 2: OP-470 SPICE Net-List
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COMMON-MODE STAGE

The common-mode erroris based onthe common-mode voltage
of the input, which is created by the two input resistors, Ry and Rz.
This voltage is referenced by Gy and G2 in the common-mode
stage ( Figure 1f). The transconductances of these two sources
are scaled such that, in combination with Rz and Rz, the Vewmis
_ attenuated by the CMRR of 120dB. This error voltage is then
inserted back into the input stage as part of the offset voltage,
which is done by the voltage controlled voltage source Eos. The
inductors, Laand L4, modelthepolein the CMR versusfrequency
response of the OP-470.

OUTPUT STAGE

The output stage (Figure 1h)is modelled as an ideal output with
an output resistance, Rz7 in paraliel with Rzg. An inductor, Ls, is
added to model the rising output impedance of the emitter- fol-
jower output stage with frequency. The voltage sources Vsand Vg,
and diodes Dg and D4, combine to limit the voltage across the
resistors, thus limiting the output current, loyr to 30mA.

PARAMETERS THAT ARE NOT MODELLED

To keep the OP-470 model as simpie as possible and thus save
computer and development time, not all features of the op amp
were modelied as listed below:
-PSRR
- Crosstalk
~ No Limits on Power Supply Voltages
~ Maximum Input Voltage Range
— Temperature Effects (i.e., model parameters are assumed
at 25°C)
- Input Noise Voltage and Current Sources
— Parameter Variations for Monte Carlo Analysis (i.e., all
parameters are typical only)
These parameters are considered second-order effects and are
not considered necessary for circuit simulation under normal

operating conditions. However, users can easily add these func-
tions as needed. -

MODEL PERFORMANCE

The graphs on these next two pages compare the actual
responses of the OP-470 to the SPICE analysis under various
load and gain conditions. To show the accuracy of the model's
frequency response, it was tested with different gains. Shown
below are the gain-phase plots for an open-loop gain (Figures 3
and 4) and a closed-loop gain of -1 (Figures 5 and 6). The actual
responses (part "a" of each figure), which were measured using
a network analyzer, show very close agreement to the SPICE
simulations (part "b" of each figure). This agresment hoids true
for both the gain and phase curves, which demonstrates the
accuracy of the model's frequency response.

The model can also accurately simulate the OP-470's transient
response. The comparisons to actual results were done with the
amplifier in a a closed-loop gain of +1 with a 155pF capacitive
load (260pF load for large signal) and a 2k feedback resistor.
The capacitive load was used to create the damped oscillations
in the small and large-signal reponses. Because of the multiple
poles and zeros, the model's small-signal transient response
(Figure 7b) shows close resembiance tothe actual reponse (Fig-
ure 7a). The large-signal reponse (Figure 8) again shows good
accuracy. Notice in the large-signal reponse thatthe slew rate is
accurately modelied, and that the *bump" before the amplifier
starts slewing is aiso modelled. As can be seen from the figures,
the model agrees closely with the actual device's performance.
This accurate transient reponse, along with the accurate AC
reponse, makes the OP-470 macro-model a powerful tool in
analyzing circuit stability and AC behavior under various gains
and load conditions.
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FIGURE 3: Gain Pots, Open-Loop Gain (a. Actual, b. Simulated)
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FIGURE 4: Phase Plots, Open-Loop Gain (a. Actual, b. Simulated)
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FIGURE 6: Phase Plots, Closed-Loop Gain of -1 (a. Actual, b. Simulated)

OPERATIONAL AMPLIFIERS

13-153




(a) (b)

(a) (b)

FIGURE 8: Large-Signal Transient Response, Gain = +1, 260pF Capacitive Load (a. Actual, b. Simulated)
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