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CHAPTER I

INTRODUCTION

Integrated circuit processing capabilities have restricted the
circuit designer to an all NPN bipolar transistor technology, with

the result that contemporary integrated operational amplifiers have

suffered from two serious deficiencies: 1) large input bias currents
with associated high drift; and 2) low gain-bandwidth products, with
closed loop stability obtainable only at the expense of largé extern-~
ally connected compensation capacitors. In this paper an operational
amplifier utilizing field effect input devices is developed which has
very low input bias currents, high gain, moderately large gain-band-
width product, very‘'small compensation capacitors, and compatibility

with integrated circuit fabrication techniques.

Conventional Operational Amplifiers

Figure 1 shows two conventional basic operational amplifier cir-
cuits, Both configurations shown have the high input bias currents
inherent to bipolar technology.

Figure 1(a) uses an NPN-PNP cascade to accomplish the operational

requirement that when e_ . = 0, then e = 0. This basic circuit form

IN ouT
would result in a good operational amplifier if it were not for the
fact that good PNP transistors are not available with present inte-

grated circuit processing techniques. This circuit can be fabricated

using a lateral PNP-NPN composite [I:L but present lateral PNP's have
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such low ft's th#f gain-baﬁ&width product suffers.
Figure 1(b) shows a "level shifting" techniquel:z] using a re-
sistor and a constant current source. K This circuit avoids the use
of PNP devices altogether. 1In a typical situation the resistor must

be relatively large and the stray capacitances associated with the

current source are significant. Again, frequeﬁcy response suffers.

Basic Integrable Configuration

Figure 2 shows the basic configuration for the circuit to be
discussed in this paper. Thé'use of P-channel junction field effect
devices cascaded with an NPN differential amplifiér easily allows
satisfying the desired input-output restfaint that e = 0 when

ouT
&N - 0. The use of current source loading on the FET's and the

. darlington input comnection for the NPN differential amplifier yields

high gain with only two stages. It will be shown that it is a simple
matter to apply compensation to this circuit such that single domi-
nant pole response can be obtained. With field effect input devices

this circuit will have input bias currents which are several orders

of magnitude smaller than that attainable with bipolar devices.

Development of Desired Performance

Derivation of the circuit restraints required to yield the
desired input-output characteristics of the amplifier will be per-
formed in four steps: 1) A common mode analysis will be accomplished
first, since the requirement for stable device D. C. operating points
places the most stringent restrictions on circuit values. 2) D. c.

differential voltage gain will then be computed., 3) A high frequency
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Figure 2. Basic configuration for operational amplifier utilizing
P-channel FET input devices
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model for the amplifier will be shown, and a method for compensating
the amplifier will be developed;‘ 4) Finally it will be shown how
special purpose features may be easily added to the basic amplifier.
Theoretical performance is compared with experimental results
obtained from a model constructed using 1htegrated circuit devices.
Techniques required for complete realization of the ampliéier in

monolithic form is then discussed.




CHAPTER II

D.C. CIRCUIT DESIGN

Common Mode Analysis

-

Referring to Figure 2 it can be seen that there are three cur-
rent sources essential to the proper functioning of this amplifier.
Current source I1 is necessar& to give proper rejection to any signal
common to both inputs (common mode rejecﬁion). Current sources, 12’
are required to provide a high load impedance for the field effect
drain circuits to realize high voltage gain from the stage.

Current sources, 12’ are easily realized using ordinary NPN
transistors. Current source I1 presents a problem since this current
polarity flowing f?om the positive supply requires a PNP device. As
was mentioned previously, high quality PNP's are not available with
present integrated circuit fabrication techniques. However, it is
possible, in this instance, to use a lateral PNP device for this cur-
rent source even though lateral PNP betas may be close to unity'[l].
Figure 3 shows one possible method which is independent of lateral
beta, Bp’ if Bp 2.;1. (Buried layer technology is assumed so that
substrate currents %ay be ignored).

For the NPN differential amplifier to have the proper quiescent
operating conditions, the current sources must be matched such that

I1 = 212. This is best accomplished using some form of feedback loop.

Consider, for example, the configuration shown in Figure 4. (Differ-
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ential &N is assumed zero, thus balanced circuits have been bisected

[3] or ignored[:4] where applicable, yielding a "half-circuit" which
greatly simplifies analysis.)

Referring to the figure it can be seen that if I >-212, the

1

voltage at the base of device Q2 must rise, causing more current to

flow through the network composed of R3, Dl’ and R,. Since the cur-

2

rent flow in this network determines the current 212, 212 will in-

crease until it equals I1 (less the base current demand of device Q2).

"In addition to establishing the current source 2I, at its proper

2

value, this loop also sets the value of the quiescent current, IOUT’
for the stage composed of Q2 and Q3. Since the circuit is to be fabri-
cated with integrated circuit-techniques, it can be assumed that base-
emitter voltage drops match quite closely. Therefore, the drop across
di&de D1 (see Figure 5) matches the base-emitter drop of device Ql’

and the quiescent current, T s 1s restrained to be

ouT
Ry
IOUT =2 E; 12. (1)
But since the circuit forces I1 = 212, then
R’y
oy = E; I. (2)

oUT cc ouUT 4° 3

Substituting the value of I0 obtained in Equation (2) into Equa-

UT
tion (3) we find that
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eour =~ Vee - 2+ R, I;- ~ (4)

In the foregoing discussion we have found that if current I1 is

determined, quiescent currents 2I_ and IOUT and output voltage e

2

are all established at values directly related to I

ouT
1° It follows

then that if e is desired to be some specific function of power

ouT

supply voltages and circuit parameters, I, must contain this specific

1

function.

.In this typical situation, with differential voltage e__= 0, it

IN
is desired that the output voltage be independent of supply voltages
and be offset in the positive direction one base-emitter voltage drop

(#$), so as to accommodate the addition of a Class B output stage.

(The net result would be e

our 0, independent of supplies and tem-

perature.)
Now consider the circuit configuration shown in Figure 6 for the

current source, I It is easily derived that

1.
I, = (Vcc - ¢) . EZ - _Rg . (5)
1 R7 + R8 + Rg R5 R6
But
e =v - R 1 (%)
oUT ce — 471
R
2
thus
Cour = Vee ” (Vcc - ® . EZ - Eg . El . Ry (6)
R7 + R8 + R9 R5 R6 R2
or
eOUT = Vcc - EZ - 52 . El . R4
R5 R6 R2 R7 + R8 + R9
| Q)
@ [[Z-) (A %
R5 R6 RZ R7 + R8 + R9



Note that if

AN A Ra -1 (8)
Ry Rg/ \ By \R; TRy + Ry

then
oy = 4+ 9

independenf of positive supply Vcc (and negative supply Vee since it
does not even enter the equations).

There is infinite variability in our choice of values to satisfy
(8),'but the values must be chosen with some regard to power consump-

tion and internal circuit nodal voltages. The following set of re-

straints has been found valid for all practical operating conditions.

EZ =3 El =2
Ry R
(10)
R4 = -]—' -Ri = 2
R7 -+ R8 + R9 2 R6

Figure 7 shows the circuit developed from these restraints. The
circuit design is essentially complete, exéept for the addition of
special purpose features. The differential characteristics of this
circuit must now be analyzed to determine adequancy of gain and fre-

quency response.

Computation of D.C. Differential Voltage Gain

D.C. differential voltage gain can be computed by utilizing a
model for the FET-NPN differential cascade, At D.C. the simple models
shown in Figure 8 are applicable. Only half of each differential

stage need be considered for the calculations since the bisection
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theorenl[B:]can be applied. Combining these individual stage models

and adding appropriate load impedances we obtain the overall model

shown in Figure 9. Model parameters. are defined as follows:

g, - transconductance of field effect device
Ty - output resistance of field effect drain
L - output resistance of NPN collectors

' re1,2 - emitte} resistances of NPN devices
a - current gain of NPN devices

- RL - load impedance
(Note that rc_inserted between the two device models is due to the
collector impedance of the current source load in the field effect
drain circuit.)

Developing an input-output equation from this model we arrive at

2
€out Bo 8n B Tp

€IN r + 2B 2r
P "o e

(11
2

Several approximations and substitutions have been used to derive
P

this result:

T, >> RL (12)

(1 - ao) rp >> .1

B =_%

o i—jhag

Before proceeding further it must be noted that by utilizing the bi-
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gsection theorem we have assumed differential output, as well as in-
put voltages, In this case the output signal is taken from only one
side of the second differential amplifiér, and the result of equa-
tion (11) must be divided by two., Therefore, the overall voltage

gain of the amplifier is given by

g
=

2
Bo &n By
. 2

"p
_ 2 (13) .
IN r +2B " r
P o

e2

Approximate element values for the devices used are:
g, = GOOumhos—\
gy = 4 MEG

r = 5 MEG

c
T = r rc;::2 MEG
1 d il 5
2
RL = 28 K
Bo = 50
rez = 52

Applying these values to Equation (13) we obtain

. €our

p = 21,000
IN

or approximately 86 db of gain.
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CHAPTER III

HIGH FREQUENCY EFFECTS

Derivation of High Frequency Model

The most useful properties of operational amplifiers are devel-
oped by applying a feedback loop from the output to the inverting
inpu; (negative feedback). Therefore, the high frequency character-
istics of the amplifier must be examined to ensure closed loop stab-
ility under all possible feedback conditions. For general feedback
networks and unconditional stability the amplifier open loop gain
must decrease to the desired closed loop gain at a rate no greater
than 6db octave. This restricts the amplifier to single dominant
polg response in the gain range of interest,

Figure 10 shows a composite model for the amplifier which is
adequate for analyzing high frequency behavior below approximately
10MC. This model was derived by combining a model for the field-
effect input device [5] with a "hybrid-pi" model [6] for the darling-
ton-connected second stagel:7] . Emitter transition capacitance and
frequency effects inherent in transistor B have been ignored, siﬁce
their effects are not significant below 10MC. Low source impedance
has been assumed to eliminate the source pole from the analysis and
to allow lumping field-effect device capacitancgs together., Para-

meter definitions are as follows:

g, -~ field-effect device transconductance
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c. +¢C

ds + 2Cc

dg

drain to gate capacitance of field-effect device
drain to source capacitance of field-effect device

collector to base capacitance of NPN device

2
2|3o re2

rc
dif 3

drain resistance of field-effect device

r

collector resistance of NPN device
emitter resistance of second NPN device ’
common emitter D.C. current gain of NPN device
C +C
s c
collector to substrate capacitance of NPN device
load resistance

compensation capacitor

By analyzing this model the open loop pole locations can be found

from the roots of the characteristic equation

SZRL Ry, (G, +C)(C +C)+s [?L(co +C R (C +C)

R
e

+ 51 Reg

2r

e2

(14)
c| +1=0. -
]

When Cp = 0 this equation reduces to

2 ——
5" R R, C, C, +S [RL Cy + Ry cn] +1=0 (15)

which can be solved for the uncompensated pole locations. Assuming

widely separated poles [3] , the poles are given by

1

p, = (16)
1 R C_ + Req c
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o = R C +R_C
2 R _CC an
eq on

Applying the values

RL = 28K

Co = 2.5 pf
. = 250 K
eq
Cn = 10 pf
we obtain

and
P, = 2.22 MC B
as the open loop pole locations with no compensation.
The minimum attainable unconditionally stable closed loop gain,

GCLMIN’ is approximately related to the amplifier open loop gain,

GOL’ and the pole locations, P, and Pyt

- P
Gopppy (4P = 6oy (@b) - P2 (ab).

P, (18)

For this amplifier in uncompensated form with

GOL = 86 db
Py
< = 34.9 (30.8 db)
Py
then GCLMIN = 86 - 30.8 = 55.2 db,

Need for Compensation

In typical usage of operational amplifiers-it is often required

that GCLMIN = 0 db. To accomplish this degree of stable feedback re-

quires the application of frequency compensation to adequately separ-
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ate the poles 12 and P,-

Techniques of Compensation

The conventional approach to this problem‘wouid be to pad capaci-
tance at the node determining pole 12 to further narrow-band it.
Since P, and p1 must be separated by 86 db, pl must be reduced to
approximatély 100 cps for unconditional stability at GCLMIN = 0 db,
A capacitor value of approximately .006nf wbuld be requi?ed from each
field effect drain to ground to accomplish this compensation. Such a
large value capacitor will héve extremely detrimental effects on ampli-
fier slew rate (see later discussion). 1In addition, the gain-band-

width product of the amplifier has not been improved by the compensa-

tion but is still limited by the location of pole'p2 to 2.22 MC.

Compensation by Pole Splitting

Now let us consider the compensating effects of capacitor C_.

Returning to Equation (14) and assuming widely separated poles [8] R

the pole locations are now given by

1
cC +C + R C +C -+ C
B + Cp) ¥ Req(Gn * &) T P
e2
and
R (C, +C)+R_ (C_+C )+ L Feq ¢
P, = o p’ Teq " Tp/ P
e2 (20)
RL Req (C0 + Cp)(cn + CP)
For
2re2
c. <c_<¢ (21)
RL n P n
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Equations (19) and (20) can be simplified to

2re2
Pi T R (22)
1 RL Req Cp
C
Cp, = —B (23) .
2 2r cC ¢C
e2 o n

A very interesting result of these equations is that as CP increases,

Py is narrgw—banded and P, is broad-banded. This "pole-§plitting"~
techniquel:9] can therefore result in improved gain-bandwidth product,
particularly when it is desifed to have GCLMIN = 0 db.

It must be pointed out here that gain-bandwidth-product improve-
ment obtained in this fashion is limited due to a cluster of essen-
tially immobile poles located just above 10 MC. These poles are due
to transistor transition capacitance and dependence of transistor B
on frequency, and were ignored during development of the high fre-
duency model. Since pole P, is pushed out well beyond 10 MC by CP,

let us assume the existence of a new band-limiting pole Py = 10 MC.

The minimum attainable stable closed loop gain will be given by

- P
Cerry (4P Gor, (dP) - 23 (db) (24)
, Py
or
G = ¢. P1
CLMIN oL o (ratio gain) ' (25)
2

Equation (25) may then be used to find the required location of pole

Py for the desired closed loop gain GCLMIN'

Consider for example G 1.

CLMIN ~
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Since .
= Scivan
17— B3 (26)
R oL
then
p, = —1  x 107
2 x 10
or
P, = 500 cps

The compensation capacitor, CP, can be found by rewriting Equation (22)

" . such that

2r

c. = e2 27)
P R R p.
eq 1

For the situation under discussion CP = 4.5 pf.

Improvements due to Pole Splitting

Three significant improvements over comventional compensation

Qe TR AL TRt e

techniques have been realized with this "pole-splitting" technique:

1) gain-bandwidth—pfoduct has been improved by a factor of 5 for the
GCLMIN = 1 case (the worst situation), 2) the compensation capacitor
value is much reduced, and as a result, 3) slew rate capability will

4 be much improved (see later discussion).
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CHAPTER IV

ADDITION OF SPECIAL PURPOSE FEATURES

Class B OQutput Stage

It is often desirable to have in an operational amplifier the
capa?ility of driving a 1 K load through a + 10 volt swing. If high
quiescent power consumption ig to be avoided a class B output stage
is required.

Figure 11 shows a conventional complementary class B output
stage. An effective PNP device replacement can be accomplished with
ailateral PNP/NPN composite as shown in Figure 12. However, this
stage has one serious flaw - distortion. The inpﬁt signal must move
through two base-emitter drops to switch conduction from NPN device
to PNP device and vice versa. This causes distortion of the form
shown in Figure 13.

This distortion can be reduced significantly by employing two
transistors connected as diodes as in Figure 14, .Because transistor
base-emitter drops can be made to match in integrated ;ircuit fabri-
cation this stage has both the NPN and PNP device in their active
regions simultaneously to create essentially a class AB operation.
With transistor matching the output stage will then consume the same
quiescent current as flows in the output collector of the second

differential stage of the operational amplifier. Since this quies-

cent consumption can be as much as 30 nW during negative output swing
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this still does not represent the ultimate output stage.

Figure 15 illustrates a technique which has been found to satis-
fy the simultaneous requirements of low distortion and low power
consumption [}é] . Transistor matching is used as in Figure 14, but
a resistor is added to reduce consumption in the output stage. Since
transistor current flow will decrease a factor of 10 for each 60 mV
reduction in base emitter potential the voltage drop across the resis-
tor can be used to adjust output stage quiescent current when CouT 0.
During positive swing, this drop and the current flow through the
matching transistors will both decrease, tending to create matching
drops and maintaining output quiescent current essentially constant.

In a similar fashion, during negative swing, transistor and resistor

drops will increase, maintaining constant quiescent current.

Short Circuit Protection

With a class B oﬁtput stage, significant current flow can occur
if the output is acciaently shorted to ground, and device destruction
is thé usual result. It would be desirable to have a circuit which
would tolerate short circuits without burn-out.

Figure 16 shows how the addition of two transistors and two re-
sistors to the basic circuit can protect the output stage from
destructive current flow and power dissipation.

The 30 Q resistors have been chosen so that the associated
device will begin conduction at an output current of 20 mA at room
temperature, thus robbing the output‘stage of base drive, and prevent-
ing high current flow.

It is interesting to note that since base-emitter threshold
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potentials decrease with température, current limiting will occur at
13 mA when the temperature is +125°C, thus reducing short circuit
dissipation when the device is alreadyhat an elevated temper#ture.
At very low temperatures, when more dissipation can be tolerated,

current limiting occurs at 27 mA.
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-CHAPTER V

EXPERIMENTAL RESULTS

Experimental Model ‘ S

An experimental model vas‘coﬁb}ructed according to the final
schematic shown in Figure 17. The circuit was assembled using resis-
tor values as close to the theoretical design as possible consistent
with RETMA standard values. The NPN devices used were integrated
five layer devices (p substrate, N+ buried layer, gfepitaxial layer,
P base diffusion, N+'emittgrggiffu%ién) sémthat experimental results
oﬁtained from the modgl would“coggéléte well with expected perform-
ance from a future momolithic: realization.. The PNP devices used were
lateral PNP's [}j}constructed from the same diffusion schedule as the
NPN's. The field-effect transistqrs were discrete devices but were
of double-diffused construction which would be the type obtained with
integrated circuit fabricatfon tgchniques. The eléctrical character-
istics of the devices used were éiven‘ddring the circuit design por-

4

tions of this paper.

Definition of Operational Amplifier Parameters

Before discussing the experimental results, it would be useful
to define some important parameters of operational amplifiers so that
the data obtained may be more easily understood. Parameter names,

symbols, and definitions are given in Table I, and ﬁay be related to
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PARAMETER SYMBOL DEFINITION
Offset Voltage Vbs V1 - Vé, when VOUT =0
o I, +1 _ -
Input Bias Current IB 1 2 , when V =0
— 2 ot
Offset Current Iog Iy - Iy » when Vo = 0
; AV _
Offset Voltage Drift V.. (T) 0S , when V =0
0S AT our
Input Bias Current IB (T) A:[B » When VOUT =0
Drift AT
Offget Current Drift Ios @ | AIOS , when Yoy = 0
UT
AT
Positive Power Supply ps_t AV
Rejection REJ ANOU? G
cc OL
Negative Power Supply Ps_ - AV
Rejection REJ ANOUT G
ee’ "OL
Open Loop Gain G
oL Aoyt
A(V1 - V2)
Common Mode Rejection C
MrEs %__ v o=V =y
AV, GOL ? 1 2
Maximum Input Common CMV . _
Mode Swing IN,MAX V1 = V2 =V , Max. + and -
value of V with circuit activg
Maximum Output Swing VOUT,MAX Max. peak to peak output volt-
age without clipping
Slew Rate S AV

OUT , input overdriven
At

TABLE I. DEFINITION OF OPERATIONAL AMPLIFIER PARAMETERS
(Refer to Figure 18)
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the basic block diagram shown in Figure 18.

D.C. Characteristics

The D.C. characteristics obtained from the model are given in
Table II. (Ios and Ios drift were not measured since the model was
constructed with unmatched field-effect devices, and it was felt that
data obtained on these parameters would not be vali&.) In addition,
a plot of D.C. gain versus temperature is shown in Figure 19. It is
to be noted that measured gain at room temperature is very close to

that calculated from the design sections.

High Frequency Characteristics

High frequency characteristics have been summarized in the plot
of gain versus frequency in Figure 20, Curves are given for Cp =0
(uncompensated), Cp = 5 pf, agd CP = 10 pf. With Cp_é 5 pf, ?nity
feedback was applied, and the amplifier was found to be stable. In
this condition the amplifier would tolerate approximately 60 pf of
load capacitance before oscillating. Phase marginlwas not measured
due to noise masking the signal above 5 MC.

It is to be noted here that any compensation capacitor applied
to an amplifier limits the maximum rate at which the output voltage
can be changed, even under overdrive conditions. This maximum rate
is called the '"slew rate'. Slew rate, S, is determined by capacitor

size and current available to drive it:
T
S = r (volts/sec.) (28)

In this particular case, I = 0.25 mA, and Cp = 5 pf; thus

S = 50 V/psec. Experimentally, the circuit measured exactly this



PARAMETER MEASURED VALUE COMMENTS
VOS 89 mV Unmatched
input devices
IB 0.8 nA
IOS -- See text
V.. (T) 60 nv/°c Unmatched
0s . .
input devices
IB (T) -- See text
Ios (T) -- See text
PSREJ 8 pv/v Ratios off with
RETMA values, IC
will be better
PSREJ Not measurable
Gop. 22,000 @ 25°% Close to
theoretical
calculation
CM'REJ - 92 db
CMVIN, MAX + 13 v, - 10V
VOUT, MAX 22 V P-P into 1 K
TABLE II. EXPERIMENTAL D.C. CHARACTERISTICS

35
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value.

Class B Stage and Short Circuit Protection

The output stage power capability was measured and was found
adequate to provide a low distortion 22 V P-P swing into a 1 K load.
The short circuit protection circuitry was found to limit at

22 mA from the positive supply and 20 mA from the negative supply.

Discussion of Experimental Results

“The characteristics measured here compare quite favorably with
present integrated circuit operational amplifiers. Input current is
two orders of magnitude smaller than that obtained from conventional

circuits. Usable gain-bandwiéth product and slew rate are both approx-

* imately five times better than normally obtained.
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CHAPTER VI

MONOLITHIC REALIZATION

Devices

All the transistors in this circuit design, except for the field-
effegt input devices, have been fabricated on a single monolithic chip
before and have exhibited mat;hing and tracking of characteristics to
a degree unattainable with discrete devices..

Methods have been devised for fabricating junction field-effect
devices on the same monolithic chip with NPN and lateral PNP devices
[lil. These approachés usually add one additional diffusion step to
normal processing methods to produce a high quality, high breakdown
. voltage, field-effect device. Figure 21 outlines the basic process-
ing steps in fabricating a field-effect device which is compatible

with present processing methods.

Resistors

Resistors are formed from transistor base diffusions as was
shown in Figure 21. While absolute tolerance control of resistor
values may be as large as + 30%, ratios of resistors can be con-
trolled to better than + 2%.

Since resistors are formed from material with sheet resistivity
near 200 @/ , resistors of large value take upAmuch surface area on

a monolithic chip. Therefore, it is wise to limit total resistance
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to < 100 K to keep chip size reasonable (e.g. 60 mil x 60 mil). For

this amplifier total resistance is approximately 103 K.

Monolithic Improvements

Since transistor characteristics are matched, and resistor ratios
are within + 2%, we can expect that the monolithic realization will
perform bet£er than discrete in a number of ways.

Because the common mode analysis gave resistor ratio restraints,
we may expect power supply rejection and common rejection to be im-
proved over the measurements éttained with the experimental model.

With matched monolithic devices, on one small éiece of essential-
1y isothermal silicon, offset voltages and currents and associated
drift rates may be expected to improve. |

In addition, since we can process the field-effect device to
yield optimum performance for this particular circuit configuration,
we may expect a gain improvement to at least a value of 105 (100 db),

which will place the performance of this monolithic operational ampli-

fier above all other contemporary monolithic units.




CHAPTER VII

SUMMARY

The ci;cuit design.of an operational amplifier configuration,
utilizing field-effect input devices compatible with integrated cir-
cuit fabrication techniques, has been described.

The circuit has been shoﬁn to exhibit electrical characteris-
tics which far surpass the capabilities of contempofary monolithic
integrate@ circuit operational amplifiers.

. Basic processing methods required for monolithic réalization
of the amplifier have been described, and circuit performance im-
provements due to integrated circuit characteristics have been shown.

This circuit in integrated form is expected to compete favorably
with very expensive, special purpose, discrete component operational

amplifiers.
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