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The paper reviews recent developments of monolithic linear 

integrated circuits. Attention is given to operational amplifiers, 

voltage comparators and voltage regulators. Other developments 

including the monolithic four-quadrant analog multiplier and the 

phase-locked loop are also described . 
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INTRODUCTION 

This paper is intended as a survey of recent developments in 

analog integrated circuits. ' The survey is limited to monolithic 

integrated circuits, where the functional block is contained in a 

single silicon chip. This leaves out hybrid circuits, here more 

than one silicon chip is mounted on a single header and inter

connections are subsequently made. It is not the intent to' describe 

,applications for these integrated circuits, but rather to describe 

the circuits themselves, their characteristics, and perhaps their 

advantages or disadvantages. 

The range of analog circuits now being produced in quantity by 

the integrated circuit manufacturers includes the linear circuits 

such as audio power amplifiers, RF and IF amplifiers, video and wide

band amplifiers, sense amplifiers and operational amplifiers. Also 

being manufactured are voltage comparators, voltage regulators and 

the more recently announced analog multipliers and the phase-lock~d 

loop circuits. Digi tal-to-analog converters are also now becoming 

available as monolithic integrated circuits. 
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Component Parameters 

Before describing the circuits it is well to first review some 

of the limitations that restrict the designer of a linear integrated 

circuit. 

With passive canponents his greatest restriction is the virtual 

lack of reactive components. Inductors can be processed as an IC 

cornponent--as a flat conductive spiral--but they occupy a large area, 

have a low value of inductance, and a low Q. They are therefore, 

generally unavailable to the IC designer. The situation with capacitors 

is only a little better .. A monolithic capacitor has silicon dioxide 
. 0 

as the dielectric and a minimum thickness of 1000A is required to pre-

vent pin holes and shorts in the insulating medium. Thus the area 

of a 25 pF capacitor is about 100 sq. mils. A transistor will occupy 

an area of 5 sq. mils. The large amount of surface area taken by the 

capaci tor serves as a limitation to the IC designer. The choice of 

resistance values is almost unlimited. Resistance values in the range 

50 n to 1 m can be fabricated at the same time as the emitter is 

processed, while those in the 500 n to 10 m can be made along with 

the base diffusion. Where larger values of resistance are required, 

the output resistance of a transistor in the common-emitter configura-

tion can be utilized. Values to 100 KQ are then possible. 

Mention should also be made of a valuable characteristic of 

resistors fabricated by the diffusion process.. Errors in etching, 

doping and diffusing all contribute to the absolute value of the 

res is tor being only wi thin ± 20% of the design center value. However, 
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these errors are conunon to all similar resistors on the wafer. There-
I I 

fore the relative error between resis tors on the same wafer can be as 

low as 2%. Additionally all resistors on a wafer will have the same 

temperature coefficient. 

It is usUal in fabricating linear IC's to start with a p-type 

silicon wafer upon which an n-type layer has beenepitaxially grown. 

At selected areas an isolation diffusion of p-type material is then 

made through the epitaxial layer to yield isolated islands of n-type 

silicon surrotmded by p-type. A circuit component is fabricated wi thin 

each of these islands. Linear IC's predominently make use of ver-

tically diffused NPN transistors. That is, the base is diffused into 

an area of t,pe collector region followed by an emitter diffusion into 

the base region. The collector is the n~type epitaxial material. 

Where, PNP transistors are required, they are generally fabricated in 

a lateral fashion along the surface of the silicon wafer. The epitaxial 

layer is now the base region. Typical parameter values for these two 

types of transistors are shown below. 

NPN PNP 

s so - 200 2 - 20 

-S MHz 

The characteristics of an integrated NPN transistor are similar 

to a general purpose discrete device, except for the value of the col

lector bulk resistance (r ,). This is a resistance in series with the 
c 
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collector junction. With a discrete transistor a back or bottom 

connectiori is made to the collector wi th a resul ting low value for 

rc' of about 10 to 20 n. However, with integrated transistors the 

connection to the collector mus t be from' the top, requi ring a narrower 

conducting path and increasing the collector series resistance. This 

resistance along with the collector-substrate capacitance is a serious 

limi tationin the design of wideband integrated amplifiers. 

The long base ~gion of the lateral PNP transistors decreases 

both the B and the fT of these transistors. For low frequency ampli

fiers « 1 MHz) the PNP transistors are useful for voltage level shift

ing between NPN transistor stages. The lack of capacitors requires a 

de connection through the amplifier. For designs greater than 10 MHz, 

the designer is restricted to NPN transistors only. 

Qperational Amplifiers 

Predominant in the linear IC field is the operational amplifier. 

The ideal operational amplifier has been described as having infinite 

gain, infinite input impedance, zero output impedance and having infinite 

bandwidth. Unfortunately, the cost would also be infinite. 

Basic to the input of all ,monolithic operational amplifiers is the 

emitter-coupled differential pair (this is shown in Fig. I using bi

polar transistors). The circuit requires close matching of all char

acteristics of both transistors and resistors over a wide temperature 

range,O to 70°C or possibly -55 to + 125°C. This is an ideal situation 

for an integrated circuit. Also a large current gain is required of the 
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transistors to minimize the effect of loading at the input to the 

amplifier., Large valued resistors are also required to realize a 

, large voltage' gain for the input stage. Ideally ,the characteristics 

of the two transistors are exactly the same, as are the characteristics 

of the two resistors. Then considering the dc situation, with both 

inputs at ground potential there are equal currents in each trans is tor. 

The collector voltages are both the same and the differential output 

voltage is zero. However, the situation is not quite ideal. . There 
I 

are differences in the characteristics of the transistors which result 

in an input offset voltage and an input offset c:urrent. The current 

gain of the transistor is finite and so are the input bias currents. 

The infinite input impedance would require zero offset voltage 

and zero input current. Recent developments in the design of mono

lithic operational amplifiers has been largely directed to obtaining 

these input characteristics. Generally there have been three approaches 

to the problem. They are the Darlington input stage using bipolar 
. . 1 

transistors, the field effect transistor (FET) lnput and the use of 

super-beta transistors 2 ,3 in the input stage. 

The Darlington input, using conventional transistors, .is shown 
I 

in Fig. 2. The input bias currents are reduced by a factor of (S + 1) 

compared to the base currents of Q3 and Q4. This allows for input. 

bias currents'in the 10 to 100 nA range, but the input offset voltage 

is twice that of a simple differential pair. The drift of the offset 

vol tage is also increased by a factor of two. In this design the Dar-

lington input gives an effective current gain for the input stage of 
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. . 2 
more than 8- -where 8 is the current gain of just one transistor. The 

transistor Q8 is used as a source of current for the differential pair. 

The biasing of Q8 by Q9 is standard with IC's and tends to set a current 
. . 

, t ' • 

for the .differential pair independant of the 8 of Q8. The PNP transistor, 

QS and Q6, serve as active collector loads for the input transistors. 

The high input resistance of an FEr would seem to indicate its 

natural selection for the input stage of an operational amplifier. How-
. 4 

ever, it has been shawn that for the s~ geometrical tolerances the 
\ 

input offset vol tage and voltage drift are much greater for an PET dif

ferential pair than they are fora bipolar transistor pair. Where very 

low input currents are a necessity, there is now available a mono-

Ii thic FET input operational amplifier and this is shown in Fig. 3. 

The input transis,tO'rs arep-channel jtmction FEr's, which are fabricated 

in the n-type epitaxial layer of the IC in a manner similar to an NPN 

transistor. An additional diffusion is necessary to form the high 

resistivityp-channelregion. For this amplifier the current source 

for the PET's is from the PNP transistor Q6 which is biased by Q7. 

Transistors Q3 and Q4 are the active loads for the input transistors. 

Over the industrial temperature ~ange of 0 to 70°C, input bias 

currents of 100 pA are obtained by using an PET input stage. However, 

the PET does require scme voltage between the drain and the gate which 

leads to leakage current problems as the ambient temperature is increased. 

This leakage current approximately doubles for each lOoC rise in tempera-

ture, so that extending their use to the maximun military temperature 

of +12SoC leads to input currents in the 10 nA area. 
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The use of the super-beta transistor in the input stage of IC 

operational amplifiers has yielded input characteristics for the mono-

I lithic devices that are comparable to, or better than those for the 

discrete types. Incorporating the super...:beta transistor means adding 

another diffusion cycle in the fabrication of the integrated circuit. 

In this process step, the emitter is diffused almos t all the' way 

through the base region to the collector. This makes for a very nar

row b"ase region yielding transistors wi th very high S, even at very 

low collector currents. Current gains of 5000 are typical at collector 

currents of O. 5]..lA. The very narrow base region, however, means the 

emitter almost touches the collector and the breakdown voltage from 

collector to emitter is rather low ,less than four volts. In the 

example shown in Fig. 4, the super-beta transistors Ql and Q2 are 

operated in cascode with the conventional transistors Q5 and Q6. The 

bases of Q5 and Q6 are bootstrapped to the emitter 6f Ql and Q2 through 

Q3 and Q4 so that the input transistors are operated with near zero 

collector-base voltage. The conventional transistors Q5" aTld Q6, with 

collector breakdown voltages of 25. V, stand off the common mode input 

voltage. With no voltage across the collector-base junction. leakage 

current in the input transistor is effectively eliminated. The differ

ential output voltage is obtained from the collectors of Q5 and Q6 with 

Q7 and Q8 serving as active loads for those transistors. 

The input characteristic of the three circuits are compared along 

wi th a standard operational ampli fier in Fig. S. The lowes t input hi as 

current and offset current is obtained wi th the fET input. But this 
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circuit also has the highest offset voltage and offset voltage drift. 

The lowest input offset voltage is obtained with the super-beta input 

of the LMI08, but this tmit also has the lowest slew rate which is 

indicative of low operating currents in the input stage of the ampli-

fier. Notice also that the LMl08 has the lowest power dissipation. 

The open loop voltage gain of all amplifiers should be considered 

adequate (the MCl53l is only included for comparison of the input 

stage characteristics). 

A possible drawback in the use of monolithic operational ampli

fiers is the small bandwidth and slew rates. There is a de fin i te 

relationship between these two, and one limit is due to the fT of 

the lateral PNP trans'isto'rs which are used in the signal path. An 

improvement in the performance of these transistors has recently been 

reported. 5 As shawn in Fig. 6, two extra base contacts are used, 

with a small dc voltage (l to 3 V) applied between them, to cause an 

aiding electric field to appear between the emitter and collector. 

Measurements have shown over an order of magnitude increase for the 

fT . ~d Bof these transistors when canparea with, a conventional lateral 

transistor. That is fT's of 300 MHz and B's of 100 have been reported. 

The slew rate is further limited by, the current available to change 

the voltage across capacitors, both internal and external to the ampli

fier. Operating super-beta transistors at higher currents and the 

development of the improved PNP transistors should yield an operational 

amplifier with a unity gain bandwidth of 200 MHz and slew rate of 

200 V/'fJ,s. 

'"', 
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Another limitation in the use of operational amplifiers has been 

the problem of frequency compensation. Unrestricted use of negative 

feedback around an uncompensated amplifier can lead to disastrous 

oscillations. At some frequency the phase angle at the output of the 

open-loop amplifier will be greater than 180°. Now with simple negative 

feedback if the loop gain (from the amplifier input to the output of 

the feedback network) is greater than one at this frequency, oscillation 

will result. With a J80° phase change due to the negative feedback, 

the additional 180° phase angle will result in positive feedback at 

this frequency- -an unstable situation. 

Some of the more recently developed IC operational amplifiers have 

internal frequency compensation. That is the roll-off of the open-loop 

gain, with increasing frequency, is at -6 dB/octave through the unity 

gain point. This is the response of a simple single RC network. For 

,this case, where the gain is greater than one, the phase angle at the 

output is never greater than 90°. Then, even with 100% negative feed

back, the amplifier--as a voltage follower or unity gain stage--is 

uncondi tionally stable. However, wider bandwidths and greater slew 

rates are generally possible with the uncompensated amplifiers. These 

amplifiers, with frequency compenstaion terminals available, do allow 

for closer matching of the operational amplifier to its application. 

An area which is currently receiving much attention is the develop

ment of micro-power operational amplifiers. These amplifiers have an 

open-loop voltage gain to 20,000 and input characteristics similar to 

those that have al ready been described. But, total power constunption 
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is. less than 200 ~w. Their use, however, is limited to dc, or low

frequency applications. Continued improvements will be in greater 

gain at lower power consumption. 

Another area of development for the operational amplifiers is 

the low-noise amplifier. Though improvements in the noise perfonnance 

of the amplifier are inherent in the low-current input stages, work 

continues in this area. Here again the emphasis is on low-frequency 

applications. 

Voltage Comparators 

The emitter-coupled differential pair has other useful properties 

beside its use in the input stage of 'the operational amplifier. The 

configuratio~ is particularly useful as a voltage comparator stage--one 

input is connected to the reference or bias voltage, the other the 

actual signal input. Followed by an amplifier with sufficient gain, 

the integrated device makes' an excellent amp1i.tude discriminator. 

COITDnon1y used as sense amplifiers with magnetic core memory lUlits, 

these devices have minimum input threshold voltages of less than 5 mV 

with output voltage leVels which are compatible with digital integrated 

circuits. Temperature compensation is inherent in the design and the 

differential input voltage temperature coefficient is typically .5 to 

10 ~V per °C. The propagation delay times are about 20 ns with compar-

able rise and fall times. The maximum input bias current of these 

sense amplifiers is about 10 ~A, with the offset current about one

tenth this value. Their application IS therefore restricted to where 

• 
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a low-input resistance is possible .. A voltage comparator is now avail-

able with a maximlDll input bias current of 100 nA and offset current 

of lanA, but the response time is 200 ns. 

Voltage Regulators 

Following the operational amplifier and the voltage comparator, 

the device whiCh has received the most attention from the IC manufac-

turer is the voltage regulator. A second generation of monolithic 

voltage regulators is now becoming available. 6 The new devices have 

higher output current ratings (to 1.5 A) and require fewer external 

components and adjustments. Currently 5 W can be. handled in a conven-

tiona! power package. The trend will probably be towards a fixed out

put voltage for the high current regulators, + 5 V at 1 A for digital 

IC applications; with some small variation in the output voltage for 

regulators used with linear IC's (maybe 9 to 15 V with current ratings 

of 200 milliamps). With a standardizing of voltage and current ratings 

there will be an accompaning reduction in price. 

Analog Multipliers 

The assets of tile monolithic emitter-coupled differential pair 

are further exploited in the design of the four-quadrant analog 

multiplier. 7 ,8 A basic schematic of the circuit is shown in Fig. 7. 

Initially, the analog voltages X and Yare converted to small signal 

currents J and I by the large resistors R_ and R_ in the emitter-. x y -x --y 
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coupled pairs Ql and Q2, Q7 and Q8. A differential voltage is obtained 

across diodes Dl and D2 in the collector circuit ofQl andQ2 respec

tively. This voltage, Vd is related to the logarithm of the signal 

current Ix. Now the voltage Vd is used to control the flow of the 

signal current Iy in the two' emitter-coupled pairs Q3 and Q4, QS and 

Q6. Finally the currents are summed at the collectors of these transis

tors' and a differential output voltage, Vdo ' is obtained, that is 

di recUy related to the product of the' input voltages X and Y. A 

requirement of the linearmul tiplier is the close matching of the char

acteristics of the three emitter-coupled pairs and the diodes Dl and D2. 

This is a basic property of the monolithic integrated circuit. 

With the multiplier, analog signals maybe multiplied, divided, 

squared or square roots may be obtained. Other poss,ible uses of the 

device are as a phase detector, a frequency doubler or as a balanced 

modulator or demodulator element. These and other possible applications 

of the multiplier are described in Ref. # 8. 

The only presently available monolithic four-quadrant multiplier 

accepts input vol tage of ± 10 V and has a linearity of better than 1 %. 

There are also many adjustments which have to be made before the device 

can be effectively used. However, a new version of the multiplier will 

shortly be available which will have an improved linearity (0.2%) with 

the same output voltage swing (± 10 V), but requiring fewer external 

adjustments. 

.; 
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PhaSe-Locked Loop 

The problem of fabricating integrated circuits requiring tWled 

ci rcui ts, cons is ting 6f inductors and tapaci tors, has been avoi ded wi th 

the introduction of the phase-locked loop. 9 The phase-locked loop is 

a complete monolithic IC which is able to perfonn many of the fWlctions 

usually regarded as requiring tuned circuits. 

As shown in Fig. 8, the phase-locked loop is basically a servo 

system in which the output of a voltage-controlled oscillator (VCO) 

is made to track with an incoming signal. When the input and VCO fre

quenciesare the same, the system is in lock. Any change of frequency 

by the input signal or the VCO· is detected by the phase comparator and 

a dc correction voltage is applied to theVOO to bring the system into 

lock. The low-pass filter sets a limit on the maximlUTI allowable dif

ference frequency and still have the system lock. 

Generally the phase comparator is a variation of the analog multi

plier already described. The VCO is typically a non-saturating emitter

coupled multivibrator. The correction voltage controls the charging 

and discharging of the coupling capacitor. The low-pass filter can be 

a simple RC integrator. 

With a frequency-modulated (fM) input signal, the input to the VCO 

is proportional"' to the frequency deviation of the input signal. A fM 

demodulator is an immediate application of the phase-locked loop. In 

a similar manner the phase-locked loop can be used to extract infonnation 

from noisy signals. Many other applications are now being suggested 
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for the phase':'locked loop in conummications, instnunentationand data 

processing . The typical phase-locked loop will operate wi th input 

signal 3mpli tudes down, to 100 ]1V at frequencies up to 30 M-Iz. 

D/A Converters 

Another development is the completely monolithic D/Aconverter. 

The aim is to have a complete package; switching circuits, resistor 

ladder network and output amplifier, all on a single chip. 

At this time one manufacturer is marketing a 6-bit D/A converter 

that is a totally diffused device. However, tolorances for diffused 

resistors used in the ladder network will limit the accuracy, and 6-

bits is about the maximtml for such a device. A more promising approach 
I 

is to fabricate the resistor network as a thin film resistive layer, 

deposited on the top of the SiOZ--the passivation surface of the silicon 

chip. Such a device is also currently available as an 8-bit D/A 

converter. 

With many hybrid packages ascampetition to monolithic designs, 

the hope is to realize a product that is more reliable, and have a 

better temperature specification. The batch fabrication of such a 

device should also lead to a lower cost. 
., 
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Other Developments 

Perhaps the greatest activity of development with linear IC's is 

in the so-called corisumer markets of entertainment and the automobile. 

Color television, stereo radio, controlled fuel injection and anti

skid devices are receiving full attention. This market will eventually 

dominate in volume the. linear IC field. 
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FIGURE CAPTIONS 

Fig. 1. Circuit Diagram of an emitter-coupled differential 

amplifier. 

Fig. 2. The Darlington input stage. 

Fig. 3. An FET input stage. 

Fig. 4. A super-beta transistor input stage. 

UCRL-20l54 

Fig. 5. A comparison of operational amplifier specifications. 

Fig. 6. The field aided lateral PNP transistor. 

Fig. 7. Basic circuit diagram of an analog multiplier. 

Fig. 8. Block diagram of a phase-locked loop. 
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LEGAL NOTICE 
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apparatus, method, or process disclosed in this report may not in
fringe privately owned rights; or 

B. Assumes any liabilities with respect to the use of, or for dama~es 
resulting from the use of any information, apparatus, method, or 
process disclosed in this report. 

As used in the above, "person acting on behalf of the Commission" 
includes any employee or contractor of the Commission, or employee of 
such contractor, to the extent that such employee or contractor of the 
Commission, or employee of such contractor prepares, disseminates, or pro
vides access to, any information pursuant to his employment or contract 
with the Commission, or his employment with such contractor. 



~ ~~ 

- _ ... :..-.-

TECHNICAL INFORMATION DIVISION 
LAWRENCE RADIATION LABORATORY 

UNIVERSITY OF CALIFORNIA 
BERKELEY, CALIFORNIA 94720 

~ 

~~ 

,-....-.=-'-f.. 


