
O INTRODUCTION

The performance of a number of popular audio inte-
grated-circuit operational amplif iers, such as the NE-5534,
HA2625, and LM3l8, has been described by Jung I I ]. The
present paper presents a discrete operational-amplif ier cir-
cuit which exhibits lower noise voltage, distortion, gain
error, output impedance, and responsc tinrc (delay) as well
as higher slew rate, output voltage, output current, phase
margin (stabil ity), and gain - bandwidth product than most
of these integrated-circuit operational amplif iers and also
than most earlier discrete operational amplif iers in common
use for audio applications. The development of this am-
plif ier, called the JE-990 operational amplif ier, involved a
careful mixture of texttxloks, laboratory-collcctcd data, and
computer calculations and graphics. Its application may be
considered where some of these parameters arc to be im-
proved.

l) Input stage for any application where thc source im-
pedance is 2500 f,) or less,

2) Line output amplif ier for driving a 75-O load up to an
rms voltage level re 0.115 V of +2-5 dB, which is an rms
voltage of 13.8 V and a peak-to-peak voltage of 39 V,

3) Summing amplif ier,
4) Active fi l ters requiring a high degree ol'stabil ity,
5) Laboratory preamplif ier for extending thc sensitivity

of noise or distortion measurements.
You can build the circuit yourself from the schematic and

parts l ist given here if you have the necessary equipment
and determination, oryou can obtain a l istof known sources
of manufactured 990 amplif ier modules.r

The circuit is "public domain" and can be used for any
purpose without l icense or permission. Beyond this text
there are no available application notes specifically for the

'Manuscript received 1979 July 9; revised 1979 Scpt. 27.
I Send written request fbr 990 sources to: Jcnsen Transformers,

10735 Burbank  B lvd . ,  Nor th  Ho l lywood.  CA 9 l60 I .
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JE-990, cxccpt f irr a technical data sheet on a 170-kHz
bandwidth nricrophone input transformer (Jensen Trans-
fomrers) dcsigned firr optinrum noise perfcrrmance with the
JE-990 operational amplif ier. Full-size detailed graphs of
those shown in this text are available from the author.

1 GENERAL DESCRIPTION

The JE-990 <lperational arnplif ier is a discrete universal
gain block in the standard single-triangle configuration with
one noninvcrting input, one inverting input for feedback,
and one singlc-cndcd outpul. The principal objective ofthe
devcloprnent was t() synthesize a stable high-performance
operational arnplif ier which would take advantage of the
low-noisc and matching characteristics of the National
Semiconductor [,M394 supermatch pair transistor t2l - t4l

2 NOISE CONSIDERATIONS

2.1 The Input Device

The LM394 is actually a monolithic integrated circuit
with 100 transistors; 25 pairs (50 transistors) per section are
randomly intsrconnected in parallel to take advantage of
statistical variations and random cancellation of offsets.
The matching ratios inlprove proportionally to the square
rclot of the nunrber of transistors. Extrinsic emitter and base
resistances are much lower than those of other available
transislors, either monolithic or discrete, giving extremely
low noise. To guarantee long-term stabil ity of matching
parameters, gain, and noise, internal clamp diodes have
been added across the emitter- basejunction ofeach trans-
istor. These prevent degradion from reverse-biased emitter
current, the most common cause of f ield failures in matched
devices. The parasitic isolation junction formed by the
diodes also ensures complete isolation between devices by
clamping the substrate region to the most negative emitter
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2.2 Optimizing the Input-Transistor
Collector Current

To determine an optimum collector current for the
LM394 input pair, we measured'the noise performance tn
our laboratory from several samples, using models. tech-
niques, and computer programs similar to those given by
Motchenbacher and Fitchen [5]. Two measurements of the
noise in a2}-kHzbandwidth, one with a shorted input and
the other with a known source impedance, were taken at
eight collector currents ranging from 400 pA to 4 mA. The
2O-kHz bandwidth data for each collector current were
first converted to a value of noise-voltage spectral density
and of noise-current spectral density with a noise-model
program. Then a polynomial regression progtram was used
to average out  atypical  var iat ions in  the samples and
measurements.

The resulting smoothed noise-voltage spectral density
versus collector current is shown in Fig. I, and the noise-
current spectral density versus collector current is shown in
Fig. 2. From these data, values firr f ive collector currents
were used in the noise-nrodel program to calculate the noise
index versus source ac resistance for each of thc five collcc-
tor currents. Fig. 3 shows a plot of this calculation for thc
case where the two sections of an LM394 are used as a
differential pair. Fig. 4 shows the casc whcrc the two
sections of an LM394 are parallclcd, and two of thesc
constitute the dil l 'erential pair. Note that using tw() dcviccs
instead of one results in a noise reduction of 0.5 dB tirr a
source aL^ res is tance of  125 O and of  I .0dB f i r ra s()urce ac

Fig.  l .  Noise-vol tage spcctra l  dcnsi ty vcrsus col lcctor  currcnt
fcrr  a s ingle hal f -sect ion of  an l -M194. Calculatcd f r t t t t . t  a t t tca-
surement in a 20-kHz bandwidth.
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resistance of 3 I . 5 O. The value of the ac resistance in these
graphs is the sum of the ac resistance at the noninverting
input and the parallel value ofthe series and shunt feedback

resistors.
It is important to note that the ac resistance of many

sources is greater than the dc resistance. Furthermore only
resistive sources are nrodeled in this calculation. With some
magnetic devices (for instance, magnetic tape reproducing
heads) both the reactance and the ac resistance rise with
increasing tiequency. For such devices a more complex
model should be used, taking into account both the reac-
tance of the source and the change of both resistance and
reactance with fiequency.

The graphic firrm of the data of Figs. 3 and 4 is useful to
determinc the optimunr collector current for a range of
source resistances. C)ur nlr-asurenrcnls agree with the pub-
l ished values [2 lat  those data points that  co inc ide.  Note that
the value of I .6 nrA is a go<xl balance for a low noise index
at low inrpedances withoul an unnccessary increase at high
impedances. This "highe st reastlnable" collector current
lavors a high slew rate ol' l tt V/ps, but causes a fairly high
input  b ias current  <t f  2 .2 1; -A.

Fig.  3.  Noisc i r r t lcr  vcrsus s()urcc ac rcsistancc t i r r  a dt f lcrcnt ia l
pu r r  o l ' l r a r r s i s t o r s ,  whe  r c  cach  t r ans i s t o r  i s  onc  ha l f  o l  an  t -M194 .
Calculatcd l rorr  a nrcusure nrcnt  in a 20-kHz bandwidth.  Paratnc-
{cr :  col  lcc l0r  currenl  .

2r  l i  5  t ,  l  25  25O 500
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Fig. ,1. Noisc int lcx vcrsus sourcc i . lc rcsistance l irr  a di l lerential
nair ot '  transistors. whcrc cach transistor is both halves of an
i-HAfC+ in paral le l .  Calculated f ' rom a nreasurcment in a 20-kHz
bandwidth. Pararnctcr: col le ctor currcnt.
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Fig. 2. Noise-current spectral density vcrsus col lcctorcurrcnt l i rr
a single half-section of an LM394. Calculatet l  f ionr a measure-
ment in a 20-kHz bandwidth.
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With one LM394 at a collector current l t 0 nrA the
noise voltage spectral density is 0.8 nV/VHz per transis-

tor, or l. l3 nV/yEi for a differentigl pair; ancl a noise-

current  spectra l  densi ty  of  1.0 pAlVHz y ie lds a 0.6-dB
noise index at the optimurn source resistance of I kO.
Above 8 kO the noise index exceeds 2 dB. and at -50 kO thc
noise index is  6 dB.  So a h igh- inrpedance induct ivc s()urcc

may exhibit rising high-liequency noise. Thc noise ctrn-
tribution of the second stase is less than 0.5 dB at unity
gain.

The equivalent input noise voltage levcl ol 'thc conlplcte

JE-990 operational arnplif ier as a tunction ol source ac
resistance is shown in Fis. -5.

2.3 Noise Measurement Filters and Corrections

The noise measurernent bandwidth was linritcd with an

8-pole (4tt-dB per octavc) active low-pass fi l ter [61. Ttt

exclude hum from aft-ecting thc data, a singlc-polc high-
pass fi l ter at 800 Hz was used. This reduccs the bandwidth
of the measurement by 500 Hz l80OHz./(n/2)1, requiring a
+0.1 | dB corection t() rcstore thc clata to 20-kHz band-
width. The hurn fi l ter also rcntoves thc low-frcquency l/ l
noise of the arnplif ier. We vcrif ied, however, that thc l/ l
noise of the JE-990 operational anrplif icr contribules an
insignificant part of the noise l irr the total 2(lkHz bantl-
width.

The voltnrctcr used was a Hcwlctt-Packard 4(X) Ft.,
which is an average rcsponding rcctif ier with a scalc cali-
brated for the rms value o1'a sinc wave. For the Gaussian
noise waveform a correction level of + | .0-5 dB has bccn
added to give the equivalent nns value ttf noisc voltage.

2.4 Preventing Noase Duetothe Emitter Resistors

The noise graphs shown tirrthe LM394do not include the
noise due to the emitter resisttlrs which are rcquired to l imit
the gain-bandwidth product of the first stage in the case
that someone connecls the input to a zero-itnpedance
source. If this is done without sufficien( enritter resistanec,
the time delay of the other stagcs wrll causc insull icicnt
phase margin of the first stage frrr unity-gain stabil ity and ac

T
l
I

4
I

Fig.  5.  Equivalent  input  noisc vol tagc lcvcl  o l  thc conrplcte
JE-990 opcrat ional  ampl i f icr  versus s()urec ue rcsistancc.  Calcu-
lated f rom a measurcment in a 20-kHz bandwidth.  Noisc levcl  o l  a
theoret ical  resistor  is  shown l i r r  rcfcrence.
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urate transicnt rcsponse. Enritter resistors of 30 O are re-
cluired firr high-frcqucncy stabil ity, but these increase the
noise voltage level nrore than 3 dB above the casc without
ernitter resistors. To prevent this noisc increase , enritter
inductors can be placed in paralle I with the cmitter resislors.
The impcdance of 20-pr.H inductors is 30 O at 240 kHz; so at
h ighcr  f requcncies thc crn i t ter  c i rcu i t  impedance is  30O.
But  a l  l0  kHz thc 20-pH, 2-5-rn0 inductor  lowers the
cnr i t ter  c i rcu i l  i r r rpedance to 1.3 O.  This reduces the noise
vol tage le vc l  in  a 20-kHz bandwidth to wi th in 0.4 dB of  the
casc u i thout  er t t i l lc r  r ts is tors.

' l 'he 
e nri ltcr irrrpedancc ol'thc t,M394 a( a collectttr cur-

rcnt  of  I .6  rnA is  I6 O.  
' l 'h is  

resul ts  in  a f i rs t -s tage s ingle-
polc rcsponsc up to 83 kHz,  wherc the 2O-tr lH and 10.4-o
irnpcdancc re r() crcalcs a lwo-polc response to 240 kHz..
wherc thc 20-ptl and ,lO-O inrpcdancc polc creates a re-
sp()nsc zcro, rcturning thc rcsp()nse to that of a singlc polc.

3 STABILITY ANALYSIS

3.1 Open-Loop Response Compensation
' l -hc scherrrat ic  o l '  the JB-990 operat ional  arnpl i l ier  is

shown in f r ig .  6. - l i rhcy ct  a l .  l7 l  and Robcrgc I t i l  d iscuss
stabi l i ty  analys is  in  dcta i l .  

' l -hc phasc nrarg in cr i ter ion f i r r  a
"univcrsal  gain b lock"  suggestcd thc nrer i ts  o l '  a  Mi l lcr -
c( )n lpcnsatcd tw()-s lauc arnpl i t ic r .  In i t ia l ly  thc poles rec lu i r -
ing cornpcnsat ior t  u 'crc krcutct l  by obse rv ing the uni ty  gain
t ransicnt  responsc 

"vhi le  
adjust ing R9.  The l icqucncics

wcre input  as the cocl f ic icn(s o l 'a  l ransf 'cr  l 'unct i t tn  g ivc 'n in
thc Hcwlc( t -Packard ' l ' ranslcr  Funct ion Analys is  prograln.
' Ihe output  is  u sc lcct ion t l l .  lopologics wi th values (o syn-
thesize thc rcsponse funct ion.  Wi th the zcro of  R9 and Cl
coinc id ing wi th thc uni ty  gain f rcquency. l , ,  the synthesis  is
cornpletec l  in  thc crn i t tcr  c i rcu i t  o l 'Q6 wi th C2,  C3,  and Rt i .
Thc arnpli l icr was constructed and analyzed in the labora-
tory to t locurr rent  thc rcsul t ing uni ty-gain f requency. l , ,
phasc nrargin, antl transicnt rcsponsc. Then an itcrative
ser ies of  ca lculat ions,  conlponent  changes,  and nreasure-
ments was usctl to ad-iust the ticque ncies of the threc zeros
and the polc of  the corupensat ion c i rcu i t  to  obta in opt imum
phasc rnargin and transicnt rcsponse . This rnethod ensures
that any rcsponsc charactcrislics not isolated and identif ied
in thc nrode l ing arc ncver lhelcss inc luded in the opt imiza-
t l o n .

The result r ! :Jcs a eapacitor and a serics RC network

across the crrr i '  r  tc:; istr lr  ot-Q6 tt t  crcate two zeros, onc at

3 .3  MHz i lDd o1 '1 '  r r t  25 .4  MHz,  w i th  a  p t l le  a t  5 .8  MHz.  The

zcro  o l  l l9  a .  .  i  i s  a t  t i .  I  MHz.  
' Ihe  

H-P AC Ci rcu i t  Ana l -

ysi;  (C'N,,\ l '  l ) i ()gl- i l i l l  r ' , 'as usetl  to tnodel the response and

to balance tht:  i l rrpcdance rat io of the f 'eedback and enti t tcr

circuits of the scconcl stage to give a 4-5" phase margin by

adjusting L to approrirnately |  /Kf ,  where T is the ampli f ier

response t rn le .

The result ing resp()nse magnitude (Fig. 7) and phase

angle (Fig. tJ) show a unity-gain frequencyf, of l0 MHz

with about 38" phasc n.rargin, increasing to above 60" below

2MHz, including the region of the f irst-stage emittercircuit

83-kHz- response polc- and 240-kHz, response zero. The

gain-bandwidth product is greater than 50 MHz in the

l0-kHz to 100-kHz range and 25 MHz in the I -MHz range,

T
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with an increasing rate of attenuation to the actual fre-

quency of unity gain, l0 MHz.
The transistors for Q5, type 2N4250A or PN4250A'

JE-990 DISCRETE OPERATIONAL AMPLIFIER

must have an input capacitance Cs6 lower than the Jedec
specification in order to achieve the short response time
which favors good phase margin, stability, and transient

l
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6. Sche nrat ic  drawing ol ' the JE-990 opcrat ional  ampl i f ier

JE-990 Operat ional  Arnpl i f ier :  Parts L ist

Quantity Circuit  # ldent i f icat ion Descript ion

Dual npn translsl()r
pnp translstor
npn transistor
npn transrstor
pnp translstor
Ditxlc
Res is to r5Tc ,  l /4W
Rcs is to r5%, ,  l /4W
Resistor 5%,, l /4 W
Resistor 5olc, l /4 W
Res is to r5%, ,  l /4W
Resistor 57c, l /4 W
Resistor -57c, l /4 W
R c s i s t o r 5 o / r , l / 4 W
Res is to r5%, ,  l /4W
Resistor-5%,, I  W
Capacitor
Capacitor
Capacitor
Capacitor CY20C l04P
Shield bead 26132251 | |
lnduckrr

CIamp #  C-201
Screw # KF-461
Nut  #  KF-554
Thermal adhesive
Brass cl ip

Manufacturer

I
3
2
I
I

t 2
2
I
3
I
I
I
2
I
2

Q l , 2
Q 3 , 5 , 6
Q4,7
Q8
Qe
c R l - 1 2
R l , 2
R3
R 4 , 5 ,  n
R6
R7
R9
R l 0 , l  I
R l 2
R 1 3 , r 4
R l 5
C I
C2
c3

2 C4.5
2 L l .2
l L 3

Thermal Coupling Aids
2  ( t )
2  ( t )
2  ( t )

( l )
I  (6)

LM-394H
2N42-50A,PN42-s0A
2N2484,PN24U4
MJE-  l t i l  (  r )
M J E - l 7 l  ( l )
l N 9 l 4 8
30()
160 f)
3m0
2 kf)
l  ttoo
130 ( )
62k o (2)
l 1 0 0
3 . 9  o
39 O (-5)
l50pF-5c{
62pF 5va
9l  pF 57a
o . l  p .F
2op.H(a)
40pH (5)

3/32wire area
2-56 x l/4
2 - 5 6 x 3 / 1 6 x l / 1
4951 or 4952
256D

National Semiconductor
National Semiconductor or Fairchild
National Semiconductor or Fairchi ld
Motorola
Motorola
Fairchi ld
Amperex film
Amperex film
Amperex film
Amperex film
Amperex film
Amperex film
Amperex film
Amperex film
Amperex film
Allen Bradley

Ccntralab,/USCC
Fair-Ritc Prod.

Waldom
Waldom
Waldom
Thermalloy
Wakefield

lr
l*,"
f,.
I:-"

'"'"""fl

, r o r r ;

\.

c R 4

t'1

,' 
:;,,

I ", '
] e z r .
I
I
I
Y
l c R T

',

l ' *u

^  F E E D

[  
- -  

eac*

I
t ,ru\zv r
I  R r s  I
l 3 e n l'  

t 0 0  j  
t o  L o A D

L 3
40 ltq

Notes: ( I)  CR9 must be thermally coupled to Qtl with clamp or adhesive
CR l0 must be thermally coupled to Q9 with clamp or adhesive.

(2 )  R l0 ,  I  I  :  62kOforb ipo la r24-Vsupp ly .  R l0 , l  I  :  33  kO tb rb ipo la r  l5 -V  supp lv .
(3) R4,5 may be tr immed fordc balance (also affects slew symmetry).
(4) L I  ,2 starter ki t  with sample assembly is avai lable from Jensen.
(5) L3 (40 tums #30 wire wound around R I 5) is avai lable assembled.
(6) Wakefield brass clip can be uscd to thermally couple two transistors firr Q3 and CR3 (see text)
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response. Fairchild and National Semiconductor have been
tested and used; other types with the same part number
cannot be safely substituted without analysis of the result-
ing response tinre and phase margin.

3.2 Closed-Loop Response Compensation

The JE-990 operational amplif ier is unity-gain stablc.
The only overshoot remaining with a dirr-ct c()nnection
from the output to the inverting input is the servo rtvershoot
caused by the amplif ier response time of about l5 ns. If the
circuit preceding the JE-990 is equivalent tu a low-pass
fi lter of 4 MHz or less, therc is no ovcrshoot at unity gain.
Component variations may causc sorne ringing ncar l0
MHz,  which can be min inr izcd by adjust ing the value of  R9
by no more than 5%'.

Feedback zcro c()mpensation as shown in Fig. 9 is rcc-
ommended 181.  191 A capaci tor  C1 is  connected across thc
series f 'eedback resistor Rr to creale a phase lead (advancc)
in the f 'eedback to avoid servo overshrxrt caused by thc
response time of the amplif ier (about l-5 ns). ' fhis dclay
causes the feedback to arrive late, during which tinrc thc
output  exceeds the equi l ibr iunr  ampl i tude .  A lso the t ran-
s ient  response at  low ckrsed-kxrp gain wi l l  exhib i t  over-
shoot if the invertcd t 'eedback transler function ( l/p) docs
not cxhibit a pole at a l iequency reasonably krwcr than the
trequency of interccpt with the open-loop rcsponsc. 

'Ihc

JE-990 wi l l  exhib i t  no overshoot  wi th up to 45-dB c loscd'
loop gain with feedback zero (phase lead) cornpcnsation in
the  feedback  o f  z r  :  R rCr  :  1 .3  ps .  T ' h i s  y i c l ds  a
bandwidth of  120 kHz.  The value o l ' the carrac i tor  is  ca lcu

t d F l

Fig.  7.  Opcn- loop nragni tude re sp()nsc ot- thc J l r
anrpl i f icr .  Curvc l i t  to thc measured data.

99O opcrat ional

r O

r lo

r50

ro "  !5 '  6 r '  " ' r " r " ' , l i - , . , , , t i , ^

Fig. 8. Open-loop phase responsc ofthe JL, '990 opcrational ant-
pl i f ier. Curve f i t  to the measured data.
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lated as Cr :  1.3 p.s/R, I farads]. At 40-dts closed-loop
gain, rr :  0.9/.r.s t i rr  a bandwidth of l7-5 kHz.

For appl icat ions where 120-kHz bandwidth is suff icient,

Rs and C1 can be f ixcd values, and (6un, can be ad-justed to
control closed-l<lop gain frorn 6 dB to 45 dB with nearly
constant bandwidth and accuratc transicnt response.

For appl icat ions whcrc lhe nraxinrumr closed-ltxtp gain

required is less than .1-5 dI],  thc bandwidth can be increased
by reducing the L. l-g.s t ir l lc constant. Thc requircd com-
pensat ion  is  dc tc rnr ined in i t ia l l y  by  ca lcu la t ion  t iom the
ficqucncy ol inte rccpt and thc amount of f 'cedback chosen
lirr thc frcqucncy rangt: abovc inlcrcept l9l .  Then the value
is  f ina l i zed  by  observ ing  thc  sn ta l l -s igna l  t rans ien t  rc -
sponse . 

' l 'hc 
f ' rcqucncy of intcrccpt is the intcrsection of thc

open-loop gain and thc uncontpensated inverted f 'eedback

l 'unc t ion  ( l /0 ) .  ' I ' hc  
ln r ( )un [  o f  t ccdback  choscn f i r r  the

f 'rct luency rangc above intcrccpt could init ial ly bc sct at 2
(6  dB)  o r  I  . ;1  l . t  (3  dB) .  

' l ' he  
po lc  f rcqucncy  t i r r  the  inver tcd

t 'ecdback l i rnct ion is thc interccpt I ' requency divided by thc

l 'ccdback voltage rat io. Convcrt lhe frequency into a t imc

c()nstant by r,  -  t  /( InJ ). ' l 'hcn thc compe nsation capacitor

is delcrnrinct l  by ( 'r  -  r , . /R1. [ 'hc value is f inc-tr inrrned by

obscrv ing  thc  s rna l l -s igna l  t rans ie  n t  responst :  .

I f  var iab lc  ga in  i s  rea l i zed  by  ad jus t ing  R,  w i th  R.n , ,n ,

l i xc t l ,  the  c loscd- loop rcsp( )nsc  w i l l  a lways  be  c lose  to  thc

rnax i rnurn  a l lowab lc  f i r r  s tab i l i t y  and accura tc  t rans icn t

rcsp( )nsc .  Note  tha t  s incc  thc  bandwid th  and the  ga in  do  no t
l rack  accura{c ly  u t  low c losed l t x rp  ga in ,  thc  l rans icn t  re -

sponsc rtrusl be obscrvcd al low gain to dctcrnrinc the

r r rax in rurn  a l lowab lc  ga in  -  banc lw id th  tha t  th is  n rc thod can

rcal i zc .

Adjustrnent ol Rr with R.1,,, , ,  f ixed yiclds rnaxrnrur.r.r-

bandwiclth closcd' kxrp resp()nsc.

Ad jus ln rc r r t  o l '  R .5 , , , ,1  w i th  Rr  f i xcd  y ic lds  cons tan t -
bandw idth closed- kxrp rcsp()nsc.

4 SLEWRATE, DC BALANCE,AND
LARGE.SIGNAL BANDWIDTH

' l ' hc  
s lcw ra tc  ( ) l ' thc  . l t r -99)  opera t iona l  a rnp l i f ie r  i s  l t l

V / p s  w i t h  a  1 5 0 - O  k r a d  a n d  1 6  V / p s  w i t h  7 5  O . ' I h e

syn ln re t ry  i s  a  l i rnc l ion  0 l ' thc  rna tch  o l 'R4 and R5 and the

V1,,,  nralch ol 'Q3 and CRl. Thesc nratches also affcct the dc

balancc of the dif t 'crcntial input stage. In the prtxluct ion of

th is  c i rcu i t ,  l l re  sc  r r ra tches  may requ i re  sorne  mon i t r l r ing .

Fairchi ld lN l t l  di<i lcs arc vcry consistent, or a diode-

connected t '  r  . , i t )r  car) be uscd l i rr  CR3. Thermal coup-

l ing  shou l t l  ! - ' r  r :ons idcrcd  lo r  app l i ca t ions  requ i r ing  dc

s tab i l ; t y  
' i  

; r t ' . ' h  o l ' l l - l  anr i  R5 can bc  t r in rmed to  ad jus t

inpul ot l 'scr (rurren( l .cccpta.r lr  tolerances must be deter-
mined according to t l ic appl icat ion and component varia-

t ions. I f  separatc . lc and ac (slew) balance adjustments are

required, an ac-coupled shunt rcsistor across R4 or R-5 wil l

adjust the slew synrmetry without affect ing thc dc balance.

The slew rate . l  is deterrnined by the total avai lable
current /  fronr thc dif ferential input stage, and the Mil ler

compensation capacitor Cl l :  S : I /C I .  I 'he current of the
input stagc has becn set by the noise analysis at 1.6 mA per

t rans is to r ,  o r to ta l  I  = .  3 .2nrA,  and the  capac i to rC l  :  150
pF, a value that cannot be reduced without affect ing the

I
I

I
;:i

I
1

I
1
I
I
1
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symmetry of voltage overload (clipping). Thus S : 3.2
mA/150 pF : 2l pVls. The impedance ratio of the feed-
back and emitter circuits of Q6 affectsf, which, for 45'
phase margin, cannot exceedf, : l /Kf , where I is the
amplif ier response time. So reduction of C I wil l require an
increase in the impedance of the emitter circuit components
which would affect the symmetry of voltage overload. If
this is done. R9 must also be increased to restore the zero to
8.1 MHz. Actually the iterative procedure to optimize the
phase margin should be repeated. At higher slew rates the
current set by Rl2 becomes a dominant l imit to slew rate.

The "current-mirror" collector load for the first stage
was chosen over the constant-current load fbr its factor-of-2
advantage in ac gain and available charging current for C I .
The modified Darlington second stage was chosen over the
straight Darlington for speed.

The large-signal bandwidth defined as B : S/228,,,,.s is
145 kHz wi th a b ipolar  ( - r )  24-V supply and 230 kHz wi th a
bipolar  (  i - )  l5  V supply.

5 OUTPUTSTAGE

The Motorola 11-03 package output translstors wcre
chosen for thermal and secondary brcakdown pertbrmancc
over the TO-5 package types.  At  the re lat ive ly  h igh quies-
cent collector current of I-5 mA required firr low distortion
with a 7-5-0 load, the higher speed TO--5 types tailed the
shorted-output  tests even wi th heat  s inks and y ie lded
academically small improvements in distortion and rc-
sponse time. The biasing diodes CR9 and CRl0 must bc
thermally coupled to Q8 and Q9, respectively, for low
distortion with low-impedance loads. Even at quiescent
current the temperaturc of the output transistors rcduces the
voltage drop of the diodes as part of the crit ical balancc of
mul t ip le parameters determined by Rl2,  Rl3,  and Rl4.
The current set by Rl2 in diodes CR9 and CRl0 is 5.4 tttA;
it affects the slew rate and distortion with low load inrpe-
dances. The resulting voltage drop across Rl3 and Rl4
determines the l5-mA quiescent currcnt through Q8 and

Q9, and this current sets lower l imits on the open-loop
perflormance of the output transistors: it contrclls their cur-
rent gain, which in tum controls the open-lottp output
impedance, especially at high l iequencies; it controls thc
frequency of unity gain j; and it controls the time delay
introduced by the transistors. At lower currents the output
stage could introduce a pole belowfr, and this would reduce
the phase margin.

5.1 Current  L imi t ing CRl1 and CRl2

The value of Rl3 and Rl4 also alTects the current-l imit
magnitude. When the output current reaches a value which
is just less than the current corresponding to two-diode
voltage drops divided by Rl3 or Rl4, the base current is
starved to the output node by a three-diode path including
CRg. CR I 0. and either CR I I or CR I 2.

Without heat sinks the MJE- l7l and I 8l transistors wil l
reliably drive a full- level signal into a shorted output in-
definitely. Thermal dissipation may be a packaging consid-
eration.

.IF,.OO' DISI' '  I]ETE OPERATIONAL AMPLIFIER

5.2 Load lsolation R15 and L3

To isolate capacitive loads (in order to prevent them from
reducing the phase margin by delaying the feedback) with-
out significant losses in the operating frequency range, the
parallel network of R l5 and L3 is connected in series with
the load only. The f 'eedback is sti l l  derived from the output
node before the load-isolation network. The 40-pH induc-
tance with the 39-O resistor exhibits an impedance pole at
l5-5 kHz. Therefore thc series impedance is 39 O above l55
kHz. But bclow 155 kHz the impedance decreases to about
0.2 o at dc. At 20 kHz the impedance is -5 C) at 80o,
resul t ing in  only  0.  I  I  dB loss wi th a 75-O load.

5.3 Clamp Diode CR4

Although the modified Dtulington is preferred for speed,
it does not prcvent saturation of Q6 through t'eedback
clamping as docs thc straight Darlington. The clamp diode
CR4 restorcs thal f 'eature of the straight Darlington to the
higher specd mrldif ied Darlington by starving the drive
current to thc base of Q5 whcn the collector of Q6 reaches
thc vol tage o l - thc base of  Q6.  This means that  the ampl i f ier
wil l exhibit tast recovery from voltage overload (clipping).

6 OTHER CONSIDERATIONS

6.1 Anti-Latch-Up Diodes CRl and CR2

The diode s CR I and CR2 prevenl signals faster than lhe
responsc l ime ol'the arnplif ier l iom causing zero bias of
either of the input transist<lrs. If the t-eedback is too slow to
rnaintain l irrward bias firr either input transistor, one of the
diodes CRI or  CR2 wi l l  prov ide b ias f rom the input  s ignal
when thc dil l 'erential voltagc reaches one-diode voltagc
drop. Without lhese diodcs the output could latch up to
ei ther  supply as a re sul t  o f  a s teep input  wave form.

6.2 Separate Regulators for Q4 and 07
' I 'hc scparalc  regulators Rl0,  CR5, and CR6forQ4,  and

Rl  l ,  CR7,  and CR8 for  Q7,  prevent  capaci t ive coupl ing
and interaction betwecn Q7 and Q4; such coupling would
all 'ect the phasc margin.

6.3 Internal Decoupling C4 and C5

Thc inte rnal high-fiequcncy decoupling from the power
supply ensures that any series losses in the connector or

conncction to the supply l incs wil l not increasc the impe-
dance of the decoupling capacitors which are usually exter-
nal  to  the basic  " t r iangle "  ampl i f ier .

R c

Fig. 9. Circuits of fcedback conrponents with zero compensation
bv means ofC,.
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7 CONSTRUCTION

7.1 Layout Considerations

The node common to the collectors of Q2 and Q3, the

base of Q5, CR4, and R9, is a very high impedance.
Therefore this area should be made as small as possible.

Shielding is suggested to avoid noise from external sources

or response errors caused by capacitive coupling into this

node. Parallel and symmetrical layttut of the input section
will yield improved common-mode rejection.

The collectors of Q8 and Q9 draw heavy currents. They

should be connected to the supply terminals directly in

order to prevent these currents from causing any IR drop in
the resistances of the circuit-board foils which supply volt-

age to the other components in the circuit.

7.2 Emifter lnductor Construction

The emitter inductors are constructed by threading a

piece of 250-pm diameter (AWG 30) magnet wirc through

the six holes of a nickel-compound shield bead in an appar-

ently noninductive pattern creating elTcctively onc half

tum, but  wi th the character is t ics of  57 mm (2.25 inches)  of

wire surrounded with a magnetic mate rial of high pe rlnea-

bi l i ty  (2500).  This  construct ion is  low in shunt  capaci tancc
and related self-resonance, which could alter thc tlpen-loop

response and affect stabil ity and transicnt response. Allcr-

native constructions would require an analysis ol 'the eflects
upon open-loop response, phase rnargin, and transient rc-

sponse.

8 PERFORMANCE OFTHE JE.99O
OPERATIONALAMPLIFIER

Table I gives the values of the pertirmrance of the JE-990
operational amplif ier which have becn verif ied by multiple
prototype measurements and calculations. The JE-990 is

unity-gain stable and exhibits no overshttot up to 45 dB

closed-loop gain, with | .3-pts phase lead compensalion in

the feedback circuit (bandwidth 120 kHz).
Also, Jung has kindly supplied us with his measure-

ments of the total harmonic distortion under scvcral tcst
conditions, the equivalent input noise, and the l.requency
response at  60-dB gain.  Jung's  s tandard test  setup I l  I  is

shown in Fig. 10, and the test conditions and thc purposcs

of the tests are summarized in Table 2. The results are

shown in Fig. I I for a 30-V ( + l-5-V) power supply and an

rms output voltage of 7 V, and in Fig. 12 firr a 4u-V (i

24- V) power supply and an rms output voltage of I 4 V . The
detailed significance of these lests and comparalive trlca-

surements for the integrated-circuit operational amplif iers
p.A74t ,  N85534,  HA2625,  LM3l8,  RC4l36,  LF35l ,  and

LF356, are described in [], sec. 2.41. Note that the output
l inearity tests (G) are performed with a 2200-O load for all
the integrated-circuit operational amplif iers, whereas the

JE-990 is tested with a 150-O load. Also note that the

integrated-circuit operational amplif iers arc l imited to a
power-supply voltage of t l5 V, whereas the JE-990 wil l

operate up to a -r 24-V supply. Therctbre the JE-990

supplies about twice the maximum output voltage of the

integrated-circuit operational arnplif iers.

ENGINEERING REPORTS

Table l. Typicat performance of the JE-990 operational :unplifier

Quantrty Specif icat ion

Open-loop gain from dc kr 30 Hz
Gain enor at 100-dB gain
Noise- voltage spectral density:

Foreach transistor
For the dif ferential pair

Nrrisc-current spcctrul dcnsit l
Noise index u i th a lO(X)-O s()urce resistance
Equivalent input noise voltage in a 20-kHz

bandwidth with shorted inout
CorrcspontJing voltage ievcl re ().775 V

Max inrunr  input  vo l lugc  i j t  un i t )  ga in
Corresponding voltage level re 0.775 V

lnput  impct lanc t ' .  non inver l ing  input
lnput bias cunent
Maximurn output voltagc withR' - 75 11

Corresponding voltage lcvel re 0.775 V
Maxinrurn peak outPut current
Total harmonic distort ion at 20 kHz, and an output

v<rltage of 12.3 V (voltage level :  +24 dB):
Rr  :  75  (1 .  ga in  :  40dB
Rr  :  75  O.  ga in  :  20dB
Rr  :  6 (X)  O.  ga in  =  40dB

Sle w ratc:
R ,  -  l 5 0 t l
R ,  : 7 5 o

Largc  s rgna l  bunt jw id th  u  i thR,  -  l5o  l !
Snral l-signal bandwidth at unity gain (1,)
Ciain bandwidth product, in the f icqucncy range

l 0  k H z  t o  l ( X )  k H z
Phasc rnargin:

A I  I 0  M H Z
at  <2  MHz

Responsc t intc at unity gain
Supply currcnt with no load
Supply voltagc (bipolar)

The nricrophone preamplif icr in Fig. l3 shows a typical

application of the JE-990 with offset compensation and

adjustablc gain. Thc diode regulatorand fi l tercircuit supply

a current into the inverting input which compensates for the
oftiet causetl by the unequal dc source resistances at the
noninverting and thc inverting inputs. The offset voltage at

each input is f irst f irund by multiplying the input bias

currcnt (2.2. p.A) by the dc s<turce resistance at that input.
Frlr the noninvcrting input the dc-source resistance is the

transfi lrrncr secondary resistance paralleled by the load
resistor. For the inverting input, the f 'eedback resistor (10

k0) is the only dc-source resistance path. Since the closed-
krop dc gain of the anrplif ier is unity, the dc offset at the

ou(put is ctlual to the ditlcrcnce of the offset voltages at the
two inputs. 'fhc compe'nsution current rcquired into the
invcrting input is the t,;tput-ol1.set voltage divided by the
l'eetlback dc resistance ( l0 kO).

This dc-offset compcnsation wil l significantly reduce the

dc offset at the output fbr those applications without an
output coupling capacitor.

The microphone preamplif ier has a gain range of I2 dB to
45 dB wi th a bandwidth of  I  l5  kHz.
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ro  kn
(2200n)

( 3 V )

60-dB noise gain; inverl ing, unity Opcn
signal gain,* compensation as appro-
p r i a t e .  l V r m s o u t p u t .

60-dB noise gain; compensation as Opcn
appropriate. R. :  l0 0 No signal appl ied.

I t r .9CO DISCR€TE OPERATIONAL AMPLIFIER

ro  kn

Rcntarks

Checks slew ratc independent of
common-mode and output
nonlinearit ies.

Checks inpul comnron-modc slew
ratc i f  di l ierent than in tcst A.

Chccks ampli f ier gain - bandwidth
product to determinc open-loop
frequency response.

Meusurcs  cqu ivu len t  inpu t  no isc
t irr low R.; used to calculatc spectral
noise voltage density.

Checks basic transf 'er l inearity of
ampli l ier, indcpendent of test A or B

Checks input stage nonlinearity,
independent of tests A, B and E.

Checks  ( )u tpu t  s tage non l inear i ty ,
independent of tests A, B, E, and F.

( 2 7 0 0  r L )

a

o l

S T A N O A R O  T E S T  A

rItr

General Condit ions

Uni ty  ga in . *  inver t ing ,  w i th  un i ty -ga in
compensation. Ful l  rated output voltage.t

Un i ty  ga in , *  non invcr t ing ,  w i th
unity-gain compensation. Ful l  ratcd
output voltage.f

60-dB no ise  ga in ;  invcr t ing .  u r r r t r
signal gain,* compensation as appro-
priate. Ful l  rated output voltagc.t

60-dB no isc  ga in ;  non invcn ing .  un i t l
signal gain,* compensation as appro-
priate. Ful l  rated output voltage.t

60-dB no ise  ga in ;  inver t ing .  un i ty
signal gain,* compensation as appro-
priate. Ful l  rated output voltage.t
R a t e d R , .

#
= 

s r l lo lao  res t  r

Test Test Objecl

A  THD vs l :
Slew rate
(general )

B  THD vs l :
Slew rate
(conrmon
mode)

C Small-signal
bandwidth

D Noise

E THD vs l :'lran 
sfer

I i  nearity

F  THD vs / :
Input
nonlinearity

c  THD vs l :
Output
nonlinearity.

Frcq ue ncy

l(X) Hz to
I00  kHz
(or to./,, )
l (X)  Hz  to
l f i )  kHz
(or tol, ,)

l 0  H z  t o
-3  dB po in t

Anrpl i f ier 's
bandwid th .
pcr test ( '

l0 Hz. t<'t t/t

o l ' - l  d B
trequcncy

l 0  H z  t o
Vz o f  -3  dB
frequency

l 0  H z  t o
l z o f - 3 d B

frequency

Load

Open

Open

I C ' s :
2 k0;
JE-990:
I 50c)

I  For use with a + 24 V power supply only: Since thc test osci l lator used would not del iver an input voltage of 14 V, which
is necessary for the ful l  output voltage test at unity gain, the gain was increased to 13.4 dB by changing the input.resistor from
l0 kO to 'ZOO t>; thus an input voltage of 3 V would give an output voltage of l4 V for tes( A. For test B, a non-invert ing gain
o f  13 .4  dB was used.

t For integrated circuits and JE-990 with +15-V supply voltage, rms output voltage : 7 V; for JE:990 with
rrns output voltage : 14 V
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F i g .  1 0 .  T e s t s e t u p l i l r n r c a s u r c r n c n t s a c c o r d i n g t o T a b l c 2 . V a l u c s s h o w n i n p a r c n t h c s c s l i ) r t c s t A a r e  t y p i c a l  o l v a l u c s

used in a l l  tests f i r r  thc h igh-output-vol tagc (  l '1-V) ampl i f icr .

Tablc 2: Tcsl series l i rr  operational-arnpl i f ier characte r izat ion I I  I .

Ope n

()pen

r  R e s , s l o r  o d d e d  f o r
h , g h  o u l p u l  v o  l o q e

o m o  ' l  e r  l e s l



JENSEN

Semiconductor ,  Mounta in View, CA, 1978).
[3]  B.  Cole,  " lC Simulates Matched Transistor  Pai rs , "

Electronics, p. l 4l , ( 1 976 Oct. 28) .
[4 ]  C.  T.  Nelson,  "Super-Matched Transistor  Pai r

Application Note 222, National Semiconductor
Corp. ,  Santa Clara,  CA, 1979.

t5l C. D. Motchenbacher and F. C. Fitchen, Low-Noise
Electronic Design (Wiley, New York , I 973) .

[6] D. Jensen, "A 20 kHz Low Pass Filter fbr Audio
Noise Measurements," Record. Eng./Pntd., vol. 8, no.
6,  pp.  30-  35 (197' l  December) .

t7 l  G.  E.  Tobey,  J .  R.  Graeme, and L.  P.  Huelsrnan,
Operat ional  Ampl iJ icrs,  Design und Appl icut io t ts
(McGraw-H i l l ,  New York ,  l 97 l ) .

[8] J. K. Roberge, Operatittnal Ampltfiers, T'heory und
Pract ice (Wi ley,  New York,  1975),  chap.  8,  "Operat ional
Ampl i f ier  Design Techniques,"  and chap.  4,  -5,  and l3 on
stabil ity and compensation.

[9]  D.  Jensen,  "Stabi l iz ing Operat ional  Ampl i f iers,"
Record.  Eng. /Pni l . ,  vo l  9,  no.  3,  pp.  42+ (  l9TU June).

r t-i l  I- iF

Fig .  l l .  Rcsu l ts  o l  thc  rncasurenrents  accord ing  to  Tab le  2  l i r r
thc JE-990operational anrpl i l icropcrating frorn a 1 |5-V supply,
del ivering an rms ()utput voltagc of 7 V into an ope n circuit ,  cxccpt
l i rr  tcst G whcrc a l-50-O load is uscd.
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G A  N / { V / V I
l r € s l c l

roooo

;  R E o l r F N i  /  l N  z 1

Fig. 12, Rcsults of thc nreasurenrents according to Tablc 2 l i rr
the JE-990 opcrational anrpl i f ier operating t iom a +24-V supply,
del ivering an rnrs output voltage of l4 V into an opcn circuit ,
cxccDt f i)r  tcst G where a 150-O load is used.

R E O U I R E O  O N L Y  W I T H
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l 2 7 k \ rcou o"- . . . f  *  - i -  ,  

f

f)
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Fig. 13. Microphonc prcarnpl i l icr with of l .se t conrpcnsation and
adjustahlc gain.
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