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A total -armonic distortion
a5 low -3 0.0001% over the
full quc > frequency range
(zo_zoc;-iDHz) at an output
ievel * 20V,p/1.2k) has
heen ms==sured on an ampli-
figr spoially designed for
applica‘fi';ns whe_ere IQW ghs-
wortion i - the main objective,
a5 line =mplifiers, mixers,
output “uffers for since-
wave g#rerators, etc.

Figur= 1 shows the com-
plete zchematic of the
amplifies which consists of
3 three stage operational
amplifiear connected for
obtaining an inverting gain
of 30dB.

Specigl consideration has
been given to the design of
the input stage since usual

R

input configurations were
found to be mostly re-
sponsible for amplifier dis-
tortion in particular at high-
frequency.

Distortion in transistor
amplifiers is caused mainly
be the intrinsic nonlinearity
of bipolar transistors (the
exponential law of collector
current versus base-emitter
voltage, the dependence of
current gain 3 on collector
current and the Early effect).
Two additional mechanisms
must be further considered
in order to get a more
complete comprehension of
distortion phenomenon in
audio amplifiers. One is the
open loop gain reduction at
high frequency, needed for

reasons of loop stability.
Gain reduction begins at a
frequency set essentially by
the compensation capaci-
tance C, and usually rang-
ing from 10Hz to 1kHz. Since
closed loop distortion at a
given frequency depends on
the open loop gain available
at the same frequency, a dis-
tortion increase results
when open loop gain is re-
duced.

The other distortion
mechanism is related to the
current l., that the input
stage must provide for
charging-discharging the
capacitance C, and equal to
leo = 2wfV,Co, where V, and
f are the peak output voltage
and the frequency. ‘

Applied idedas
v distortion amplifier for instrumentation

This current at high fre-
quency is a large fraction of
input stage bias current sc
that input stage is forced to
swing into regions of its
dynamic range where devia-
tion from linearity can be
very large.

In the conventional bi-
polar input stage shown in
figure 2a this distortion
mechanism represents a
serious problem, because of
the large nonlinearity of the
transfer function I, = 1,(Ve)
as shown in figure 2b.

This problem can be re-
duced to some degree only
by increasing the bias cur-
rent lg, but unfortunately
this leads to an increase in
the open loop gain, and loop
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stability problems may arise

when overall feedback is ap--

plied. As a result the bias
current can not be increased
beyond the practical value
of TmA and the distortion
behaviour of such an input
stage still remains inade-
quate for true low distortion
amplifiers.

In the new input stage de-
picted in figure 2d, on the
contrary, this distortion
mechanism has been great-
ly reduced, since full range
distortion is extremely low,
as shown in figures 2e and
2f, even for low bias current.

The reason of that is
threefold: input transistors
Q, and Q, operate at almost
constant collector current so

that intrinsic base-emitter

nonlinearity is bypassed;
transistors Q; and Q4 are
current-driven and therefore
only B’s variations are signi-
ficant from the point of view
of distortion; local negative
feedback via emitter resis-
* tors R preserve good linear-
ity in the entire dynamic
range of the input stage.

A formal expression of the
deviation from linearity can
be obtained both for the
conventional input stage
shown in figure 2a and for
the input stage shown in
figure 2d (see appendix).
The percentage deviation
from linearity is currently
defined as follows: -

A = {1-gll,)/go} x 100 (1)
where g(l,) is the transcon-

ductance of the input stage, "

which depends on the out-
put current l,, and g, = gll,
= 0) is the nominal trans-
conductance.

In the circuit shown in fi-
gure 2a the deviation is
mainly due to the intrinsic
base-emitter nonlinearity
and is found to be
A, = (lo/21g)2/{1+[1 —(10/218)2]Re|BN(T2})

where V1 = kT/e is the ther-
mal voltage (k = Boltzmann
constant, T = temperature
and e = unit change giving
Vi = 26mV at 300°K).

As for the new input
stage, deviation from linear-
ity A is mainly caused by the
dependence of NPN transis-
tors B on the output current
lo. In fact, assuming that cur-
rent gains of Qg and Q4 are
Bz = Bn—(K;+K5l./2)1,/2 and
Ba = Bn+(Ki—Ksl/2)1,/2, re-
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spectively, where coeffi-
cients ks and k, depend on
transistor type and operat-
ing current, it can be shown
that

= V{2K31%/B%1aReH1o/21g)2 X 1(039)

It is clear that first order
variation of B; and B4 has a
dominant effect on Ag.

Since at high frequency it

is I = lcc We can determine
worst-case value of A, and
A4, that in audio amplifiers
occurs for f = 20kHz and V,
= V. by putting in (2) and
(3) the values shown in fi-

gure 1 (C, = 100pF, R,
Ra’2 = 1.1kQ and 2lg =
0.7mA) and the worst-case
value of transistors’ para-
meters. For the types here
employed, BCY 59 and BCY
79, at a collector current of
0.3mA, we have B,=200,
Bp=150 and K,<300.10°A"",

In this case |, = 0.25mA so
that (2) and (3) yvield A, =
3.2°/o and Ad = 0.043°/o, re-
spectively. As a matter of
fact a few prototypes of the
new input stage have been
assembled and tested, and a
full range linearity better

than 0.02% has been m
sured.

The following stages a
also designed for low dISto
tion operation. Q; and o
constitute the intermediaf}
stage and they are arranggg }
in a cascode conflguratlo
for reducing the Early-effep
induced distortion. A

Moreover Q, is curren
driven so that also in thl
stage base-emitter nop
linearity is negligible. #

Finally the push- puII ou
put stage, Qg +Q;,, is full
complementary and syn
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metrual and it operates in,

class A for giving the mini-
mum Jdistortion.

DlC ‘28 D11 and D12 allow
class - operation of the out-
put =:age when it drives
heaV ioads, but they limit
gvail::ole output current to

bOL 45mA. 011 and 012
shou.. be mounted on mini-

ature heat-sinks for reliable
operation at high ambient
temperature. Overload re-
covery time is minimized by
diodes Ds + Dy and transis-
tor Qqg, which limits emitter
current of Q; to 6mA so pre-
venting it from hard satura-
tion.

Phase compensation of

the whole amplifier is
accomplished satisfactorily
by means of C,, R and C.
The employed values are
shown in figure 1 but they
are not critical and can be
adjusted, according to the
desired gain, for the best ac
performance.

S

Amplifier prototype characteristics
Voltage gain 30dB
Small signal bandwidth 1MHz
Unity gain frequency 26MHz
Total harmonic distortion
(20-20000Hz, 20V ,,/1.2k2) <0-0001%
Slew rate +9V/usec
Supply current +25mA

G. Stocchino,
Rome,
Italy

Appendix: Input stage linearity analysis

I he following analysis we shall assume the pairs Q;Q; and Q;Q4
perfectly matched and we shall neglect distortion due to the current
rrirror circuit which loads the input stage. Furthermore we shall make
uza of the well known transistor equations

ic ~ le — 's (eVBeNT __1) o~ ls eVBeNT (A”
and the equivalent
Yoo = VrIn I/lg (A1)

where l; is the saturation current and Vy = kT/e is the thermal voltage
(k = 1.38 10723 J/°K is the Boltzmann's constant, e = 1.6 107'° C is the
eizctronic charge, T is the absolute temperature).

, For the circuit shown in figure 2a, where the distortion due to blas‘
. current flowing through Rb can be neglected the followmg set of
. equations holds

YV, —V,=Ve= vbeé-vbe,+R (Iz—l) (A2)_
ly +1; =2l - | co e e (A3)
fh—ly =1y : : :}: Sy oy (A4) g

L Byc ombm'"g (A3) and (A4) we have

5»Then we can substitute (A1)’ (A5) and (A6)'fln-:z(A2) to obt?'f &

VsV m—-—-—-—-—’ : I;“é!“ _____

b1 = la/B1 + 13/B1B
b2 4 |A/Bz + 14/ Bzﬁa
IR = |4 + |A + lbz-efs*' LR

|4 b : (A17)

From (A13) + (A17) we obtam
IR - l | ""lo + (lbz —"bT) | ' B (A18)
1 ) + (A19)

v: (|b2 'b1) = lA ( B ) + Lol

~in the linear region I + I3 =

S R R Thus
h=latly2 L A

From (A29) and (A30) we get .

. If fof example R i= SOQ =
. "(A32) ylelds 84=0 0035% for IO/ZIB = 0.1.and Ad = 0.085% for |0/2|B =

As is well known transistor current gain depends on collector current.
Let us assume that, since collector current of Q, and Q, is almost
constant,

B1 = BZ = Bp ' (AZO)
and :

B3 =B + K;Al; + KyAI3 (A21)

Bas =B + KAl + KAI% (A22)

where Al; = I3 — lg and Al = | — lg. Since —Al; = AI4 = |o/2 we can
rewrite (A21) and (A22) as follows

Ba=Bn + (K; — Kslg/2)1/2 (A24)
By substituting (A20), (A23) and (A24) into (A19) and considering that
2lg we have

(lbz — i) = B:%—’z (Bn + kqlg) lo — K— lo> (A25)

‘ We can now take into consnderatlon the first term on the right of
o (A12). Bearmg in mind thatl; =

—lo/2and Iy = Ig + 1¢/2 we can write

_IZ_ o lA + l¢I/B4 — B3(B4 + IO/ZIA) (Azs)
T T T BB — T2l

Vrln ;-‘v ,nan (Ky_+ Kalg/2)lo/2] [Br + (Ki = Kalg/2)l/2 + 1o/2la]

T T [Bn + (K1 - K2|0/2)|0/2] [Bn (K1 + Kalo/2)l/2 - l?/ZiA])

, - {A27)

?_ iT'edlous calculatlons have shown that the flrst derivative of (A27) with
_ respect to lo, for the usual values of k, and k,, is dominated by first
5 o‘rder variation of B, so that the final result is

6|n1|2/|1 VT
P

(K1|B) 29 p '
,V [ 1 + B2 (IO/ZIB) ] . (A28)

j»?::By puttmg (A25) in (A18) and (A12) and dlf'ferentlatmg W|th respect to
-:’rialo, we obtam the desnred expressuon of g(lo)

guo) { a,

'B (Io/2le)2 ] 3‘3"; ge)Kz'B (/21 )2}
o i A29)
Where l |o| 219. and C e o

28 }(1(,/2@2 X 100 |
(A31). |

o | (A32),V, ,-
=lg= 03mA k1 —300 103 A" B = 200,







