Spot-frequency distortion meter

Measures very low (0.00001%") levels of harmonic distortion.

by J. L. Linsley Hood

This article describes a spot frequency
distortion measuring instrument which
uses a bootstrapped notch filter
technique to avoid typicat paralie! T
problems of 2nd and 3rd harmonic
attenuation. Oscillator amplitude
stabilization is achieved by a
Darlington-based Wheatstone bridge
arrangement with a thermistor
controlling currents in each limb. The
final combination of oscillator. notch filter
and wide bandwidth millivoltmeter offers
marked improvements in noise factor and
linearity, permitting the resolution of
much lower levels of harmonic distortion
than is normally possible.

THERE 1S NOW considerable interest
_ among engineers in the use of distortion
measuring systemsas a general tool for
circuit performance analysis. While this
can most conveniently be done by the
use of a spectrum analyser, giving rapid
identification of the nature of the har-
monic impurities, with equipment of
this type the lower level of detectable
distortion is usually about —80dB or
0.01%, while the areas of current inter-
est are 10 to 100 times Jess than this. For
these applications therefore, the
somewhat laborious methods of notch
filtering for a single measuring
frequency are still required.

As it is feasible, with relatively simple
‘circuits, to measure waveform impur-

ities below 0.0001% (—120dB) and to
generate sinewaves with impurity con-
tents of about 0.0002%, the methods
employed here may be of interest to
those engaged in circuit analysis, as a
means of attaining a more detailed view
of non-linearity. In order to reduce the
complexity of construction, the equip-
ment was designed to operate at five
‘spot’ frequencies within the audio band
— 100Hz, 300Hz, 1kHz, 3kHz and
10kHz.

Measuring apparatus

The most straightforward way of deter-
mining the amount of distortion present
in a pure sinusoidal waveform is to
interpose a sharply tuned notch-filter

*For 10V r.m.s. input signal.

between the input waveform and a

measuring circuit and while there are §

several suitable filters, the most con-
venient of these is the ‘parallel T’ net. §
work, shown in a schematic measuring §
apparatus in Fig. 1. The transmission
and impedance characteristics of a
simple T network are shown in Fig. 7 #
which demoristrates the difficulty in- §
herent in the use of a passive ‘parallel T @
of this type in the signal path. There |
would be significant attenuation of both §
the second and third harmonics of the
incoming signal, leading to an inaccu-
rate measurement of the level of distor-
tion.

The sharpness of this notch can be f
increased by the application of overall [
negative feedback around a loop con- §§
taining the ‘parallel T' and a suitable
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Fig 1: Conventional

parallet T distortion
measuring
arrangement and the
basic T circuit
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# O pollowing amplliter so that tor the same
@ ‘Hpptenuation at the notch frequency, the
€+ jransmission at f./2 or 2f, can be made

qubstantially identical to that at much
{ower Or much higher frequencies and
this is an arrangement which has been
employed in commercial ‘parallel T
distortion meters'., Unfortunately this
‘method suffers from the disadvantages
that the input circuit is made more
_complex and that there is some injec-
tion of amplifier noise into the notch
filter, lessening the sensitivity of the
gystem.

An alternative approach, which leads

a
re 1o simpler circuit configurations, is to Fig 3: in th _ o
! o ) . g 3: Bootstrapping the network following amplifier should have at least
- lapply positive feedback tofthe‘ti;)_rnntlon. 10 [imesgits ip:lput impedance over the
it- limb of the T, by means of a ‘ots. rap . !
18 arrangement of the type shown in Fig. 3. : frequency range of interest.
m This leaves the input to the T free from and ‘noise’ impedances, are influenced
a other circuit connections, so that it may by the impedance seen at the input to 1T circui
2 be taken directly to a low impedance the T. The input attenuator should fzttlstg;lz electrco:\‘i:: t‘ircun which
n- input attenuator. The sharpness of the therefore be of the constant impedance emplovs a bootstrapped LT as t}; noteh
T notch can be controlled by the extent to type. Suitable values for this can readily I p yt dls lpp atisfies thee ircuit
re @ which the ‘bootstrap’ voltage - be calculated? ldeally, the paralle! T feer:iiz 7'12:(5 :sr%fo};vsn il F? p Ic this
th approaches that of the input voltage to should be fed from an impedance which th% T :1 tworkbis fed ?rori' a'n nin l:t
he the amplifier. In general, too sharp a is not more than one-tenth of the attenuatzr having a volta eattenualli)on
u- notch will make the equipment less easy nominal impedance of the T and the of T0. (3.162) ogr 10dB ind a charac
- @ to operate, so the proportion of the teristic-imp;edance of 3.3k$2. The output
input voltage applied to the ‘bootstrap’ of the T is taken 't a' low-n p.s
be connection is chosen so as to achieve a amplifier with an in u:) im eodar-]c:lo?
all generally flat response in respect of aboput 300kQ. and apgain oP; 150. The
n- M second and higher harmonics. L ' o g . )
Sle | 8 o ) Fig 4: Distortion meter circuit. effective input noise is mainly deter-
The characteristics of the notch filter, Instructions for making up odd value ‘mined by the impedance characteristics
with regard to both the notch resistors (R;-R,, etc.) mean “‘use” 6k8 of the T. o
] frequency and its equivalent output and 100k in parallel A wide-bandwidth a.c. millivoltmeter
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is driven from this amplifier through a
two position (x1 and x1/10) attenuator
and an optional 250Hz, —20dB/octave,
‘bootstrap’ filter®, with a high-pass cha-
racteristic. The use of an RCA CA3140
c.m.o.s. operational amplifier allows an
effective 100kHz bandwidth, * 1dB, for
the meter circuit. The full-scale sen-
sitivity of the meter circuit is adjustable
by the ‘set f.s.d.’ control over the range
8.2 - 30mV. The complefe instrument
-can be operated from a 9 volt transistor
radio battery and the current con-
sumption is approximately 15mA.
Tuning of the notch to the nominal
‘spot’ frequencies is by means of a 10k
twin-gang and 5k single-gang poten-
tiometer. Fine tuning is then accom-
plished by two 1k and one 5004} ten-turn-
potentiometers. )

The ultimate sensitivity of the instru-

ment, assuming an adequately low
noise component in the input signal
under test, is less than 0.0001% for a 1
volt (r.m.s.) input signal, or less than
0.00001% for a 10 volt (r.m.s.) input
signal. At these harmonic distortion
levels, even assuming adequate freedom
from mains-frequency hum — which
can be obtained with care in the
screening of the instruments and the
layout of connecting leads — the effec-
tiveness of the plug and socket connec-
tions is extremely important and gold-
plated connectors should be used if
available. '

Operating the instrument

The method of operation of the in-
strument is relatively simple, in that the
input attenuator is used in two roles,
that of adjusting the input magnitude of

- the signal fed to the instrument, and
that of adjusting the f.s.d. harmonic
distortion reading. The technique is as

;' follows — assuming an appropriate

[ —
. of the instrument, the sensitivity is

" progressively increased by moving the

" i sinusoidal signal is applied to the input

slider of the input attenuator switch (§,)

upwards from the lowest sensitivity
(30V r.m.s.) position until a suitable
setting is found, at which a full scale

~ deflection can be obtained on the. out-

put meter with'S, in the ‘x1" and S m
‘the ‘100%’ posjtion.

! \1 'S4 is then switched to the ‘measure’

' position, and S, is moved upwards

towurds the maximum sensitivity set-
with each upward step: correspon-

tmg.
,dmg to a 10dB increase in the meter
display sensitivity. In percentage terms,
: this gives a step sequence of 100%,
. 31.6%, 10%, 3.16%, 1%, and so on. If an
“input voltage of 1 volt (r.m.s.) is applied,
the maximum sensitivity position will
correspond to a f.5.d. value of 0.01%.
Since the input noise of the instrument,
integrated over the 100kHz measuring
bandwidth, gives a meter deflection of
less than 1% of the full scale, a reading
due to the harmonic residues and other
components of the tnput signal (0.001%)
can be seen on a suitable meter. If a 3
volt input signal is available, the maxi-

mum f.s.d. input Senstlivity stiting
would be equivalent to 0.00316% and if
a 10 volt signal were available, a full

scale deflection equivalent to 0.001%

would be provided, allowing minimum
detection levels of 0.00003% and
0.00001% respectively.

These assumptions have been
checked in practice using an oscillator
whose t.h.d. at 1 volt (r.m.s.) output was
measured at 0.0002% and when
amplified to the 10 volt level through
the best available amplifier gave a
reading of 0.00018% on the 0.001% f.s.d.
setting. Once again, at these levels, the
fitting of the plug and socket connec-
tions is critical and the notching-out of
the fundamental is a matter of some
skill.

Although the component values for
the notch filter of Fig. 4 are those
chosen to give an adjustment of * 30%
about the mean centre frequencies, it is
obviously practicable to extend this
so that the ranges overlap.

The ‘scope output point can be used
for a visual or instrument analysis of
the harmonic structure of the residues
and provided that the fundamental has
been removed more simple techniques
‘are often adequate such as a phase
sensitive rectifier operated from an ex-
ternal oscillator, frequency-locked
through a p.LL to a simple multiple of
the input frequency.

For simplicity, an average-reading
millivoltmeter has been employed as the
output meter rather than a more com-
plex ‘true r.m.s.’ (thermal energy equi-
valent) system.

A minor practical snag in the use of
this instrument with the simple con-
stant impedance input attenuator

shown is that the capacitive coupling of

the input signal to the input to the T
across the attenuator switch leads to a
small change in the notch frequency as
the input attenuation level is changed,
with the consequent need for some
readjustment of the null frequency.
Better input screening could avoid this.

A low-distortion spot frequency
oscillator

A similar, but rather more complicated,
‘parallel T' distortion meter was built
some tén years ago and used as a test
instrument for the assessment of
oscillator performance characteristics,
— a number of experimental oscillator
circuits were examined by this means.
This exercise was instructive in many
ways, of which the two most vital were
the demonstration of the need for a very
low noise level (which precludes the use
of most integrated circuits) and the
need for very high frequency stability, if
a fundamental-nulling measuring tech-
nique is to be used.

The attainment of a stable operating
frequency demands a highly frequency-
selective feedback network and of the
many forms available, the ‘parallel T
offers the best ratio of performance to
complexity. If this type of network is
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included in the feedback path of a high fth
gain inverting amplifier, of the form
shown in Fig. 5, the system gain will be }es

very high at the null frequency and will §jis
tend to zero at frequencies remote from
this. If the T is slightly unbalanced, in
the manner proposed by Bailey*, s¢
that some positive feedback is given at
the notch frequency, the system will
oscillate without further persuasion,
though with some small penalty in
waveform purity due to the lesser dis- {si
crimination in the feedback ratio. si

Alternatively the T network could |re
be left as a straightforward notch ele-
ment, having zero transmission — and
consequently zero negative feedback —
at some specific frequency und a small
magnitude sinusoidal signal could be
injected into the amplifying device from
an external source. Since the amplified
signal will have a high degree of
monotonicity, because of the
frequency/gain characteristics of this
circuit arrangement it could be anti
cipated that the harmonic distortion of
the input signal would be lessened by
such an amplifier stage.

If this input signal could now be de
rived from the output of the amplifier
through a network which adjusted the
magnitude of the fed-back signal in a
manner which maintained the output at
a constant amplitude, the result would
be an oscillator having a waveform
purity and signal-to-noise ratio deter
mined almost exclusively by the effec:
tiveness of the amplifier arrangement.

The design problem therefore sim-
plifies into that of providing a circuil
block of low input noise level, overal
good linearity (especially in respect of
the output stage which has to handle
the greatest signal level) coupled with
as high an open-loop gain as is practi
cable, and some means of deriving 3§l
feedback signal from the output of thefo
amplifier whereby its magnitude and
phase can be made to be dependent 08
the output signal level.

In view of the requirement that th¢g8
amplifier stage should be phase invef|
ting, the practical choice of ampilifie*
configuration is timited to that of %
single gain stage or a two-stag
amplifier with the input devict
arranged as a long-tailed pair. The diffr
culty of obtaining overall loop stabili
in a feedback amplifier having three
more gain stages connected in casca

p
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jscourages the consideration of ths
igternative where a wide bandwidth is

s ry.

" Initial exploration of the first of these

qwo possibilities showed that it was
sossible to obtain stage gains in the
pange 50,000 to 100,000 from a single
ansistor in a Liniac® configuration if
the amplifying device was isolated from
ts load by an f.e.t. in the manner shown
i Fig. 6. However, the need to couple
the amplifying stage to an output point
paving an impedance of some 600 ohms
equired an impedance transformation
drcuit which added considerably to the
component count and detracted from
'the original simplicity of thee concept.

If a two-stage design is chosen, it is
essential that the gain of the first stage
i8 sufficient to ensure that the noise
contribution of the second can be ig-
nored. In general this implies that a
relatively high first stage load is
gecessary, which in turn indicates the
choice of either a field-effect device as
the second stage amplifier, or a com-
pound configuration of junction tran-
sstors. One of the monolithic small-
signal Darlington devices meets this
requirement admirably and has an in-
put impedance which is sufficiently
high to have little effect on the imped-
ance of the collector load of the pre-
ceding stage. Also, the stage gain of
such a device feeding a constant-
wirrent source has been shown to be of
the order of 2000-3000°. ,

“Taylor shows’ that the use of an input
lng-tailed pair, because it is basically a
push-pull configuration, leads to the
dincellation of even-order harmonic
distortions, particularly when the de-
fces are matched in characteristics and
§:rating conditions, but also even
¥hen the devices are mismatched. A
iesible gain stage of this type, using an
»ut long-tailed pair and a Darlington
sansistor second stage is shown in Fig.
.-This has a low-frequency open-loop
ffin of the order of 200,000 or geater,
%lch allows a substantial measure of

Op feedback to be applied and avoids
ﬂ"o pitfall demonstrated by Baxandall®
Bit low leveis of negative feedback
Ay exchange a small measure of non-
earity for a whole host of high-order
Ggtortions.

fied by any requirement that the
Mplitude stabilisation circuit should

Brall distortion figure. In this case,
% technique adopted is that shown in

At in a Darlington transistor, the col-
or and emitter currents are sub-
tially identical and this allows the,
istor to be operated as one limb of
heatstone bridge type configura-

Fig 6: Exploratory high gain
amplifier

Fig 7: Simplified design which
approaches the shape of the final
version
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tion. Since the ratio of the collector to
emitter limbs is 1 : 2.7 the bridge will be
balanced (for zero output at point ‘X'")
when the thermistor achieves an inter-
nal resistance value, due to the heating
effect of the circulating current, of
2.7kQ. If the applied voltage to the con-
trol circuit falls, the thermistor will coot
somewhat, which will cause the phase
of the feedback signal to be positive,
thereby increasing the magnitude of the
output. If the magnitude of the signal
input to the control circuit increases,
thenthe resistance of thethermistor will
fall and the phase of the feedback signal
will become negative, causing the out-
put of the oscillator to decrease.

In operation, the total magnitude of

the signal present at the base of Tr, is
very small, so that the non-linearity
contribution due to the curvature of
[./V, characteristics of the input de-
vices is also very small. This demon-
strates one of the reasons for the super-.
iority in performance of this (parallel
T) type of circuit over the conventional
Wien bridge system, in which there is
normally one-third of the output signal
present at the base of the input transis-
tor with consequently greater con-
tributions from the input device to the
overall non-linearity of the circuit,

The final circuit of the oscillator is
shown in Fig. 9 and the measured
distortion characteristics are shown in
Fig. 10. Loop stabilisation is achieved by
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Fig 9: Complete schematic of the
spot-frequency oscillator

Fig 10: Measured distortion
characteristics

adding a dominant lag capacitor bet-
ween collector and base of Tr,. The
values shown have proved adequate to
prevent squegging in three experimen-
tal models of this oscillator, but in two
of the three cases a 3pF capacitor was
quite adequate, with consequent
improvement in the h.f. open-loop gain
and rather lower t.h.d. figures at 10kHz
than those shown in Fig. 10.

While the author’s own model of this
unit operates only at the five spot
frequencies shown, obtained by switch-
ing the capacitors in the T (polystyrene
foil types) there is no reason other than
complexity of switching for the restric-
tion of its operating frequencies to those
shown.

The first unit of this type was built
using resin dipped carbon film resistors,

and this is still in service. A subsequent
unit employing metal film resistors
throughout showed a small improve-
ment both in t.h.d. and background
noise level. Unfortunately for the con-
clusiveness of this experiment, a similar
improvement in the prototype was
obtained by replacing the Motorola
2N5089 input devices with Motorola
BC109Cs. The f.e.ts are aiso preferably
Motorola types. ’

Thermistor “R24” should be an STC
R54 or equivalent type. Resistance at

20°C should be approximately 50k fal- -

ling to about 270Q in operation. This
makes other items such as the GM473 or
VA3MI0 suitable.

The measurement of the residual
harmonic distortion and noise is greatly
facilitated by the monitoring of the

signal on an oscilloscope. Even so, the
operation of any notch filter with a
rejection ratio of 120dB or so requires a
certain delicacy of touch and conditions
of reasonable tranquillity.

Printed circuit boards

Two glass fibre p.c.bs are available for the
distortion meter and osciilator at a cost of £5
the set from M.K. Sagin, 23, Keyes Rd.,
London, N.W.2.
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