Diode Phase—SenSItlve Detectors Wlth Load
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A theoretical investigation of the operation of the simple diode push-pull phase-senstttve detector. -

with load is carried out. The transfer ratios for the two diodes are faund to vary considerably with

the signal. The non- linearity. in the output due to these variations is evaluated and a table is given

from whick the suitability of a given detector .may be judged immediately. Experzments confirm
quantitatively the theoretical results.

(\'/oi'r page 637 pour le résumé en fran;ais‘: Zusammenfasslung in deutscher Sprache Seite 644)

4THE simple push-pull phase-sensitive detectort finds
application in various fields such as the generation of
very slow sine waves, nuclear magnetic resonance studies,
balance indication on a.c. bridges, etc.2. Though for some
purposes, linearity of the detector is not essential, there are
other cases where the linearity is of prime importance. The
connexion of a load (which may be the measuring instru-
ment itself) between the output terminals of the detector
‘introduces a non-linearity, an effect not mentioned in the
- literature. This article deals with a theoretical investiga-

tion of this effect and the experimental verlﬁcatlon of the
“conclusions reached.
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Fig. 1. Circunit of the simple push-pull phns-e-sensitive detector

‘The Simple Push-pull Phase-sensitive Detector

_Fig. 1 shows the circuit of the detector. E; and E, are
the amplitudes of the reference and signal voltages respec-
tively, assumed to be in phase, as is customary. The sum
of the two voltages is applied to one of the diodes, D:; and
the difference to the other diode, D;. R; are the effective
series resistances in the two diode circuits. If the value
CR: is very large compared to the period of the applied
sine waves, the voltages Ex-and Ez developed at the output
nodes, A and B, may be assumed to be steady. “The output
voltage is denoted by

E,=FEs — Eg eovuiinninin. .. )
In the absence of the external load R
Eis=k, (Ei+E3), Ern=ko (E1— Ey), E:<E:
Eo=2kE: ............ e )
The transfer ratio
ko= cos 8o, ... 3)

where 26, is the angle of conduction of either diodé, 6o
.being given by the following equation derived by Farren?.

- 7 €os b,
R:/Ri= —i=
/R sin 6, — 8, cos &,

* Indian Institute of Science, Bangalore.

T This detector has been commonly called a push-pull detector even though the
output in general is not. balanced
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If now the external load R is connected across the out- : -
put terminals, a current will flow through it from node 4" -
to node B. The effective resistance between node A and -
ground will consequently decrease while that between node -
B and ground will increase. This will make the transfer -
ratio for D, decrease and that for D increase..

Suppose that the diodes, D; and D:, conduct respectively
over angles 26; and 26, during a cycle, their transfer ratlos o
ki and ks, can be written down as g

ki = cos th, k2 = cos 6.

Ex= ku(Es + E), Ex = k1 — E2) ... (5) -

= k(B + E) — ke(By — E2) .0...... (6)
Since, in general, k; and k. are unequal, the outptit E, is not -
proportional to the signal amplitude Ep.
Writing x = Ex/E,, equation (6) becomes

E, = E 1 k(l + %) — k(1 ~ x)} ..... . M

The average current flowing through D 1nto node dis .
o

1 1

7;—R1f Bl + ) (cos wof —

v

and

kl) d(wt)

EI(I + x)

R [sin 4, — k101]

‘This current may be equated to the curtent ﬁowmg out

from node A4 through R. and R.

kiE
__E_lf_l_llej_f.)(snol-klel)——‘—l%—x) * :
JaE(l + x)}; kE(A-x is)

Equation (8) and the corresponding equatlon for node B
can be written as

ni/ (sin 61— 6; cos 61)=cos 6:(1 + nz) — wnz cos 63 e 9)
and : i ]
ni/ = (sin @ — 92 cos fo) = cos 192(1 + nz) (m /w) cos 61, M?éO'

nm=RfRiym= sz/Rr and w E i _:

n: and n, may for obvious reasons ‘be called the source -
impedance factor and the load factor respectively.

For given values of .m, nz and w (or x), a pair of simul-.
taneous transcendental equations have to be solved in 6;
and 6;. The method of solution is given in the Appendix.

Behaviour of the Transfer Ratios k; and k.

The calculations have been made for the source imped-
ance factor n; = 1:46x, this value being recommended! for
the elimination of third harmonic distortion because when
used in equation (4) it leads to an angle of conduction
26, = 120°. (As will be clear below, however, this condi-
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tion is not really satisfied for either diode for any finite
value of the signal).

Fig. 2 gives the variation of k; and ks against the signal-
to-reference voltage ratio x for different values of the load
factor na. It will be noted that in all cases, in the absence
of the signal (i.e. x = 0), k1 = k» = ko (equation (3)). This
is also otherwise cbvious since Es = Eg here and no current
flows through R. As the signal voltage (or x) is increased,
ki decreases and k; increases continuously, The deviations
of ki and k» from k, are more pronounced for larger values
of the load factor n, (i.e. lower load resistances) and, inci-
dentally, also for smaller values of the source impedance
factor nu.

For any value of ns, there can be seen to exist a value of
x at which k; reaches unity, corresponding to zero angle o:
conduction of Ds. This occurs when the voltage transferred
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Fig. 2. Variation of the transfer ratios of the two diodes with the signal

The broken line is the locus oft kl(crit) the value of k, where D, stops
conducting. Experimentally observed points for n, = I are indicated by
circles

from the node A4 to the node B through R equals the peak
value of the voltage applied to Ds. For still higher values
of x, D continues to be non-conducting and Ez is obtained
from E. through potential division between R and R.. E,
is now just a fraction, 1/(ns + 1), of Kkueriy Er + X),
where kijerie is the value of k; at the point where D+ stops
conducting.

From equation (7), it can be seen that the ratio of the
output d.c. voltage E, to the signal voltage amplitude Ep,
which may be called ®sensitivity’ of the detector, is given
by .
ks — ki

a = E B = ko + k1 —

'It is interesting to note that even though ki, ka—> ko as

x -0, « does not tend to 2k, because (k: ~ ki)x tends to a
finite positive limit. The limit «x=o = o has been theoreti-
cally evaluated in the Appendix.

Non-Linearity of the Detector »

It might appear from an examination of Fig. 2 that the
wide variations in ki and k» might cause correspondingly
large variations in the sensitivity -« (making the detector
highly non-linear). However, it turns out that the non-
linearity is not pronounced so long as the diode D» does
not ‘cease conducting.  This,is due to the fact that the
variations in ki and &y tend to compensate each other
partially.

It bas been found that the graphical method described
the Appendix, although accurate enough for the determina-
tion of k; and ks, is not satisfactory for estimating this small -

_non-linearjty. 1t is, however, possible to evaluate accurately

the sepsitivity, o, at x = 0(x,) and at x = X(aw (a(eny), Where
D; stops conducting.. This has been done in the Appendix.
Since it is positively undesirable to use the detector for
x> Xieriy, the total non-linearity N, may be defined as
®{crit)

N, = 100 22t

do

per cent

Values of N, calculated in this manner are given in Table 1
for various values of n; and ns, along with the correspond-
ing values of @, and xcriv). The suitability of a detector can
be judged immediately from this Table.

Experimental Verification

All the significant results of the above analysis have been
verified experimentally for the value of source impedance
factor my = 1-467 and load factor »n: = 1.

DETERMINATION OF TRANSFER RATIOS & and k»

Diode-connected 6AC7’s were used for D: and D:
because of their low forward resistance. The signal and
reference voltages were obtained from the 50c/s mains.

TABLE 1
g
100 30 10 3 1 03 01 0-03 0-01
y

000309 | 00101 0-0290 0:0835 0-181 0-306 0381 0-417 0-429

' 0774 0776 0-783 0-807 0-851 0917 0-964 0-988 0-996
© 559 50% 47% 42% 32% 1-8% 0-8% 0-3% 0-15%,

0-0125 0:0405 0113 0297 0-558. 0808 0:926 0977 0-993

1-46 7 0-470 0-477 0-495 0-564 0-654 0-809 0916 0-973 0-990
9-8% 96% 9:3% 7:5% 51% 2:4% 0:9% 0-4% - 0-15%

00239 0-0763 0-205 0-498 0-843 1-11 1-23 127 1-28

0. L. 0322 0-330 0352 0-421 0-555 0753 0-892 0964 0-988

11.8% 11-4% 9-8% 8-0% 49% 2:1% 0-8% 0:3% -

0-0550 0-170 0421 " 0870 1-25 1-48 1-56 1-59 1-60

0 .. .. 0174 0183 0213 0-292 0-454 0-696 0-846 0:954 0985

13-5% 12:4% 10-7% 729, 3.8% 16%, 070, 93 98

0127 0-363 0-777 1-29 1-60 174 1-78 1-80 1-81

100 .. 0-084 0:095 0125 0213 0-391 0-659 0-849 0-948 0982

13-9% 12:5% 9-4% 50% - 2:2% 0:9% 0-3% - —

The set 'of three numbers in each square gives in that order the limitihg sensitivity ag, rounded off to three significant figures,
the critical value of x, Xcrit, where the diode D, stops conducting and the total non-linearity No in the range O <x <Xcrit.
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The component values were:

Ry = 240kQ)
Ri = 52:4k0)
R = 240k}
C = 8uF

The exp&imental points are marked in Fig. 2 and are seen
. to fit the corresponding theoretical curves closely,

. DETERMINATION OF NON-LINEARITY

In this case, the signal voltage was maintained constant
and the reference voltage varied since the change in the
output voltage then indicates directly the non-linearity.
Also the meter does not need to be switched to different
ranges with consequent variations in loading and sensi-
tivity. The sensitivity « has been plotted in Fig, 3. From

n =l4én
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Fig. 3. Variation of the sensitivity o with the signal, The value. of x

. 1t
indica!ed has been obtained from Fig. 2 teri®)

1he curve, using the value of X(ic) Obtained in the previous
experiment

ao = 0545  Loit) = 0'522,
total non-linearity N, = 42 per cent.

‘The corresponding theoretically predicted values {(taken
from Table 1) are

% = 0-358  aimivy = 0530, N, =51 per cent.

APPENDIX
(a) SOLUTION OF THE EQUATIONS (9) anD (10) FOR
COS b3, €OS 6:
. From equations (9) and \10) one 1mmed1ately obtams

w= —(FO)/F@) ............ (14
and : '
cosfh . cosé,
g = 1 e S 15
" { F6) T F6) } @
where - )
F(O)=(m/=)(sinf — Hcos ) —cosb .... (16)

It is not possible to solve for 6, and 6 for given n, and w
in a straightforward manner. Hence a graphical method of
solution is adopted. For a given value of ni, the functions
F(6) and F(6)/cos §.are plotted against cos 8 for 0 < <
=/2. It 1s known that for x = 0, the angles of conduction of
the two diodes are equal and, as seen from equations (9)
and (10), are the single root of the equatmn

F0) =0, 0<4< r/2...,.. ....... (17)'
- From' the physical arguments provided m the text, 1t is
clear that for any ne (#0) and w(1) : .
B> 6 >ez...~.f. ...... :....(18)
OCTOBER . 1959
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Hence to obtain a plotsuch asis given in Fig.2,a value of cos 8,
is chosen such. that 61> 8., the corresponding F(6)/cos 6
is read from the curve and using equation (15), F(6s)/cos f:
is calculated for the chosen value of n; and the correspond-
ing value of 6; is read from the curve. The value of w con- -
sistent with this set (6, na, #.) is determined by reading the
values of F(f) and F (02) Irom the F(f) plot and using

equation (14).
" Note: F(f)/cos# and not cosf/F() is plotted because the

latter has a discontinuity at 8., 4pproaching the limits +oo -
and —oo from the 6,4 and 6o — sides respectively.

(b) EVALUATION OF u, = Lir‘r,lit k(1 +x)-;k=_»(1 =%
X=
For a.given small value of x, let the changes, Af and
Ab,, in the semi-angles of conduction of D, and D: be 8
and —p respectively. where § and p are small positive
quantities. The signs have been so chosen because of con-
dition (18).

Applying Taylor’s theorem, it is easily shown thét

F(f, + Af)==aAl + b(AG» ... ........... (19)
and
F@. + AG) ' . L
m— CAG +dAG: ... 20$)
neglecting higher powers of (Af), where
a= ((mbs/=) + 1) sin 6, ]
b=3{(m/x)sin 6, + ((mbo/7) + 1ycosfs }
¢ = ((mbo/) + 1) tan 6, ’ ~jen
and ’ -
d'= 4 { (m/7) tan o+ (mflo] m) + 1) (1anf +sec?f) }
From equations (14) and (11)
_alp ~ 8 ~ b(p* + )
a(p puy Yy Y-y - RULLERRERS (22)
From equation (5), using Taylor s theorem
ky ko — (5in 60) & —kob } ................. (23)
. ke=ke + (sinbo) p — kop®
From equations (22) and (23) and the definition of « ,
. 3 s
s = 2ks — Lim ap + &ysinbe @4)

(p -8 - b+ P

From equations (15) and (20) one can solve for p in terms
of & to obtain

p=238+ (c/m) + 2d/c)) & +0(®)...... 25
From equations (24), (25) and (21)
' a 2%k,

. 2n2 ]

L+ (onolm) + 1)

It may be mentioned that the procedure for the accirate

determination of 6, is similar to the one described below
for calculating Gyerit).

(c) EVALUATION OF a(crit)

It will be noted that at.x = Xorit) when the diode D:
stops conducting, the equivalent load resistance, Req, for
the diode Dy consists of the parallel combination of R; and
(R + Ry). The semi-angle of conduction of Di, Gicumy, at
this point is a solution of equation (4) with Re/R: for
R2/Ry. This equatlon has also to be solved graphically®. A °
single curve giving i) against Req/ Ry can serve for all
phase-sensitive detectors. The value of 6ty Obtained
graphxcally may be refined using Taylor’s theorem.
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One can now make use of the fact, already mentioned,

that-at the critical point, the voltage at node B obtained

through potential division between R and Ra is equal to
the peak value of the voltage applied to the diode D:. That
is

cr]t) (1 + XIcum) = (1 - x(cric))

- Ra
R+ R
remembering that k:ciy = 1. Using equation (12),

2Kk1ierit:
e + 1 — nskyeny

Lcrit) —
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Television News Films by Transatlantic Telephone Cable

The BBC Engineering Division has developed a system
for transmitting brief television news picture sequences and
other short television film sequences of up to one minute’s
duration over a circuit of the transatlantic telephone cable
normally used for sound. These picture transmissions can
be sent over the cable in both directions.

The process employs a slow-speed flying-spot film scan-
ner, the video signal from which is used to modulate a
carrier for transmission over the cable. At the receiving
end the signals are demodulated and used to operate a slow-
speed film telerecording equipment.

Consideration of the characteristics of the Atlantic cable
indicated that a maximum video frequency of 4-5kc/s could
be used. It has therefore been necessary to effect as“many
economies in the bandwidth of the video signal as are

" compatible with acceptable picture quality. These economies
are:

(1) Restriction of the horizontal definition to that corre- -

sponding with a bandwidth of 1 75Mc /s in the 405-
line, television system.
(2) A reduction to 200 lines using sequential scanning.
(3) The scanning at the transmitting end of only alternate
film frames with each frame-scan reproduced on
two adjacent film frames at the receiving terminal.
These measures result in reducing the 3Mc/s bandwidth
of the British television system to approximately 450kc/s,
the remainder of the bandwidth reduction being obtained

by a. decrease of the scanning speed until the maximum -

video frequency corresponds with the available 4-5kc(s
upper limit. The time required to scan the film is approxi-
mately 100 times normal.

I6mm film has been chosen because it is almost uni-
versally used for television news. The average length of
television newsreel sequences is less than half a minute and
the new system will make it possible to transmit facsimiles
of these sequencies in much less time than it would take
to fly them across the Atlantic. The speed of transmission
of each film frame is about 75 times faster than previous
methods of sending still pictures by facsimile transmission.

The effective picture repetition frequency of 121 per
second results in satisfactory reproduction of most material
excepting that in which rapid movement occurs. In this
case special provision is made for the transmission of every
frame of the original film. This of course doubles the trans-
mitting fime.

The new system uses a channel of the type normally

used for transmitting music cver the cable; such a channel-

has a nominal bandwidth of 6-4kc/s. In order to limit the
variation in the group delav/frequency characteristic to
a value which can be corcected. it is necessary to restrict
the usable video bandwidth to 4-5kc/s.

Vestigial sideband transmission is used with a special
form of negative-going amplitude modulation. The carrier
frequency is Skc/s and the whole of the lower sideband
is transmitted. the vestige of the upper sideband extend-
ing from 5Skc/s to 5-5kc/s.
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An additional problem results from the need to remove
from the circuit the volume-range compressors and
expanders which are normally used. This makes it more
difficult to achieve a satisfactory signal-to-noise ratio and
therefore a special form of amplitude modulation has been
used in which the maximum depth of modulation consider-
ably exceeds 100 per cent. That part of the modulation
envelope which extends beyond the normal 100 per cent,
or zero carrier, condition is “ folded back ™ in a positive-
going direction. . This method of modulation results in an
increase in thé effective depth of modulation and thus
also in the signal-to-noise ratio of the system. In order to
achieve the synchronous detection needed with this type of
signal it is necessary to use a re-generated carrier at the
receiving terminal and this must be locked in phase to
the original transmitted carrier, The necessary bursts of
carrier which occur during the synchromzmg sxgnals are
used for this purpose.

Another problem which has nece551tated careful design
in the equipment results from the fact that the line scan-
ning frequency of 25c/s makes it impossible to reduce the
effects of mams hum by means of clamping circuits. It
has therefore been necessary to keep hum through the
system at an extremely low level. Should trouble from hum
on the transatlantic circuit be experienced some benefit
can be achieved by a further reduction of line scanning
frequency at the cost of a slight increase in transmission
time. The precise choice of frequency will depend upon
whether the hum is predominantly 50c/s or 60c/s.

As in other television systems a synchronizing signal is
transmitted at the beginning of each line-scanning period,
in this case the full amplitude of the video signal being
utilized for the triggering edge of the synchronizing signal.
The field synchronizing signal consists of four similar
pulses and protection is provided against these pulses inter-
fering with the bursts of reference carrier which are used
for osc111at0r focking.

Negative film will normally ‘be used at the sending
terminal, but the equipment can deal with either negative

_or positive film.

Identical film equipments are used at both terminals of
the system. At the sending end this apparatus operates as
a flying-spot scanner while-at the receiving end it functions
as a telerecording channel, The same cathode-ray tube is
used for both purposes and 1s enclosed in a double mu-
metal shield in order to minimize mains frequency inter-
ference.

The time required for each field scan is approx1mately
8sec; a separate monitor tube with a long persistence phos-
phor reproduces a recognizable picture.

The special film traction mechanism, which is operated
by the synchronizing signal, pulls down two film frames at
a time. Twin optical systems are needed to telerecord
simultaneously on two adjacent film frames and very small
lenses with ‘a focal length of one inch and an aperture of
f/8 were developed specially for this purpose.
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