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A theoretical investigation of the operation of the simple diode push-pull phase-sensitive detector - 

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

the signal. The non-linearity in the output due to these variations is evaluated,and a table is given 
from which the suitability of a given detector may be judged in:mediately. Experiments confir~n 

quantitatively the theoretical results. 

(Voir page 637 pour le rCsume en frangais: Zusarnmenfassung in deutscher Sprache Seite 644) 

T HE sin~ple 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.1,2. 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 verification of the 
conclusions reached. v 

I - J 
... m 

Signal 

Fig. 1. Circuit of the simple push-pull phase-sensitive detecpr - - 

The Simple Push-pull Phase-sensitive Detector 
Fig. 1 shows the circuit of the detector. El add Ea 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, Dl, and 
the difference to the other diode, Dz. RI  are the effective 
series resistances in the two diode circuits. If the value 
CR, is very largz compared to the period of the applied 
sine waves, the voltages EA and EB developed at the output 
nodes, A and B, may be assumed to be steady. -The output 
voltage is denoted by 

In thc absence of the external load R 
EA = k,. (El + Ez), En= ko (El - E2), Ez<El 

Eo = 2k0E . . . . . . . . . . . . . . . . . . . .  
The transfer ratio 

(2) 

. . . . . . . . . . . . . . . .  ko= cos Oo. (3) 
where 28, is the angle of conduction of either diode, 0, 
being given by the following equation derived by Farren3. 

7 COS 6'0 
R./RI= . 

sin O3-oO cos 0, 
" . " . ' . . . . . . .  (4) 

* Indian Institute of Science, Bangalore. 
t This detector has been commonly called a push-pull delector even though the 

output in general is not balanced. 

If now rhe external load R is connected across the out- 
put terminals, a current will flow through it from node A 
to node B. The effective resistance between node A and 
ground will consequently decrease while that between node 
B and groxnd will increase. This will make the transfer 
ratio for Dl decrease and that for 0 2  increase. 

Suppose that the diodes, Dl and Dz, conduct respectively -. 
over angles 26'1 and 202 during a cycle, their transfer ratios,, 
k~ and kz, can be written down as 

kl = cos 01, kz = cos 02. 
En  = kl(E1 + Ez), EB = kz(E1 - E2) ...-..... ' (3- 

and 
Eo = kl(E1 + Ez) - kz(E1 - Ez) ........ (6) 

Since, in general, kl and kz are unequal, the output E, is not 
proportional to the signal amplitude E2. 

Writing x E?/El, equation (6) becomes 

The average current flowing through Dl into node R is 

- - + [sin 61- - ~ I B I I  
irRl 

This current may be equated to the current flo-wing out . 
from node A through R2 and R. 

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

~ I / K  (sin 81 - 6'1 cos OI)=COS &(I+ nz) - wna cos 62 .... (9) 
and 

m/a  (sin 62 - 02 cos 62) .= cos 62(l+ n ~ )  - (m/ W) cos 81, 
............ where 
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1 - x  .... n l E  RZ/RI, n2 Rs/R andw E- (11) l + x  
nl and nz may for obvious reasons be called the source 
impedance factor and the load factor respectively. 

For given values of -nl, 113 and w (or x), a pair of sirng- , 

taneous transcendental equations have to be solved in h 
and 0;. The method of solution is given in the Appendix. 

Behaviour of the Transfer Ratios kl and kz 
calculations have been made for the source imped- 

ance factor nl = 1.46r, this value being recommended4 for 
the elimination of third harmodic distortion because when 
used in equation (4) it leads to an angle of conduction 
20, = 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 kl and kz against the signal- 
to-reference voltage ratio x for different values of the load 
factor n?. It will be noted that in all cases, in the absence 
of the signal (i.e. x = O), kl  = kz = ko (equation (3)). This 
IS also otherwise obvious since EA = EB here and no current 
flows through R. As the signal voltage (or x) is increased, 
k~ decreases and kz increases continuously. The deviations 
of kl and kz from k ,  are more pronounced for larger values 
of thc load factor na (i.e. lcwer load resistances) and, inci- 
dentally, also for smaller values of the source ~mpedance 
factor nl. 

For any value of nz, there can be seen to exist a value of 
.T at which kz reaches unity, corresponding to zero angle of 
conduction of D3. This occurs when the voltage transferred 

0 3 ~ ' " ' ' ' ~ ' ~  
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0 9  1.0 

SIGNAL-TO-REFERENCE VOLTAGE RATIO x 

Fig. 2. Variation of  the transfer ratios of the two diodes with the signal 
The bvoken line is the locus op k,(,,,,, the valzte of k, where D, stops 

conducting. Experimenta[l.v observed points for n, = I are indicated by 
circles 

From equation (7), it can bq seen that the ratio of the 
output d.c. voltage Eo to the signal voltage amplitude Ez, 
which may be called ' sensitivity' of the detector, is given 
by 

k!. - kl 
a r Eo]Ez  = k2 -f. kl - ----- . . . . . . . . (12) 

x 

It is interesting to note that even though kl,  kz + ko as 
x -+ 0, a does not tend to 2k, because (kz - k ~ ) x  tends to a 
finite positive limit. The limit ax=o' a .  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 kl and k2 might cause correspondinglv 
large variations in the sensitivity a (making the detector 
highly non-linear). However, it turns out that the non- 
linearity is not pronounced so long as the diode Dz does 
not cease conducting. This,is due to the fact that the 
variations in kl and kJ :end to compensate each other 
partially. 

I t  has been found that the graphical method described in 
the Appendix, although accurate enough for the determina- 
tion of k, and k2. is not satisfactory for estimating this small 
non-line&jty. It js, however, possible to evaluate accurately 
thz sensitivity, a, at x = O(Z,) and at x = ~icr~tl(a(orit)), where 
Dz stops conducting., This has been done in the Appendix. 
Since it is positively undesirable to use the detector for 
x > xcCrit,, the total non-linearity N o  may be defined as 

'Jo - a ( c r ~ t )  
N o  100 per cent . . . . . . . . . . (13) 

a0 

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

Experimental Verification 
the significant results of the above analysis have been from the node A to the node through the peak verified experimentally for the value of source impedance 

value of the voltage applied to D z .  For still higher values factor nl = and load f2ctor nz = of n, D2 continues to be non-conducting and EB is obtained 
from El through potential division between R and Rz. Eo DETERMINATION OF T R ~ N S F E R  RATIOS kl and kz 
is now just a fraction, l / ( n z  + 1), of klccrlt, El + x) ,  Diode-connected 6AC7's were used for Dl and Da 
where klicr,ti is the value of kl at the point where D2 stops because of their low forward resistance. The signal and 
conducting. reference voltages were obtained from the 5 0 ~ 1 s  mains. 

TABLE l 

The set of three numbers in each square gives in that order the limiting sensitivity cco, rormded 08 to three significant figures, 
the critical value o f x ,  .rcrit, where the diode D, stops conducting and the total non-linearity N o  in the range O<x<xcrir .  
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The component values were : 
, Hence to obtain a plot such as is given in Fig.2, a value of cos 81 

Rz = 240ki-l is chosen such that 01 > O0, the corresponding F(01)lcos 81- 
RI = 52.4kQ is read from the curve and using equation (15), F(Oz)/cosd~ 
R = 240kQ is calculated for the chosen value of nz and the correspond- 

C = 8,uF ing value of O2 is read from the curve. The value of w con- 
sisteni with this set (&, nz, HI) is determined by reading the 

The exp&imental points are marked in Fig. 2 and are seen values of F(el) and F(B2) irom the F(0) plot and using 
to fit the corresponding theoretical curves closely. equation (14). 
DETERMINAI ION OF NON-LINEARITY Note: F(B)/cos 9 and not cos@/F(B) is plotted because the 

In this zase, the signal voltage was maintained constant latter has a discontinuity at do. ipproaching the limits +@J 

and the reference voltage varied since the change in the and - W  from the 0,+ and 9,- sides respectively. 
output voltage then indicates directly the non-linearity. kl(l+ x )  - k41- x) 
Also the meter does not need to be switched to different (b) EVAJ-UATI~N OF a. Limit 

x=o X ranges with consequent variations in loading and sensi- 
tivity. The sensitivity 7 has been plotted in Fig. 3. From For a-given small value of x, let the changes, Ad1 and 

0 A02, in the semi-angles of conduction of Dl and Dz be 6 
and -p respectively where S and p are small positive 
quantities. The signs have been so chosen because of con- - 

O .  dition (1 8). 
Applying Taylor's theorem, it is easily shown that 

. F(0, + Ae) -- uA0 + b(A0)2 .............. (19)' 
P 
3 * and 
k, 0.50 - ............ F(0, + A0) 
$5 --CAB + d(AB)? 
u 0.40 - cos (0, + 6A8) . 

(20) 

a: neglecting higher powers of (A@), where 
z w 0-46  - n, 1; 1.46~ 
om n2= I a ((1110,/7i) + 1) sin 6, 

I 
P 0.44 

b 4 {(n~ / r )  sin 9, + ((nlOo/ri) + I )  cos 8, ) 
c ((nlBo / rrl T) 1) tan 8, 

and O 0.40~ 61 0:2 0:3 6 4  &5 Ok & 0 : ~  44 'I$ 
SIGNAL-TO-REFERENCE VOLTAGE RATIO ,y 6 3 t { (nil r )  tan 8. + ((nW1 d + 1) (tanzoo + sec200) } 

Fig- 3. variation of the sensitivity 0 with the signal. The value of x(,,,t, 
rndicafed has been obtained fronr ~ i g .  2 From equations (14) and (11) 

the curve, using the value of x~,,,t) obtained in the previous 
experiment 

a. = 0.545 .ct(ollt, = 0.522, 
total non-linearity No = 4.2 per cent. 

The corresponding theoretically predicted talues (taken 
from Table 1) are 

no = 0558 cc(,~~t) = 0.530, No = 5.1 per cent. 

APPENDIX 
la)  SOLUTION OF THE EQUATIONS (9) AND (10) FOR 

- 
cos e4 COS e, 

From equations (9) and (lo), one immediately obtains 

w = - [F(QI)/F(@~)) . . . . . . . . . . . .  
and 

(14) 

From equation (5), using Taylor's theorem 
k~ 2 ko - (sin 8,) 6 -JC0S2 ................ 

\ - I (23) 
k2 -- ko + (sin 6,) p - kop2 

From equations (22) and (23) and the definition of a,, 
a(p + 8)Qin 0, 

a. = 2ko - Limit - ......... (24) 
6=0 a(p - 6) - b(p2 + ST) 

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

p = 6 + ((clnJ 4 (2dlc)) 6* +O(S3)...... (25) 
From equations f24), (25) and (21) 

-4 I 

where 
F(@)  E (nl/ z) (sin 0 - 8 cos 0) - cos 0 . . . .  (16) 

It is not possible to solve for 91 and 02 for given ns and w 
in a straightforward manner. Hence a graphical method of 
solution is adopted. For a given value of nl, the functions 
F(9) and F(6)lcos 0 are plotted against cos 0 for 0 < 0 < 
r / 2 .  It is known that for x = 0, the angles of conduction of 
the two diodes are equal and, as seen frpm equations (9) 
and (lo), arcthe single root of the equation 

F(0) = 0, 0 < B < n / 2  . . . . . . . . . . . .  (17) 
From the physical arguments provided in the text, it is 
clear that for any ne (#O) and ~ ( $ 1 )  . 

61 > 0, > 82 . . . . . . . . . . . . . . . .  (1 8) 

It may be mentioned that the procedure for the accurate 
determination of 8, is similar to the one described below 
for calculating euwlt). 

(c) EVALUATION OF a(cnt) 

It will be noted that at .x = X ( W I ~ )  when the diode De 
stops conducting, the equivalent load resistance, R,, for 
the diode Dl consists of tbe parallel combination of Rz and 
(R + R2). The semi-angle of conduction of Dl, 8l(crit1, at 
this point is a solution of equation (4) with R,/R1 for 
Rz/R1. This equation has also to  be solved graphicallyq. A 
single curve giving 811,,t, against Re,/Ri can serve for all 
phase-sensitive detectors. The value of Olccritl obtained 
graphically may be refined using Taylor's theorem. 
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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 f o ~  sound. These picture transmissions can 
be sent over the cable in both directions. 

Tha 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-manv 
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 4.5kcIs 
upper limit. The time required to scan the film is approxi- 
mately 100 times normal. 

16mm 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 facsimiIes 
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 uicture repetition frequency of I?+ 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 thc original film. This of course doubles the trans- 
mitting time. 

The new system uses a channel of the type normally 
used for transrnitt~ng music cver the cable; such a channel 
has a nominal bandwidth of 64kc/s. In order to limit the 
variation in the group delavlfrequency characteristic to 
a value which can be corrected. it is necessary to restrict 
the usable video bandwidth to 4.5kcls. 

Vestigial sideband transmission is used with a special 
form of negative-going amplitude modulation. The carrier 
frequency is 5kc/s and the whole of the lower sideband 
is transmitted. the vestige of the upper sideband extend- 
ing from Skc/s to 5.5kcls. 

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 the 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 synchronizing signals are 
used for this purpose. 

Another problem which has necessitated careful design 
in ths equipment results from the fact that the line scan- 
ning frequency of 2 . 5 ~ 1 ~  makes it impossible to reduce the 
effects of mains hum by ineans 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 cf  four similar 
pulses and protectioi~ is provided against these pulses inter- 
fering with the bursts of reference carrier which are used 
for oscillator locking. 

Negative film will normally be used a t  the sending 
terminal, but the equipment can deal with either negative 
or positive film. 

Identical film equipments are used at  both terminals of 
ths 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 is enclosed in a double mu- 
metal shield in order to minimize mains frequency inter- 
ference. 

The time required for each field scan is a~proximately 
8sec; a separate monitor tube with a long persistence phos- 
phor reproduces a recognizab!e picture. 

The special film traction mechanism, which is operated 
by the synchronizing slgnal, 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. 

ELECTRONIC ENGINEERING 6 16 OCTOBER 1959 


