THE EFFECT OF PRIMARY LOSSES ON THE
PERFORMANCE OF RADIO
FREQUENCY TRANSFORMERS WITH
TUNABLE SECONDARY
BY
M. A. H. EL-SAID, Senior Member, IRE(?)

SUMMARY

It is shown that the primary losses have considerable effect
on the overall performance of the radio frequency transtormer.
A quantitative analysis is given and theoretical results are veri-
fied experimentally.

*
* %

. The transformer cirenit analysed here is one form of two in-
ductively coupled L.CR circuits, in which the secondary is tunable
over a wide range of frequencies and the primary is resonant at
one frequency which is outside the secondary tuning range. For
this case of coupled circuits, the formulae shown in the litera-
ture (*) neglect the effect of primary losses on the circuit
performance. In many practical cases these formulae are not
sufficiently accurate for use in circuit design. This article shows
a more complete quantitative analysis which is illustrated by a
practical example.
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Fig. 1.—Circuit of radio frequency transformer with tunable secondary
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(%) See References.
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A.—Voitage Transfer llatio:

Consider the circuit shown in Fig. 1 in which :
L = primary inductance

4
L. = secondary inductance

s
M=k \/.rljp = mutual inductance
k == coefficient of coupling

Cp = fixed primary capacitance

C, — variable secondary capacitance
R = total effective primary resistance

R_= total effective secondary resistance

v, == primary voltagesupplied from a constant voltage source
v_== voltage appearing across secondary condenser

Qp = w LP/ Rp = primary circuit magnification

Q,= w L /R = secondary circuit magnification

T =v/ v = voltage transfer ratio.

The voltage transfer ratio is given by :

T=—MC |22 + w M| L)
whereZ = R+ JX ,X =wL — I/wC,

Zp = RP -+ JXp , Xp = wLp — I/pr

w = 2uf = the signal frequency of the applied

voltage. Substitution of above values in equation (1) gives:
2 2
T=—M/(C{(»M+RR ~XX)| . (2

It can be shown that (see Appendix I) the voltage transfer
ratio reaches a maximum with respect to Xs as a variable when:

woM'=X X N €)



The suffix r is addea 10 indicate magnitudes at a frequency f
at which the voltage transfer ratio is maximum  Equation (3)
shows that detuning of the secondary is necessary in order to
obtain maximum gain  Under this condition, the required value
of G is determined from the relatior, :

X, ==w, L —1/w C=w M[X_henc,

sT

Cs F— F/w:o LB . . . . . . (4)
where F = I/p (I—P. k') ()
P=B/(B—1). . . . . . . (6

B = wr/wpo , and W= 174y Lp Cp.

From equation (4) it follows that : Wf L C =F [Sf which
is a relation expressing the condition of the secondary circuit at
the frequency of maximum gain. If k=o0 or very small,
equation (5) shows that F Bf = I which means that no detun-
ing of the secondary is necessary. Conversely, if k is not small,
the amount of deviation of F [3: from wunity represents the

amount of detuning necessary to obtain maximum gain. For
values of B> [, the primary circuit will operate above its

resonance, and so would also the secondary becuuse F [3§> 1.
The transformer in this case is said to have a “large primary ",
For values of B, << I, the primary circuit will operate below its
resonance, and so would also the secondary because F Bf <I;

the transformer being of “small primary ”.  The relative
resonances of both types of transformer are shown in Fig. 2.

Substituting from equation (3) into equation (2), then :

T, = =M/ C.[R, (R, + JX,) + JX, I, ],

Assuming that the primary is mostly reactive, ie. R, € X,



:nd eliminating C, , it can be shown that (see Appendix 1i):
Tmax‘ = \/—L—s‘/—h—p k er Pr Gr I\Qb
where Gr = (I—Pr kZ) l ([+'r2.' ke er/Qpr) . . (7)

When the primary losses are totally neglected or Q,= oo the
tactor G, == (I—P,k?), which for most cases is close to unity.

~—

It follows, therefore, that when the primary losses are taken into
consideration, the maximum voltage transfer ratio differs from
that obtained when these losses are neglected by the factor G,.
This factor depends largely on the coefficient of coupling and the
ratio of the secondary to primary magnifications.

Combined
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Fig. 2.-—Relative resonance curves of small and large primary transformers

Fig. (8) shows the- values of the gain factor (P.G)
against B, for various values of the ratio (Qu/Q,.) in a transformer
having a large primary. The curves are calculated from equation
(2b) for the indicated values of the coefficient of coupling. In
particular, the curves marked “p” assume that G, =1 and
therefore represent the gain factor when the primary losses are
totally neglected. These curves show that when the operating
frequency is sufficiently far from primary resonance, the gain
factor is substantially independent of frequency. Further, the
gain factor varies widely with the ratio of magnification, partic-
ularly ar the high values of the coefficient of coupling. It is
also interesting to note that when the ratio of magnifications is
high, the gain is not directly proportional to Q,.
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Fig. 3.—Calculated performance curves of large primary transformers



Fig. 4 shows sumilar ¢ o . cimied for 2 transformer
having a small primary. These curves indicate that when the
Operating frequency is sufficiently far from prmary resonance,
the gain factor is substantially independent of primary losses and
coefficient of coupling  Further, the gain factor varies widely
with and is closely proportional to the square of frequency.
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Fig. 4.—Calculated performarce curves of small primary transformers

In order to illustrate the value of these results, an experi-
mental transformer was constructed with the following measured
particulars: Ly == 560 uH , L, = 140 uH ,k* 22 . Inthe
test, the transformer was connected as one with large primary.



The' resonance frequency of the primary “was adjus'ted" at f,,
= 425 KC, by means of a primary capacity C, == 250 pf. The
details of the experimental work are given in Appendix I1], and
only the observed results are plotted in Fig. 5. In this figure,
both calculated and observed data are shown for comparison.
The curves marked (1) were taken with the resistance of the
primary coil constituting the entire primary losses, and those
marked (?) with 100 ohms added in series with the primary coil.
Both theoretical and experimental results agree closely and differ
markedly from those calculated with the primary losses neglected.
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Fig. 5.—Calaculted and observed performance of experimental transformer



Thecircuit of Fig. 1 is widely used in radio receivers as
an gerial coupling circuit. A large, rather than a small, primary
15 almost always used because it gives a sensibly uniform gain
and signal to noise ratio over the entire tuning range. It also
Provides a better image rejection as will be discussed later.
A similar circuit is also commonly used in the radio frequency
voltage amplifier, particularly in the long, medium, and short
Wave bands up to about 5 megacycles. Above this frequency, the
cireuit becomes detrimental to the gain, and the direct coupled
tuned circuit is preferred.

Consider the circuit in Fig. 6 (a), in which a pentode is
Connected to a radio frequency transformer. Under class A tube
Operating conditions, the equivalent circuits ave shown in Fig. 6
(b) and 6 (c), assuming that the self bias, screen,and H. T. supply
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Fig. 6.—Radio frequency amplifier stage and its equivalent circuits
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circaits are adequately by-passed. In these circuits, Ry, and R,,
and the ac resistances of the coils L, and L, respectively, and R,
is the damping resistance of the subsequent stage including any
losses is the tuning condenser. If the reactances of the condensers
are much smaller than the shunting resistances, then :

R, = R, + X?:p | v, =B Xe [ Qo + xép [,

R, =R, + Xt |R, =Xt / Q. + Xt [Ry, v,=J gu Xc V.,
s 8 8 P

where Q,, and Q,, are the magnifications of the coils alone,
g and r, are the mutual conductance and internal resistance of the
tube respectively. Assuming that the primary circuit is mostly
reactive, the maximum voltage transfer ratio is given by :

Towe. = ga X¢ M / C, [A R, + X, R]
= (gn Xc ) \/Ls/ LkQ.P. G [B. . . (8

Equation (8) is exactly (2b) multiplied by the quantity (ga
Xc,) which decreases with frequency. Fig. 7 shows the
calculated performance of an amplifier stage in which the
transformer particulars are those of Ilig. 8 for k* = 4%. The
curves show that for a constant ratio of circuit magnifications, the
gain factor is proportional to the inverse of frequency, provided
that this is sufficiently far from primary resonance. The curves
show also that it is possible to obtain a sensibly uniform gain
throughout 2 wide tuning range by means of varying the ratio
of circuit magnifications properly. Fig. 8 shows similar curves
for a transformer with'a small primary.

In order to illustrate the above results experimentally, the
same transformer used in the circuit-of Fig. 5 was associated
with a pentode type 68J7. The observed results (see Appendix
IV) together with those calculated from equation (8) are plotted
in Fig. 9. The curves illustrate a considerable descrepancy
between the.results of the formula neglecting primary losses and
those observed experimentally ; the latter check equation (8)
closely. The curves marked (1) were taken with the resistance
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of the primary coil and the tube resistance constituting the entire
primary 1)sses. he curves marked (2), (8), and (4) were taken
with resistors of 6, 2'7, and I kilohms respectively across the
Primary coil. These added resistors damp the primary coil
considerably at the low frequency end of the tuning range,
thereby giving a sensibly uniform gain over the band. This
method of obtaining a uniform gain is superior to that of using an
additional capacitance voltage coupling to level up the gain with
fl'equency, because the latter is critical and requires careful
adjustments.

B~“~Select[vity :

The ratio of the maximum voltage gain to the voltage gain
at any frequency is termed the selectivity S of the circuit. For
the radio frequency transformer of Fig. 1, this is given by :

S = [(szz + RR, — X.X,)2 + (X,R, + X, R,,)z]‘%: -
[ X,R, + X.R, ]

which for most practical purposes (see Appendix V) reduces to:

S=a4 (y—D) [P [(I/P. Q) +& (PJQ] . . ()

For the radio frequency amplifier of Fig. 6 (a), the selectivity
S is given by :

'wr

S =y8§ o ¢ 1))
It the secondary circuit alone is considered, the selectivity S” is
given by :

S” ] __—*_': Q" (yz——.[) . . . 3 . (11)

Wwhere y = w/w,.

Fig. 10 shows the observed results of selectivity for the
experimental transformer described before, together with the
values calculated from equations (97 wnd (11). It will be seen
that the selectivity of the transformer is appreciably different
from that of the secondary alone. 1In particular, the selectivity
is strongly impaired at frequencies which are on the same side as



the priv: wrv circait resonance frequency. This implies that in
superheterodyne receivers, since the oscillator frequency is usually
higher than the signal frequency, large primary trausformers
must be used. This precaution is taken to ensure that image
‘rejection may be adequate. " :
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Fig. 10.—Calculated and observed selectivity of experimental amplifier

Equation (9) also shows that if the coefficient of coupling is
varied, maximum selectivity is obtained when k = 0, and closely
approaches that of the secondary alone i.e. equation (10).

(12) .



Furthermore, if the ey lant ot coupiing is adjusted to the
optimum value k,,. - ./QPF/Q,,P,Z , the selectivity is halved.
For any value of k, the transformer selectivity is less than that
of the secondary alone,

ComGanying and Tracking:

The amount of detuning of the secondary necessary to
obtain maximum gain is given by (FB:——I) which varies along
the tuning range according to whether the primary is large or
small.  When there are more than one transformer, the tuning
condensers are usually ganged. Perfect alignment is achieved
when the overall gain of the ganged circuits is equal to the
Product of the gains of the constituent circuits when separately
adjusted to maximum voltage transfer ratios. This does not
usually occur at all points of the tuning range unless the circuits
are perfectly identical.

Fig 11 shows the amount of detuning (FB! — I) against
B: for various values of k. In a large primary transformer, the
amount of detuning tends to be sensibly constant over a tuning
range of more than 3: 1, provided that B, is kept greater than a
certain limiting value depending on the coefficient of coupling.
In a small primary transformer, the amount of detuning varies
widely along the taning range, but its value is neglegibly small
if B, is kept smaller than a cartain limiting value which depends
also on the coefficient of coupling.  The so-called limiting values
of B; may be calculated on the basis that the varidtion in the
Amount of detuning does not exceed + 1% over a tuning range
of say 3:1. This means that if the secondary inductance L, is
caleulated from the relation :

w.L C =V p N ¢ £

then the maximum deviation AC, of the tuning condenser from
the corvect value C, which gives maximum gain, will correspond
to n ratio of AC,/C, = 1%. In other words, if Q, does not
exceed 100, the loss of gain due to ganging does not exceed



P

8 dbs. The frequency at which this loss may occur is close to
the end of the band which is nearest to primary circuit resonance.

In Fig. 11, the points marked B are the selected limiting
values of B, and those marked A are the best ganging points at
which equation (12) may be applied to determine L, The
limiting values of B, are also plotted against k? on the same figure.
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Fig. 11-Amount of detuning necessary for maximum gain

In practice, to simplify the process of alignment and tracking,
it is advantageous to use the same type of radio frequency
transformer throughout the signal circuits. Preference is usually
given to the large primary type of signal transformer. For
calcalations of the oscillator tracking, it will be necessary to
determine the total effective capacity in the secondary circuit of



each signal transformer at ti. 1, iy rency of maximum volthge
transfer ratio. This capacity is ; 'ven by :

Yy — 2 — Y 2 ’ .

p’ = I|w L, = ClF B . . . . . (13)

eff.

AvpPENDIX 1

Condition for Mazimum Voltag: Transfer Rtio.
T=—M/C,[(wM +R, R — X, X)*

+ (X, R, +XR)Y*
=—w M/[(+ M'+R,R —X X )/(w L,—X,)’
+ (X, R,+ X R )’/(wL —X )2])’

In order that this may be a maximum w. r. t. X . the differential

of the denominator must be equated to zero, thus

WLs X (Rp + XP) -+ Rg (RP ‘—}-‘X__P) e j‘\vz“M- (W‘Ls Xp
\ + X, X, —2 R-R‘_‘w’ M)

Since the operating conditions are such that the prlmary circuit

is mostly reactive, then R may be neglected compared to X
Also since the secondary magmﬁcatxon factor Q > 1, then:

2RR /WLX , and R~\WLX hence :
wL X, X M[WL X, + X, X——-w M]Erom which :

XX(wLX—w M)—_:wM(wLX—w M),
mvmg -

wM=XX . . .. L (3)

In the above analysis, it was assumed that the primary is

mostly reactive, i. e. X, >R . In order that the formulae in

Y
o



this analysis may be used with good accuracy, the value of Qp
must exceed a certain limiting value determined by the type of
primary and the coefficient of coupling. Using Fig. 11 for the
limiting values of B, and the relation that :

XP/Rp = Qp (I — —‘%— ) , the minimum values of Q,p may be

determined by assuming a reasonable value of the ratio X! RP .
Should the primary losses be so exceptionally high that the actual
values of Qp are less than those calculated from above relation,

the value of B should be modified accordingly, i.e. use larger
B for a large primary and a smaller B for a small primary.
Usually, values of Xp/ Rp greater than 2 make the above form-

ulae sufficiently accurate.

- Arperpix I1
Mazimum Voltage Transfer Ratio

Taw. = M/C, [R, (R, + JX,) + JX,R,]

Assuming that R;X,, then:
‘ w?M?2

T"‘"" - [I\ilosxp ‘(R‘s + XZ— Rp)]
P wr

=wMw wL/vFX F_DR[l+ @k
pr r

L, LB, w CL)/R (8~ 1)'L,]
=w Mw, C Q (I—P K)/[1+K P (Q/q)]
(Bf—— )]
=kQYLJLPG - . . . (@b

Arrexprx 111
Lzxperimental Data on Large Primary Transformér

L, = 560 ul, O = 250 pf, f = 425 KC, L, == 140 uH, k"
— 2629, k = 16:2% :



== e —

Added Resn Series with Primary
Common Data O e -
Zero _ 10¢ Obms Calculated
— . | g T For
g [ | Obser- < u Obser- [Calcu- max .
XC ﬁr P, Q;: i Tved | ’xI;‘xzed QP ]yed 'Il‘ated
H max. maxs max. max.
— ]
5251123 13 | 125 1575 162 |18'5 |14 | 93| 004! 304
800 | 188 | 1'4 | 163 | 41 . 13'4!14'8 | 16°6 | 10°8 | 11°8 | 18'5
1000 | 2-35 | 1°22 | 168 ' 32 123 1 13'3| 167|107 | 11'6 | 166
1300 | 3-06 | 1'12 | 131 } 1110 11811104 92| 11'8

The above tabulated results give samples of the observed
and calculated data on the experimental transformer. During the
experiment the values of Qs and Q_were measured on the cir-

cuit magnification meter before the transformer was assembled.
The measured values were corrected for the effects of self capa-
city. A further correction was made to include the tuning
condenser losses. The self capacity of the primary coil was found
10 pf, that of the secondary 12:5 pf. The coefficient of coupling
was measured by the usual open and short secondary meth:.d
employing the circuit magnification meter at a fixed frequency.
The observed results of measurements at several fixed frequencies

n the range 400 to 500 KC gave a vaiue of k* = 0:0262.

Arpenpix IV
Ferformance of Radio Frequency Ampli fier Stage

In’ this experiment, the transformer described in Appen-
dix IIT was used with a pentode Type 6SJ7. The added capacity
across the primary coil together with the strays, tube, and coil
self capacity were adjusted to 250 pf so that the primary circuit
resonated at 425 KC. The operating condition of the tube was
such that the measured value of mutual conductance was g =

2'2 ma/v. Both screen grid and cathode bias were adequately
by-passed, and the input signal to the grid of the amplifier tube
was kept constant at 0°5 volt rms.



The following tabulated results give samples of the observed
and calculated data on the amplifier stage :—

Common Added Resistance across Primary Coil
Calculated
Data oo K 6 27K K | Tou
£ Obser-| Cale- Obser-| Cale- | Obser-| Obser- For
B, Q |ved |ulated Qp ved  lulated |ved |ved Qs — oo
Y
KC Tmax. Tmax. Tmax. Tmax. Tmnx. Tmax.
5251123 | 55 | 45 50 6°45 14°2 1 13°6 | 10 6°94 823

800 | 1-88 | 41 23°4 | 26°4 1 15°9 | 17°8 | 2076 | 14°4 | 9°5 33
1000 2°35 | 32 | 169 | 19 19°5 | 148 | 17°1 | 133 | 9°8 236

1300 3°06 | 30 | 11°24| 10°9 | 238 | 10°7 | 9°65| 101 | 8'5 129

AppENDIX V
Selectivity

("W +R R —X X) + (X R + X RY{ T
={xx},

The above approximation is justified at all frequencies
sufficiently far from the natural resonance frequencies of either
primary or secondary circuits alone. Thus, the selectivity is
given by:

S:[X;Xp ]w/[prs-y X‘;Rp]wx

But X, = wL, — (IjwC) = wL [1—(I—P k') [y']
= wL{I—(/y)]

and Xp = WLp — (I/ch) = wLp/P, hence:

[X,R + X R ] o= Lw LI Q) +KPq,],

which gives:

S=(=0/P[ /P, Q) + P /Q)] . (9
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