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Design Considerations in the First Stage of Transistor Receivers

This bulletin includes a discussion of noise performance of transistor r-f
stages utilizing capacitive antennas and of transistor mixer stages utilizing loop
antennas. Examples of the noise performance to be expected with each type of
antenna are included. Comparisons are drawn between transistor stages and corres-
ponding tube stages. Consideration is given to design compromises between image
rejection and insertion loss for an r-f stage employing both tuned input and inter-
stage transformers. The procedure for transformer design for optimum insertion
loss-image rejection performance is outlined.

Noise Performance

Capacitive Antenna

A typical transistor r-f stage is shown in Fig. la.
A capacitive type antenna is assumed (as for example
the rod antenna of an automobile receiver). Fig. 1b shows
an equivalent circuit from the antenna to the r-f stage
input where the antenna has been replaced by a voltage
source, VA, and an internal impedance consisting of a
capacitance CA. The transistor is represented by its in-
put resistance R; and the transformer tuned impedance
by Ro. The signal power delivered to the r-f stage input
by an unmodulated signal is given by

C R; 1
Ps= ”VACA 01 :

—_— , (D
T n,R, + Rj R;

where n is the transformer turns ratio,Ns/Np, as indi-
cated in Fig. 1 (essentially unity coupling is assumed),
CT is the sum of the antenna capacitance and the total
shunt capacitance across the antenna transformer, and
Qo is the unloaded Q of the antenna transformer. This
expression is derived in Appendix I.

The equivalent thermal noise generator referred to
the secondary of the equivalent circuit of Fig. 1b is
shown in Fig. lc. The antenna radiation resistance is
negligible compared to R, and is ignored. The thermal
noise power delivered to the transistor is

R.
Pry=4KT n*Ro Af| 1 | L )
"2Ro + R;

-

where K is Boltzman’s constant, T is absolute tempera-
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Fig. 1 — RF stage utilizing capacitive antenna.
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ture, and Af is the noise bandwidth. Since the r-f tran-
sistor noise factor, F, may be expressed as PN/PrH,
where PN is the total noise power referred to the tran-
sistor input,

Pn=F PTH (3)

(assuming that noise from the second and succeeding
stages is small and may be neglected). The signal-to-
noise ratio is obtained from Eqs. (1), (2), and (3) and is
given by

Ca 2
Ps [VA TT Qol] (4)
PN  4KT RoA[F

For a receiver employing a linear detector the signal-to-

. . . s p
noise ratio at the output of the audio amplifier, (—S) A,

PN
is related to the r-f signal-to-noise ratio by
Ps 2 Ps Af
(G=la=m" 5= (5)
PN PN Afa

where m is the percent modulation and Afa is the overall
noise bandwidth of the receiver. (For the usual case
where the receiver audio bandwidth is less than half of
the bandwidth to the detector input, the overall noise
bandwidth is twice the audio noise bandwidthl). For a
30 percent modulated signal and an output signal-to-noise

ratio of 20 db, (i_S)A = 100, the antenna voltage required
N

for this signal-to-noise ratio is obtained by combining
Egs. (4) and (5) and is given by

Vs 10 4KT R, AfpF - 6)
0.3 g—? Qos

This expression is retained in this form to facilitate com-
parison with the tube case, which will be discussed
below, (the mutual dependence of R,, CT, and Q,, should
be noted, i.e., Q,, = @ CT R,). Note that the above ex-
pression does not appear to be directly dependent on the
turns ratio or operating Q of the antenna transformer.
The transistor noise factor, however, is dependent on
the turns ratioto the extent that the turns ratio determines
the driving source impedance. This noise factor de-
pendence is quite small in the vicinity of the matched
source impedance. For example, a four-to-one mismatch

1. LB-775, Noise Factor and Its Measurement.

in eitherdirection causes an increase in F of about 2 db,2
corresponding to an increase of about 25 percent in the
signal required for 20 db signal-to-noise ratio.

A comparison of the noise performance of a tube
and transistor r-f stage may be made by comparing Eq.
(6) with a like expression for a tube stage. Fig. 1d shows
a typical antenna connection for a tube r-f stage where
the primary of the antenna transformer of Fig. 1b is con-
nected directly to the grid. The tube noise factor, F,
may be expressed as

Fp=—2-—=41 (7

where Req is the equivalent noise resistance of the tube.
For typical remote-cutoff pentodes, the equivalent noise
resistance is of the order of 3000 to 5000 ohms. For this
type of connection at broadcast frequencies R, is usually
large compared to 5000 ohms and FT is very nearly
unity. The signal required for 20 db signal-to-noise ratio
is then

v 4 = 10 4KT Ry Afa -

C
0.3 _CL}[ Qox

A comparison of Eqs. (6) and (8) shows that the tube r-f
stage will be \/ F times better than a transistor stage.

Example of Noise Performance Calculation

As an example, consider the r-f stage of a receiver
for which the input circuit parameters are Ca = 30 puf,
Ct = 100 ppf, and Qy = 70. The noise factor of the r-f
transistor is 6 db and the overall noise bandwidth is
3 kc. Substituting the pertinent values in Eq. (6),

10 1.6 x 10™° x 112 x 10* x 3 x 10° x 4

=7.37 w

0.3 x 30 x 70

100

for a 20 db signal-to-noise ratio at 1 mc.
Loop Antenna

A mixer or converter first stage is frequently used
in receivers employing a loop antenna. A transistor mixer
first stage is shown in Fig. 2a. The antenna circuit
typically consists of a coil wound on a ferrite rod, L,a
tuning capacitor, C; and a secondary winding for im-
pedance transformation from antenna to transistor input.

2. Determined experimentally.
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Fig. 2 — Mixer stage utilizing loop antenna.

An input equivalent circuit of Fig. 2a is shown in Fig.
2b where e isthe voltage induced by the signal field, r is

the series resistance of the tuned transformer, and R;j is

the transistor input resistance. Another equivalent cir-
cuit is shown in Fig. 2c which is in the form of Fig. 1b.
The voltage, V 4, corresponding to a 20 db signakto-noise
ratio is given by

_ 10N 4 KT RoAfa F
0.3

Va (9)

which is derived in Appendix II. In terms of the induced
voltage, Eq. (9) may be written

10\ 4KT Ry AfaF (103

0.3 Qo

€induced =

The signal input is usually described in terms of field
strength so that making use of Eq. (10):

Field Strength = %— 20 ‘] KT By oy F (11)

0.3 Qg b

for a 20 db signal-to-noise ratio, where b is the effective
height of the antenna.

A comparison of the noise performance of a tran-
sistor mixer stage and a tube converter stage may be
made by the use of Eq. (11). An equivalent input circuit
for a tube stage is shown in Fig. 2d where the primary of
the antenna transformer of Fig. 2c is connected directly
to the signal grid. The value of the tube noise factor to
be used in Eq. (11), depending on the input circuit para-
meters and the type of converter tube, may be determined
from Eq. (7). For typical converter tubes, Regq is of the
order of 150,000 to 300,000 ohms and the corresponding
F is of the order of 1.5 to 6 db.

Examples of Noise Performance Calculations for Loop
Antennas

Noise performance calculations will be made for
two battery-operated receivers employing ferrite cored
loop antennas, one receiver having a transistor mixer
first stage and the other a pentagrid converter tube first
stage. The following information applies for both re-
ceivers. The antenna core consists of a ferrite rod 0.25
inches in diameter by 7 inches long. The variable tuning
capacity is 8 to 172 puf. The effective height of the
antenna is about 0.004 meters at 1000 kc.3 The noise
bandwidth of the receivers is 3 kc.

The receiver employing the transistor mixer has an
unloaded antenna circuit Q of 200. Substituting the per-
tinent values in Eq. (11):

Fleld Strength - 10 \l 1.6 X 10-20 X 612 X 103 X 3 X 103 F
0.3 x 200 x 4 x 10-

226 F

uv/m

for 20db signal-to-noise ratio at 1000 kc. For a transistor
converter having a noise factor of 6 db, the field strength
for a 20 db signal-to-noise ratio is 452 pv/m.

The second receiver employs a 1RS, a popular
converter tube in battery portables, having an equivalent
noise resistance of about 200,000 ohms. The antenna

. This value of effective height applies for a particular
core material and inductance. It should be noted that
for a given core the effective height increases with
increasing inductance, but for a constant Q the ratio

Ro/Qob appearing in Eq. (11) is unchanged.
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unloaded Q is usually limited to about 100 by other cir-
cuit considerations. (Signal feedback, loss of high fre-
quency audio response, and loss of sensitivity due to
tracking errors are all aggravated by increased Q.) Sub-
stituting the required terms in Eq. (11):

=20 3 3
Field Strength = 1016 x 10 x 306 x 10 x 3 x 10° F _

0.3 x 100 x 4 x 10-*

320 \l: F  pv/m

for a 20 db signal-to-noise ratio at 1000 kc. The convert-
er noise factor, as obtained from Eq. (7) is 2.2 db at 1000
kc, resulting in a field strength of 412 pv/m for a 20 db
signal-to-noise ratio.

Insertion Loss and Image Rejection

Equivalent input and output circuits for the r-f
stage of Fig. la are shown in Fig. 3. These circuits are
convenient for the consideration of insertion loss and
image rejection. In Fig. 3a, the voltage source of Fig. 1b
is replaced by an equivalent current source, 7, and the
transistor input resistance is referred to the transformer
primary and designated R,. The transistor input power is

2 2 Rl

P, =1*R,* ___ (12)
1 o (R°+R1)2

which maximizes at i*R /4when R, = R,. A curve of input
power relative to maximum transistor input power (here-
after referred to as insertion loss) for varying R,/R, is
shown in Fig. 4.

The operating Q of the antenna transformer, de-
signated Q,, is related to the unloaded Q, by

0, = 1 Qo (13)
Ro
1+
1
and the image rejection ratio, I, is very nearly
1=0, ¢l _lo ) (14)
fof

where fo is the frequency of the desired signal and f is

the image frequency. Eq. (12) is valid4 for values of Q,
greater than 10. Maximum image rejection is obtained
when the transformer is unloaded, (@, = Q,,). The loss of
image rejection relative to this maximum is also plotted

in Fig. 4.
i.=VAJwCA l R.
CTT L Ro R|=n—é
(@) EQUIVALENT INPUT CIRCUIT
Ra
NVVY
My
Re = (wm.) Rt
e m) RB RC
M
Re (WZ) Re

(b) EQUIVALENT INTERSTAGE CIRCUIT

Fig. 3 — Equivalent circuits of Fig. 1 rf stage.
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A significant improvement in image rejection at a
small sacrifice in insertion loss results from operation
at values of R,/R, greater than unity. For instance, a
change from R,/Ry, =/1 to R,/Rp = 2.5 results in an im-
provement of 3 db in image rejection at the expense of
less than 1 db in insertion loss.

An output equivalent circuit which consists of a
generator coupled to a load by means of a tuned trans-
former is shown in Fig. 3b. The elements RA, RB and Rc
represent the output resistance of the r-f stage, the inter-
stage transformer tuned resistance, and the load resis-
tance, respectively. Maximum operating Q(maximym image
rejection) for a given insertion loss obtains for the con-
dition that Rc = RA. For this condition the power into
the load resistance is

(z2)
p,=¢* A (15)
R»(zR_B % 1)2
Ra

and the operating Q of this transformer is

1
Q, = Qoa (16)
Rp
1+2_—=
Ry
where Q, is the unloaded Q.
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Fig. 5 — Variation of insertion loss dnd image rejection with
the ratio RB/RA for the interstage circuit of Fig. 1.

The insertion loss, determined from Eq. (15), is
shown in Fig. 5 as a function of Rg/Ra. The image re-
jection relative to an unloaded tuned transformer, also
shown in Fig. 5, is obtained from Egs. (16) and (14) for
varying Rg/RA.

Example of RF Stage Design

The design of an r-f stage which provides near
optimum noise performance and 66 db image rejection, in
a receiver employing a 455 kc i-f, will be considered.
The available antenna and interstage transformers each
have an unloaded Q of 70.

Near optimum noise performance (determined ex-
perimentally) is obtained in the range of R,/R, from 0.4
to 2.5; for this example let R,/Ry = 1.5. From Fig. 4,
the image rejection is 4.3 db below maximum. The max-
imum image rejection as calculated from Eq. (14) would
be 39.7 db at 1000 kc for Qo = 70. Therefore, the antenna
transformer provides 35.4 db of image rejection and an
insertion loss of 0.2 db over that obtaining for the max-
imum input power condition. The remainder of the re-
quired image rejection, 30.6 db, is to be obtained from
the interstage transformer. This allows for a tolerable
loss of image rejection of 9.1 db, relative to an unloaded
transformer. As determined from Fig. 5, the ratio RB/RA
is 0.92 and the consequent insertion loss is 3.8 db.

The r-f transistor has matched terminating resis-
tances of 250 ohms input and 10,000 ohms output and 30
db matched gain; the mixer input resistance is 500 ohms.
The capacitance required to tune the antenna transformer
is 100 ppf. From the above information the turns ratios
of both transformers may be determined. The tuned re-
sistance of the antenna transformer at 1000 kc is

1 = =112,000 obms.

fo= Qo =70 27 10° x 107*°

For the turns ratio, n, of the antenna transformer

R R. =
1.5=_21 = ! orn= I—l
R, n’R, 1.5 R,

Inserting the values of Rj and R, in this expression,

=J 250  _ 1
I.5 x 112,000 26
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assuming unity coefficient of coupling.

The turns ratios of the interstage transformer may be
calculated in a similar manner. The tuned resistance at
1000 kc is given by

Rp = Qo, Xc =70 1

= 22,400
27 10° x 5 x 107*°

ohms.

The turns ratio from the collector to the top of the tuned

. . Mc .
circuit, —— , is given by
Mt

Mc _ 10,92 x 10,000 - 1
Mt 22,400 1.56

. Mc . .
and the collector-to-secondary turns ratio, _C, is given
M

_|10,000 _ 1
500 0.224

The r-f stage gain from the base of the r-f transistor to
the base of the mixer will be (30 - 3.8) or 26.2 db. The

circuit with normalized turns ratios is shown in Fig. 6.

Mc
Ms

Fig.

6 — Example of rf stage input and interstage design.

In the above design procedure, consideration was
limited to operation at 1000 kc. This procedure is satis-
factory only if performance at the extremes of the band
are not severely compromised. The relative change in
image rejection obtained with two tuned circuits which
are either unloaded or loaded by a constant amount
(Ro/R, and RB/RA constant) is shown in Fig. 7a, Curve
A. If the transistor input and output resistances are con-
stant over the band, the ratios Ry/R, and Rg/R A will not
be constant. Both the insertion loss and image rejection
will differ, at the extremes of the band, from the mid-band
value. The insertion loss will increase and the change
in image rejection decrease, with respect to the constant
load conditions, as the frequency increases. The amount

of change will depend on the design values of Ry/R, and

RB/RA, and may be obtained from Fig. 4 and 5 with the
aid of Egs. (11) to (15).

The calculated variation in image rejection and in-
sertion loss over the broadcast band for the circuit of
Fig. 6 is shown in Fig. 7, Curve B, assuming constant
transistor input and output resistances. Note in Fig. 7b
that while about +2db change in sensitivity results, the
ratio of Ro/R, varies from 0.54 to 1.6 of the mid-band
value and is thus maintained within the previously de-
fined limits for good noise performance. For a practical
case with many present day transistors, the input and
output resistances may decrease almost as rapidly as
R, and Rp. Curves A of Fig. 7 will then be a closer
approximation to the actual performance.
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Fig. 7 — Image rejection and insertion loss of circuit of Fig.
6. A — constant loading, B ~ constant transistor input and

output resistances.

Minimum Insertion Loss for Prescribed Image Rejection

While the above design procedure usually yields
satisfactory results, it is interesting to consider another
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approach. The total insertion loss, 4, in the antenna and
interstage transformers as obtained from Egs. (11) and
(14) is

(17)

and the total image rejection, obtained by combining
Egs. (13), (14), and (16) is

I= L X : QlQO L"E)z- (18)
Ro ,; 2Rp ., " %fo 7

R R A

1

The values of Ro/R and RA/RB which give minimum
loss for a given image rejection may be obtained from
Egs. (17) and (18) and are derived in Appendix III. A
plot of minimum insertion loss versus image rejection, as
obtained from Eq. (17), for various values of Qy, Q,, and
an intermediate frequency of 455 kc is shown in Fig. 8.
A change of 2-to-1 in the Qg Q,, product causes a 6 db
change in image rejection for constant insertion loss.
If, however, the image rejection is to-be held constant,
which is the usual case, the change in insertion loss for
a change in Q,, Q,, depends on both the value of image
rejection and the intermediate frequency. A curve for an
i-f of 260 kc is plotted for comparison. Note that the 260
kc curve indicates a loss of image rejection of 8.3 db
(at 1000 kc)as compared to the 455 kc curve for the same
Qo1 Qop- Corresponding curves of Ro/R, and RB/Rjp ,
from which the transformer turns ratios may be determined,
are shown In Fig. 9.
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Fig. 8 — Minimum insertion loss vs image rejection at 1000
kc for rf stage of Fig. 1.
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Fig. 1).

Fig. 10 — Example of rf stage input and interstage design
for minimum insertion loss.

Referring to the sample design in the previous
section for a 455 kc i-f and Q,, = Q,, = 70, Fig. 8 indi-
cates an insertion loss of 3.7 db for a 66 db image re-
jection. The values of Ro/R, and Rp/Rp, from Fig. 9,
are 0.505 and 1.05, respectively. Note that this value of
Ro/R, is within the defined limits for good noise per-
formance. The corresponding turns ratios, determined as
in the above example, are shown on the circuit diagram
of Fig. 10. For this design a negligible decrease in in-
sertion loss (0.2 db) is obtained; other values of Q,,0,,
and image rejectionmay provide a more striking difference.
This method produces near optimum noise performance
only by chance. Therefore, its chief value lies in evalua-
ting the results of the design compromises of the pre-
vious section.

/Larry A. Freedman
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Appendix |

Derivation of Signal Power Delivered by a Capacitive
Antenna

Referring to the equivalent circuit of Fig. 1b and
using the notation of the text, the signal voltage at the
primary of the transformer is given by

Ca
Va=Va =4
s=Va o 0,

where Q, is the loaded (operating) Q of the transformer.
The signal voltage at the secondary winding is than

transistor is

(Vs2)®
i T R;

Ps =

Ca 2
=(1lVAC_Q1) I

Since the operating Q is related to the unloaded Q

R(,Ri/ﬂz

R.
1= X L = Qo1 ey : ’
Ry + Ri/n wL n* Ry + R;

the signal power may be expressed as

C R; 2
Vsy=nVa C_A 0, and the signal power delivered to the Ps =(n Va —4A Qox _ ) Iz . (1)
Ct Ct n’Ry + Ry / Ri
Appendix Il
Derivation of Signal Required for 20 db Signal to Noise 2
Ratio for a Loop Antenna PN = 4KT n* RoAf R; 1 F

Referring to the equivalent circuit of Fig. 2c and
using the notation of the text, the signal voltage at the
primary of the transformer is

2
Vs=Va _M_z_ =Yy 8
R, + Ri/n Qo

The signal voltage at the secondary winding is then Vg =

Q

n VA _= and the signal power delivered to the transistor
o

is

2
VSV vy 0/00f x L

1 1

Ps

The noise power referred to the transistor input is

n” Ro+R; | Ri

where F is the transistor noise factor.
For an output signal to noise ratio of 20 db and 30 per-
cent modulation

(0.3n Va 0/00)° L
<_’§) - 100 = " R
PN A Ri 2 1
4KT * RoAfal— | _ F
n* Ry + R; R;

or solving for V4,

B 10J4KT RoAfAF

v
4 0.3

9
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Appendix Il

Derivation of Minimum Insertion Loss for a Specified
Image Rejection

Eq. (18) of the text is

I = I X 1
o +1 L
1 RA

0 (L =10 g
O Qu (L =1

o

which may be rewritten as

f _ fo)z
R, _(E T 1
R +1= ] Qo1 Qog ———

1 Rp

——  +1
2Ry

Introducing a constant

(-4
C= fo—/____ Qox Qoz
1

which depends on the required image rejection, the inter-

mediate frequency, and the unloaded Q’s, Eq. (18) be-
comes:

Substituting in Eq. (17):

[(’igu I:I2
4 = C_2 1 R,
7

(17a)
(Ro/R,) R 2
[ C=(_2) —1]

R

1

Differentiating (17a) with respect to Ro/R,

Ro 2 R, ’ R 2 Z(RO 1) - Ro 2
=)t 2A) (1-C) +Z°) (1-C) f —+1)=(=+1)
94 c? R, 1 R, R, R

1

gz Roy 1 4Ry 1-c)r(1-cy
Rl Rl

1 R, R, ? —~C R, ziz
g(R )3+2(R_1) (1 )+R—(1—C)

1 1
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Equating this expression to 0 to determine the
value of Ro/R, for minimum 4

Ro _~(Cc+2)+]C*+8C

R, 2

and the corresponding value of RB/R4 is

RB C

I
- 1
A _(c+2+ Jcrrsc 2

The minimum loss for a given C is then given by (17a),

!_
,ﬁ=§_’ | - C+ lC’+8C 7'2 )
F—f(C+2)+\lC2+8C 3C - |C2+8C ’




