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Noise analyses of input stages of typical transformer-coupled preamplifiers are pre-
sented. Conditions are derived for which the transformer improves the signal-to-noise
ratio of the circuits. Examples are presented which are typical for microphone pream-

plifiers.

0 INTRODUCTION

A transformer connected between a transducer such
as a microphone and its preamplifier is described in
the literature as a noise-matching device [1]-[3]. If
the source resistance, the preamplifier equivalent noise
input voltage, and the preamplifier equivalent noise
input current are known, the optimum turns ratio of
the transformer which minimizes the noise can be cal-
culated. Fig. 1(a) shows a source with an open-circuit
output voltage v, and an output resistance Ry coupled
by a transformer with a turns ratio of 1:N to a pream-
plifier. The thermal noise voltage generated by R; is
denoted by e.(R;). The preamplifier is modeled as having
an input resistance R;, a voltage gain A,, an output
resistance R,, an equivalent noise input voltage e,, and
an equivalent noise input current j,. Fig. 1(b) shows
the equivalent circuit of the combined source, trans-
former, and noise sources, where it is assumed that
the transformer is ideal.

The open-circuit, or Thévenin, output voltage from
the circuit in Fig. 1(b) is denoted by v;. This voltage
is given by

vi = Nvg + Nes(R) + ey + juN°R,

N[vs + e(R) + % + jnNRs:| . (1

Let e,; denote the equivalent noise input voltage in
series with v which generates the same noise at the
preamplifier output as the noise sources e-(Ry), e,, and
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Ja in combination. It follows from Eq. (1) that the mean-
squared value of ep; is given by

(eZ) = (eXRy)) + ﬁlg<eﬁ> + (jON?R: . 2)

This is minimized when the transformer turns ratio
satisfies the relation

4
B (e2)
N= ViR

Eq. (3) is commonly quoted for the transformer turns
ratio which miminizes the noise output voltage of a
transformer-coupled preamplifier. The formula results
in the condition for minimum noise only if it is assumed
that the transformer is noiseless and that the preamplifier
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Fig. 1. (a) Source coupled by transformer to preamplifier.
(b) Equivalent circuit seen looking out of preamplifier input
terminals.



LEACH

equivalent input noise sources e, and j, are fixed, that
is, the rms values of these sources are fixed. In practice
the condition for minimum noise is more complicated
to determine for several reasons. First, the source re-
sistance seen by the preamplifier is a function of the
transformer turns ratio N. Second, the optimum bias
current in the preamplifier input stage which minimizes
the noise is a function of the source resistance. Third,
the equivalent noise sources e, and j, are functions of
the bias current. And fourth, the transformer is not
noiseless, that is, its primary and secondary windings
exhibit series resistance which generates thermal noise.
It follows that a more in-depth analysis is required to
determine the condition for minimum noise. This paper
presents such an analysis for bipolar junction transistor
(BJT) and junction field-effect transistor (JFET) input
stage devices.

1 SINGLE BIPOLAR JUNCTION TRANSISTOR
INPUT STAGE

The noise performance of a preamplifier is determined
predominantly by the input stage. Except for the case
of a very low source output resistance [3], [4], the
fewer the number of active devices in this stage, the
lower the noise. It follows, therefore, that a single BJT
input stage is optimum. However, a two-BJT differential
amplifier is often used as a compromise because of
other design considerations. In this section, the noise
analysis of a single BJT input stage is presented. In
the following section, the two-BJT differential-amplifier
input stage is analyzed. Feedback is assumed to be
series-shunt feedback from the output node back to the
input stage. The analysis also applies to the case where
no feedback is used.

Fig. 2 shows the midband signal circuit of a BJT
common-emitter input stage with a signal source coupled
to its base input through a transformer. The primary
and secondary transformer winding resistances are de-
noted by R, and R,, respectively. It is assumed that
the BJT is biased at the collector current /¢ and that
the bias circuit, which is not shown, is noiseless. The
Thévenin equivalent circuit seen looking out of the
emitter consists of a source with an open-circuit voltage
vif = bv, in series with the resistance R,¢, where v, is
the preamplifier output voltage and b is the feedback
ratio. The source v, represents the series-shunt feedback
applied from the preamplifier output node (which is

Vs

Fig. 2. Midband signal circuit of source coupled to BJT com-
mon-emitter stage by transformer.
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not shown) back to the emitter. In the case of no feed-
back, vy is set equal to zero.

Fig. 3 is the circuit of Fig. 2 with the noise sources
shown. The BJT noise sources are shown as external
generators. The BJT base spreading resistance ry is
shown as an external resistance in series with the base
lead. The thermal noise voltages generated by the re-
sistors in the circuit are denoted by e.(R,), e;(R}), e:(R3),
e.(ry), and e.(R;r). The shot noise currents associated
with the collector bias current /- and the base bias
current Iy are denoted by j,(I/c) and j;(Ig), where I
= Ic/B. The small-signal collector current in the circuit
can be written

e = adg + jo(Ic) “

where a is the emitter-to-collector current gain.

To solve for i, the transistor is replaced by the small-
signal Thévenin equivalent circuit seen looking into
its emitter. This consists of a voltage source vy in
series with a resistor r;., where vy, is the open-circuit,
or Thévenin, voltage seen looking out of the base. The
resistor r;. is given by

fe = 5 T S Ry &)

where Ry, is the resistance of the Thévenin equivalent
circuit seen looking out of the base. It follows from
Fig. 3 that vy, and Ry, are given by

vio = N[vg + e(R) + e(RD] + e(Ry) + exlry)
+ jo(Ig)IN*(Rs + R) + Ry + 1 (6)
= NXR; + R) + Ry + ry . (7

Ry,

The calculation for i{ is simplified by representing the
circuit seen looking out of the emitter by a Thévenin
equivalent circuit consisting of a voltage v in series
with a resistor R.. These are given by

Vie = by + eRie) + Lo(lc) — JjolIB) Ry  (8)

Fig. 3. Circuit of Fig. 2 with noise sources shown.
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Re = Ry . 9 .

Fig. 4 gives the final BJT emitter equivalent circuit.
This circuit and Eq. (4) can be used to solve for the
small-signal collector output current as follows:

. Vib — Vie ,
ic=a——— + I
C rie+Rte JO‘(C)
a 63
=N——1[vs + eyl — —— bv
rie+Rte[s nl] rie+Rte ?

(10)

where e is the equivalent input noise voltage in series
with v which generates the same noise current in i, as
all noise sources combined. It is given by

1
€ni = e'r(Rs) + eT(Rl) + N [e1(R2) + e‘r(rx) - e‘r(Rtf)]

1
+ oy Jolls) IN*(Rs + R) + Ry + 1y + Ryl

1 Ry + R) + Ry + 1 +
v Lo Vo [ NARs + Ry) + Ry + e + Ry

N Ic B
(11

where the relation § = a/(1 — «) has been used in the
simplification of the latter term.

The mean-squared thermal noise voltage produced
by a resistor in the frequency band Af is (¢%(R)) =
4kTAfR, where k is Boltzmann’s constant and 7 is the
absolute temperature. The mean-squared shot noise
current associated with the dc current / in the frequency
band Af is given by (j2(I)) = 2¢qIAf, where g is the
electronic charge. If it is assumed that the terms in Eq.
(11) are uncorrelated, it follows that the mean-squared
value of ep; in the band Af is given by

R, +r +R
(ek) = 4kTAfES + R+ ”

11
+ 22 EC Af[NYR, + R) + Ry + r, + Ryl

2
N NXR, + R) + Ry + r, + Rtf]

B
(12)

It can be seen from this equation that (e%) increases if
Ic is very small or very large. It follows that there is
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a value of /¢ which minimizes the noise. It is straight-
forward to show that the optimum collector current
which minimizes the noise is given by

VB Vr
V101 + B[N R+ R) + Ry + ry + Ryl
(13)

Icopy =

The corresponding minimum mean-squared noise volt-
age is given by

1+ VI +
(eadmin = 4kTAf [1 + —B—B]
RQ_ + T + Rt(
X R+ R + 5 ——
N
(14)
where V1 = kT/q has been used in the simplification.

By setting N = 1 and Ry = R, = 0 in this equation,
the minimum mean-squared noise voltage is obtained
for the case without the transformer. It follows that
the transformer results in less noise only if the following
condition is satisfied:

2
NNR217_+1R2 <r + Ry . (15)

For an example calculation, a commercial transformer
has the measured parameters N = 12, R; = 72Q}, and
R, = 4200 Q. It follows that this transformer results
in less noise if ry, + Ry > 102 ). Low-noise BJTs are
commonly available with r, less than about 10 ). If it
is assumed that r, = 10 2, it follows that the transformer
results in more noise for Ry < 92 ). If no feedback is
used, it is possible to design the input stage with Ry
= 0. With feedback, a value of R, < 92 (1 is easily
realized. Therefore it can be concluded that the circuit
noise is lower without the transformer.

For a second example calculation, the optimum bias
current in the BIT is calculated with and without the
example transformer. In this case it is assumed that R,

=200 Q and r, + Ry = 102 Q, so that the mean-

squared noise voltages with and without the transformer
are equal. In addition, it is assumed that the current
gain of the BJT is § = 150. The temperature is taken
to be T = 300 K. It follows from Eq. (13) that the

Fig. 4. Emitter equivalent circuit used to calculate i;.
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optimum collector bias current is Icpy = 7.27 pA
with the transformer and I¢(op) = 1.05 mA without the
transformer. Because the slew rate of a preamplifier is
proportional to the bias current in the input stage, it
follows that the optimally biased input stage has a slew
rate that is potentially 144 times greater without the
transformer. (The actual increase in slew rate depends
on the frequency compensation of the circuit.) The
superiority of the circuit without the transformer is
evident.

For a third example calculation, the signal-to-noise
ratio of the circuit is calculated. The bandwidth is taken
to be Af = 20 kHz and an absolute temperature of T
= 300 K is used. It is assumed that v, is 55 dB below
1 V rms so that the signal-to-noise ratio is given by
SNR = —(55 + 10 log (e2;)). Because of the value
used for r, + Ry, the mean-squared noise voltage given
by Eq. (14) is the same with and without the transformer
and has the value (e2)) = 1.09 X 1073 V,. The signal-
to-noise ratio is SNR = 74.6 dB with and without the
transformer.

For a fourth example calculation, the signal-to-noise
ratio is calculated for the following two cases: 1) the
BJT without the transformer but optimally biased for
the transformer and 2) the BJT with the transformer
but optimally biased for no transformer. In each case
the mean-squared noise voltage is calculated from Eq.
(12). For case 1, {¢2) = 6.91 X 10713 V2 and SNR =
66.6 dB. For case 2, (¢3) = 6.93 X 1073 V2 and SNR
= 66.6 dB. Thus the signal-to-noise ratio is 8§ dB less
in each case compared to the optimally biased cases.

2 BJT DIFFERENTIAL-AMPLIFIER INPUT STAGE

Fig. 5 shows the midband signal circuit of a BJT
differential-amplifier input stage with a signal source
coupled to the base input of Q, through a transformer.
The dc tail current is labeled /7. The two emitter resistors
labeled Rg have been included for completeness. How-
ever, these resistors are not normally used in low-noise
designs because they generate undesired thermal noise.
It is assumed that the transistors have equal current
gains o and B and equal base spreading resistances r.
The Thévenin equivalent circuit seen looking out of
the base of Q, consists of a source with an open-circuit
voltage vif = bv, in series with the resistance R, where
Vv, is the preamplifier output voltage and b is the feedback
ratio. In the case of no feedback, vy is set equal to
Zero.

Fig. 6 is the circuit of Fig. 5 with the noise sources
shown. The BJT noise sources are shown as external
generators and the base spreading resistances as external
resistances in series with the base leads. The noise
current of the tail bias network is denoted by j;. It is
assumed that the small-signal resistance seen looking
into the tail supply is large compared to the other re-
sistances in the circuit so that it can be considered to
be an open circuit. This is equivalent to the assumption
that the differential amplifier has a high common-mode
rejection ratio. The thermal noise voltages generated

6
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by the resistors in the circuit are denoted by e.(R,),
eR1), e(Ry), e:1(ry), e:1(Rg), ex2(RE), ex(ry), and
e.(R;). The shot noise currents associated with the
collector bias currents and the base bias currents are
denoted by js(Ic1), jo(Ic2)s jo(IB1), and js(Ip2), where
Igy = Ict/B, Ipy = Ico/B, and Icy + Ica = alr.

Fig. 7 shows the emitter equivalent circuit for the
differential amplifier. In this circuit vy, 7ie1, Vip2, and
riez are given by

Viblr — N[vs + e’r(Rs) + e‘r(Rl)] + e‘r(RZ) + e'rl(rx)

+ Jjo(Ip)) INA Ry + R) + Ry + 1, (16)

V.

e = o8+ SINYR, F R) + Ry + ] (ID)
Ic) B

Vibe = by + edRyr) + en(r) + jolIp) [Ry + 14l

(18)

oVt a

Tie = 5 — + ~ (R + r) . (19)
Ico B

It follows from this circuit that the small-signal emitter
current i}, is given by

1

= Vil — € (R
We + rip + Fi [Vib1 +1{REg)

27
Le1

+ e(Rg) — Vil

. 2RE + Fie2
2Rg + ria t+ rie2

Liellc) — JjolIB1)]

Tie2 . R
- I — jo(I
Re + 1 + i [Jo(c2) — Jo(Ip2)]

_ Re + rie
2Rg + rie1 T rie

Jr - (20)

The emitter current i, is obtained by interchanging
subscripts 1 and 2 in Eq. (20).

Fig. 5. Midband signal circuit of source coupled to BJT dif-
ferential-amplifier stage by transformer.
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For minimum noise output from a differential-am-
plifier input stage, the output signal should be a dif-
ferential signal, that is, the output voltage should be
proportional to the difference current i;; — i;. The
collector current for each BIT is given by Eq. (4). To
solve for the collector difference current, the emitter
difference current is required, which is given by

2

= [Vip1
2Rg ¥ rie1 + rie

fen — e — en(Rg)

+ en(Rg) — vl

2Rg + rie2 = Tiel
_ I — il
2Re + Fip + Fig LjsIc1) JeIsD]
2Rg + rie1 — Tie2
ey — il
2Rg + riet t rie2 Ualle) = JalTp2)]
Tiea — Tiel .
2Rg + i + ra’t @D

This expression shows that the noise output caused by
the tail noise current j, is not canceled unless rie; =
rie2- Eqs. (17) and (19) show that rie) = riep if Icy =
Ic; and N3 (R + Ry) + R, = Rys. These conditions will
be assumed to hold in the following.

It follows that the collector difference output current

et(Rs)
Rg Ry

N
® ®

e (Ry)
+1:N

et(Rz) e-u("x) i
R2 g

TRANSFORMER-COUPLED AMPLIFIERS

can be written

i1 = 2 = a(ie — i) + jo(lc) — Jjo(lc2)
N a e + en) o b
Tie + RE s m Tie + RE Vo
(22)
where ri. = rje1 = ri.> has been used and e; is the

equivalent input noise voltage in series with v, which
generates the same noise current in i) — i, as all noise
sources combined. It is given by

€ni = e'r(Rs) + eT(Rl) + 1%,[61'(1?2) + e’rl(rx)

- e'rl(RE) + eTZ(RE) - e‘rZ(rx) - e‘r(Rtf)]
+ L ltts) = L jdle)] INYR, + R
N [jo(Ig1) Njo( B2)! IN“(R, )]

+R2+YX+RE]

1 e T R
+ N Lio(cy) — Jollc2)] <r45 - RE> )
o
(23)

This can be converted to a mean-squared voltage in

Vislleq) delicn) |

T

Fig. 6. Circuit of Fig. 5 with noise sources shown.

Fig. 7. Emitter equivalent circuit used to calculate i;; and i;.
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the frequency band Af to obtain

Ry + r + R
(et = 8kTAfES + R, + i;’z—ﬂ

2

1
20 CATINR + R) + e % 1y 4 Rl

Vr

+ — 2qchf [IC

2

L NAR + R+ Ry + o1 +RE]
B

(24)

where Ic = Iy = Icp = al1/2.

Following Eqs. (12) and (13) it follows that the noise
output is minimized if the collector current in each BJT
is given by

IC(Opt)
_ VB Vr
V1 + 1B IN(R, + R) + Ry + r, + Rl
(25)
The corresponding value for {e2;) is
I + V1 +
%m:%mﬂu-*%ﬁj>
X R+ R + 2 Xt Ry
N
(26)

By setting N = 1 and R; = R, = 0 in this equation,
the minimum mean-squared noise voltage is obtained
for the case without the transformer. It follows that
the transformer results in less noise only if the following
condition is satisfied:

N?R, + R,

Y < ry + Rg . 27)

For an example calculation, consider the transformer
with the parameters given in the numerical examples
of the preceding section. This transformer results in
less noise if r, + Rg > 102 (). If it is assumed that 7,
= 10 Q, the transformer would result in more noise
for Rg << 92 ). Because Rg = 0 gives the least noise,
it follows that the transformer results in more noise.

For a second example calculation, the optimum BJT
bias current is calculated with and without the example
transformer. It is assumed that R; = 200 Q, r, = 10

8
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Q,Rg =0,B =150, and T = 300 K. It follows from
Eq. (25) that the optimum collector bias current is /¢(opy
= 7.29 wA with the transformer and I¢(opy = 1.51 mA
without the transformer. Thus the optimally biased input
stage has a slew rate that is potentially 173 times greater
without the transformer. Again, the superiority of the
circuit without the transformer is evident.

For a third example calculation, the signal-to-noise
ratio of the differential amplifier is calculated. It is
assumed that Af = 20 kHz, T = 300 K, and v, is 55
dB below 1 V rms. The mean-squared noise voltage
given by Eq. (26) has the value (¢2;) = 2.17 x 10713
V? with the transformer and (e2,) = 1.51 x 10713 V2
without the transformer. The signal-to-noise ratio is
71.6 dB with the transformer and 73.2 dB without the
transformer.

The minimum mean-squared equivalent noise input
voltage {e2i)min that has been derived here for the BJT
differential amplifier is strictly valid only if Ri; = N?
(Rs + Ry) + R,. The noise can be minimized further if
Ry < N* (R, + R)) + R,.

3 SINGLE JUNCTION FIELD-EFFECT
TRANSISTOR INPUT STAGE

Fig. 8 shows the midband signal circuit of a JFET
common-source input stage with a signal source coupled
to its gate input through a transformer. It is assumed
that the JFET is biased at the drain current I, and that
the bias circuit, which is not shown, is noiseless. The
Thévenin equivalent circuit seen looking out of the
source consists of a source with an open-circuit voltage
Vit = bvg in series with the resistance R, where v, is
the preamplifier output voltage and b is the feedback
ratio. In the case of no feedback, vy is set equal to
zero.

Fig. 9 is the circuit of Fig. 8 with the noise sources
shown. The JFET noise source is shown as an external
generator. The thermal noise voltages generated by the
resistors in the circuit are denoted by e.(R;), ¢.(R;),
e.(R,), and e.(Ry). The thermal noise current generated
in the JFET channel is denoted by j.(3/2gn), where g,
is the JFET transconductance. The equivalent noise
input voltage e,; in series with vy which generates the
same noise current in iy as all noise sources combined
can be obtained from Eq. (11) for the common-emitter
BIT input stage with the following modifications: e.(r,)
is replaced by zero, j,(Ig) is replaced by zero, j,(Ic)

Fig. 8. Midband signal circuit of source coupled to JFET
common-source stage by transformer.
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is replaced by j,(3/2gn), Vi/lc is replaced by 1/gn,
and B — . The result is

1
Cni = e‘r(Rs) + eT(Rl) + N [e'r(RZ)
— edRy)] + l i L 28
[Z1Q4¢3% NJT 2gm gm . ( )

With (j2(3/2gm)) = 4kTAf2g./3, it follows that the
mean-squared value of e; is given by

R, + R
(e2) = 4kTAfES + R+ T ﬂ

1 2
+ S AKTAf — . (29
I¥E ngm (29)

In this expression, the JFET transconductance g, is
given by

g = 2VBIp (30)

where Iy is the d¢ drain current and B is the transcon-
ductance parameter. (The JFET transconductance pa-
rameter is not to be confused with the BJT current
gain. It is related to the drain-to-source saturation cur-
rent Ipgs and the pinch-off or threshold voltage Vo by
B = Ipss/Vro.) It follows that the noise is minimized
if the drain current is chosen as large as possible. In
the active mode, the JFET drain current must be in the
range 0 < Ip < Ipgs, where Ipgs is the drain-to-source
saturation current. For a maximum symmetrical current
swing, it is common to take I = Ipgs/2. This gives a
noise voltage that is within 3 dB of the lowest value,
which occurs when Ip = Ipss.

By setting N = 1 and Ry = R; = 0 in Eq. (29), the
minimum mean-squared noise voltage is obtained for
the case without the transformer. It follows that the
transformer results in less noise only if the following
condition is satisfied:

N?R, + R,
1
i
i
er(Rg)  e(Ry
s +R1 +1:N ‘l’jt(3/29m)

Fig. 9. Circuit of Fig. 8 with noise sources shown.
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For an example calculation, consider the source and
transformer with the parameters given in the numerical
examples of Sec. 1. The JFET parameters are taken to
be B = 3.33 x 107* A/V?and Ipss = 3 mA. In addition,
it is assumed that T = 300 K, Af = 20 kHz, Ry = 92
Q, and Ip = 1.5 mA. The mean-squared noise voltage
given by Eq. (29) is (e%) = 1.01 x 107'3 V2 with the
transformer and (e2;) = 2.22 x 107"} V2 without the
transformer. The signal-to-noise ratio is 75.0 dB with
the transformer and 71.5 dB without the transformer.
In contrast to the BJT examples, the transformer results
in less noise for the example common-source JFET
input stage.

4 JFET DIFFERENTIAL-AMPLIFIER INPUT
STAGE

Fig. 10 shows the midband signal circuit of a JFET
differential-amplifier input stage with a signal source
coupled to the gate input of Q, through a transformer.
The dc tail current is labeled /1. The two source resistors
labeled Rg have been included for completeness. How-
ever, these resistors are not normally used in low-noise
designs because they generate undesired thermal noise.
The Thévenin equivalent circuit seen looking out of
the gate of Q, consists of a source with an open-circuit
voltage vis = bv, in series with the resistance R, where
v, is the preamplifier output voltage and & is the feedback
ratio. In the case of no feedback, v is set equal to
Zero.

Fig. 11 is the circuit of Fig. 10 with the noise sources
shown. The JFET noise sources are shown as external
generators. The noise current of the tail bias network
is denoted by j;. It is assumed that the small-signal
resistance seen looking into the tail supply is large
compared to the other resistances in the circuit so that
it can be considered to be an open circuit. This is
equivalent to the assumption that the differential am-
plifier has a high common-mode rejection ratio. The
thermal noise voltages generated by the resistors in the
circuit are denoted by e.(R;), €;(R}), e:(R3), e;1(Rs),
e.2(Rs),and e;(R;1). The thermal noise currents generated
in the JFET channels are denoted by j.(3/2g,,) and
J2(3/28m2).

For minimum noise output from a differential-am-
plifier input stage, the output signal should be a dif-
ferential signal, that is, the output voltage should be

Fig. 10. Midband signal circuit of source coupled to JFET
differential-amplifier stage by transformer.
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proportional to the difference current ig; — ig;. In ad- minimum mean-squared noise voltage is obtained for
dition, the noise output caused by the tail noise current  the case without the transformer. It follows that the
Jji is not canceled unless the small-signal resistances  transformer results in less noise only if the following
seen looking into the sources of the two JFETs are  condition is satisfied:

equal. The small-signal source input resistance is given

by ris = 1/gm, where g, is the transconductance given N’R, + R,

by Eq. (30). Because this is independent of the Thévenin M—-1 < 2Rs + Ry . (34)
resistance seen looking out of the gate, it is not necessary

to assume that N%(R, + R;) + Ry = Ry as for the BIT For an example calculation, let the JFET common-
differential amplifier. In the following it will be assumed  source amplifier in the example of the preceding section
that In; = Ip; = I1/2 and gm1 = gma- be replaced by a JFET differential amplifier. Let each

The equivalent noise input voltage ey; in series with  JFET in the differential amplifier have the same pa-
vs which generates the same noise current in ig; — igz  rameters and the same drain current as in that example.
as all noise sources combined can be obtained from  [fRg = 0, it follows that the mean-squared noise voltage
Eq. (23) for the BJT differential-amplifier input stage  gjven by Eq. (33) is (e2;) = 2.02 X 107'* V2 with the
with the following modifications: e (ry;) and e,(ry;) are  transformer and (e2;) = 4.44 x 1073 V2 without the
replaced by zero, j,(Ig;) and j,(/gy) are replaced by  transformer. The signal-to-noise ratio is 72.0 dB with
zero, js(Ic1) and j;(Ic,) are replaced by j.(3/2gm1) and  the transformer and 68.5 dB without the transformer.
J=(3/2gm2), o is replaced by 1, R is replaced by Rg,

and r; is replaced by 1/g,,. The result is 5 CONCLUSIONS
1 The noise equivalent input voltages have been cal-
eni = eR) + eR)) + N [ex(R2) culated for the input stage of a transformer-coupled
feedback preamplifier for a BJT common-emitter input
— er(Rs) + en(Rs) — eRy)] stage, a BJT differential-amplifier input stage, a JFET

common-source input stage, and a JFET differential-

amplifier input stage. Conditions for less noise with a

1. 3 . 3 1 transformer having a specified turns ratio have been

+ N [JT <2gml> T (25}2)] ¢m  (32) derived. In the case of a BT input stage, there is an
optimum bias current which minimizes the noise for a
given transformer turns ratio. It is shown by example
that the optimally biased BJT input stage can have less
noise when a transformer is not used. In the case of a
JFET input stage, the examples predict better noise

() = 4kTA fEs R, + 2Rg + an] performance with the transformer, but the improvement

This can be converted to a mean-squared voltage in
the frequency band Af to obtain

+ R+ — 5 .
N is not large.
) ) The apalysis has neglected excess noise or flicker
+ 5 4kTAf — . noise in the BJT and JFET devices. Although this is
N 3 (33) normally an acceptable approximation for audio band
calculations for low-noise BJTs, the JFET can exhibit
IfRs = 0and Ry = NX(R; + R;) + R,, this equation  larger amounts of flicker noice which cannot be ne-
predicts 3 dB more noise than Eq. (29) for the single  glected. For low-noise circuits the JFET should be
JFET. chosen which has the lowest possible flicker noise
By setting N = 1 and R; = R; = 0 in Eq. (33), the  coefficient.

m

e(Rg) e(Ry)

s o Ry +1:N

e (R a1 .
‘., (Ro) Je(3/29,11)

je(3/29 10)

Fig. 11. Circuit of Fig. 10 with noise sources shown.
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6 GLOSSARY OF SYMBOLS

a = BJT emitter-to-collector current gain

b = feedback ratio or feedback factor

B = BIJT base-to-collector current gain, JFET
transconductance parameter

Af = noise bandwidth, Hz

e = noise voltage or noise voltage source

€ni = equivalent noise voltage in series with am-
plifier input signal source which generates
the same noise at the amplifier output as all
other noise sources in the circuit combined

e:(R) = thermal noise voltage generated by resistor
R, (eXR)) = 4kTAfR

8&m = transconductance

i = small-signal ac current or ac current source

1 = dc current or dc current source

Ipss = JFET drain-to-source saturation current

j = noise current or noise current source

Jo(1) = shotnoise current associated with dc current
I (jall)) = 2q1A f

Jx(R) = thermal noise current generated by resistor
R (jA(R)) = 4kTAf/R

k = Boltzmann’s constant; = 1.38 x 10 23
J/K

N = transformer turns ratio

q = electronic charge; = 1.60 x 107! C

Fie = small-signal resistance seen looking into
BIT emitter

i = small-signal resistance seen looking into

TRANSFORMER-COUPLED AMPLIFIERS

JFET source

Ry Thévenin resistance seen looking out of
BIT base

R Thévenin resistance seen looking out of
BJT emitter

ry small-signal BJT base spreading resistance

T = absolute temperature or centigrade tem-
perature

v = small-signal ac voltage or ac voltage source

Vr = thermal voltage; = kT/q = 0.0259 V at T
= 27°C

Vib = Thévenin voltage seen looking out of BJT
base

Vie = Thévenin voltage seen looking out of BJT
emitter

V1o = JFET threshold or pinch-off voltage

(x) = mean or average value of variable x
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