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1. Introduction

Due to the revolutionary spreading of integrated technology, in the last
few years, bipolar transistors and field effect transistors are utilized more and
more in differential amplifiers. In operational amplifiers the excellent DC-
properties of the symmetrical configuration, while in tuned amplifiers the low
feedback of the differential amplifier are utilized. In both fields of application,
differential amplifiers are also used as input stages. This fact necessitates to
investigate the noise problems of differential amplifiers, taking the special

configurations developed in integrated circuits into consideration.
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2. Symboels

rpp. Tesistance noise

shot noise of the emitter circuit

common emitter small signal current gain

electrone charge

Boltzmann constant

absolute temperature

actual differential bandwidth

continuous (d. ¢.) emitter current

the alternating component of continuous (d. ¢.) emitter current
inverse collector-base current

substrate-collector conductance noise
collector bulk resistance noise
current distribution noise

saturation current noise

common base dynamic current gain

common base static large signal current gain

cut-off frequency of common base dynamic signal current gain

3. Transistor noise

The physical noise-equivalent model of a bipolar transistor is
known from e.g. [1], [2], [3], [4]. [5]. In case of planar technology transistors
used in integrated circuits this model is modified by the presence of the sub-

strate and a high, collector-side series resistance [1], [5].
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Starting from previous results and from the equivalent circuit model

in Fig. 1, the noise of bipolar transistor differential amplifiers had been in-
vestigated.

gg = 4kTry, Af Z—g - 29("1 - 112)‘[9 —]f
;g = 4LT Jf i = 2q Icp Af
-3 %o
et == 4kTr Af o= 7
145+
fe
2 = 4kT r, Af f o (1)
: ce £ 2xr,C, )

The equivalent circuit model gives no information concerning the be-
haviour in the flicker range, this will be discussed later on.
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Fig. 1

In case the noise of the differential amplifier is investigated on basis
of the complete equivalent circuit model of the transistor, a badly organized,
complex relation results. It is thus expedient to simplify the equivalent circuit
model in Fig. 1, so that only the really important effects should come to light.

Approximations:

1. f<€f., thus fC r,

2, ———— 1. > |Zi|, where Z; is the collector-side loading impedance
27

3. r, <€ Re [Z] (2)
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The resulting simplified equivalent circuit model is transformed in a
way that the transistor noise is characterized by noise-current and noise-
voltage sources reduced to input and by correlation factor interpreted between
them [3]. Due to the difficulties to handle the correlation factor, the current
and voltage generators will be divided into totally correlated and not cor-
related members. The resulting equivalent circuit model T is seen in Fig. 2.
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The similar suffix current and voltage sources are totally correlated, hence
their instant values change proportionally to each other maybe with a time
lag. When writing up the equations the approximation ry'; 7, < x/wC, was
applied.
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The transistor of the equivalent circuit model T in fig. 2 will be considered
below as noiseless and describable by any equivalent circuit model; from the
point of noise characterization these are equivalent. As an example, the equiv-
alent circuit model =z is shown in Fig. 3.

4. The noise of constant current sources

Prior to the noise investigation of differential amplifiers, the quantity
of noise from the current generating device or stage of a differential transistor
pair is to be determined. The usual constant current source solutions are seen
in Fig. 4. The noise investigation is restricted to a medium frequency
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range (above the flicker range but well below the cut-off frequencies), neglect-
ing also the effect of the feedback capacitance; thus the results hecome
comprehensive.

In case of a simple resistance the evolving noise current can be indicated
without difficulty (see Fig. 4a):

AT Af
lgg = —0—""

g (4)
R,

In case the current source is a transistor stage (see Fig. 4b), the resultant
)

collector noise current can be determined on basis of Fig. 2. Neglecting the
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noise of the saturation current:
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where Ry = R, X R,.

By reducing Ry, the noise current diminishes, but a practical limit
is imposed by the increase in base voltage divider current. In a given band
the noise behaviour can be improved also by capacitively short circuiting the
base voltage divider. If Ry is low and also the condition R, > r; 1" |1 — o
is met, then:

2y o 4RT Af 22 (—1— . -—L] . (6)
. RE‘.’ 2/31‘9

The resultant noise current can be reduced by increasing the resistance
R, and applying a higher current gain factor transistor, at the given (d.c.)
operating point.

For a circuit diagram as in Fig. 4c¢, the value of the resultant noise cur-
rent is, in general, rather intricate to determine, therefore it is initially sup-
posed that R > r,; 1,05 rop and rppy = rgpg = I'pp and thus
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If the (d.c.) operating points and the transistors are perfectly equal, then
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In case of a higher current gain factor the noise current is of lower intensity.
With the condition of ¢ o< 1,
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5. Recording the complete noise equivalent circuit model

It is obvious that a differential amplifier can be characterized by two
transistors, two load impedances, a current source and the impedances ter-
minating the two inputs. In case the behaviour is investigated from the point
of noise, the internal impedance of the “current source” may be assumed
to be negligible beside the input impedance of the commoned emitter point.
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Fig. 6

Further approximations: the ry and the current gain factor of the two
transistors is equal, the effect of saturation current noise is neglected and the
feedback capacitance is omitted. To achieve a simpler form of the equation,
the noise of the current source is characterized by an equivalent resistance,
where:

_ ART Af

9
Zag

R, (10)

In this case the entire noise equivalent circuit model is formed according to
Fig. 5.

To simplify eomputations, current sources i, can be replaced by two,
perfectly correlated generators (Fig. 6).
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For the output voltages:
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(11)

Let us assume that the impedances terminating the inputs are real.

The control of the differential amplifier may be reduced to three types:
similar to e,; , the voltage sources series connected with input No. 1., similar
to ey, the ;'oltage sources series connected with input No. 2., and similar to
i,¢ current sources feeding a common emitter point, carry out the control.

Introducing the symbol S = : x the
’ Tep + Ter T (2155 + Ry + Ryo) (1 — 2)

following transfer characteristics can be determined:

U =— SR, Uiz = SR,,,
en €n

Ui — SR, U _ —SR.,,
€go €g2

U.m = SR [res +(Ryy + 1) (1 — )],
fag

L.Az’

~—% = SRyy[ry +(Ryy + ro) (1 — )] (12)

6. Noise figure determination

For this purpose resultant characteristics, ug,; u3, and (u, — u,,)?
respectively, have to be determined, due to different noise sources (depending
on the character of the output) and these have to be related to the value
resulting from the noise of source impedance.

Let the internal resistance of the useful signal source be Ry, .

Introduce symbol D = (4 — |x[?)/|x|?.

Now, three noise figures can be interpreted, depending on the output
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of the stage: a symmetrical and two asymmetrical ones:
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a) Let us examine first the noise figure evolution at medium frequency
(assuming @ = o, =A), if Ry, =R, =R r,=r1,=71,; Ry = R, = R,
(for current stability) and 1 — o, <€ 1.

In this case the symmetrical noise figure pertaining to the asymmetrical
input control:

R, 2R, 28,1 R,

e - 2
:___2[1_11_113_& o Te (re 7~ Tpp’ Ré’) }’ (16)
This value is just the double of the noise figure valid for the common emitter
stage delivered by the Nielsen formula [4], (a noise figure loss by 3 dB)
If the differential amplifier is controlled at both inputs (i.e. both Ry,
and R,, are ‘“‘useful source resistances”), the noise figure coincides with
that of a single common emitter stage.
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In case of an asymmetrical output, the situation is of similar character,
though the fifth and sixth term in (14) and (15) differ, and there is a surplus,
the seventh term due to the current source noise, which now differs from zero
as against the symmetrical case.

b) As a second and practically interesting case let us investigate the one,
when R, <€ Ry, but the other conditions in item a) are fulfilled. In this case
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hence the value of the noise figure may be by about 3 dB, lower than according
formula (16).
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In case of an asymmetrical output the situation is similar except that
the noise of the current source is of a higher importance.

¢) Supposing that in the investigated frequency range the common
emitter current gain factor is well above 1, and that the feedback capacitance
effect may be neglected, the frequency dependence of the noise figure can be
traced back to the variation of the D factor. Using approximation A4 = o,
the value of D will have an ascent of 6 dB/octave, the pole frequency of D
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is f, < £ V1= B, - Accordingly, at high frequency the noise figure increases
by a slope of 6 dBjoctave. Completing the investigation under item a) by a
frequency dependence (Fig. 7):

Fo=ofre o Te o Lemror 2R ) (18)
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7. The effect of feedback capacitance

If oC, > 1/r,, the noise figure is also influenced by C,, especially for low
(d.c.) operating point currents. For the sake of simplicity only the case of
symmetrical input and output will be considered as thisisthe most common
in high frequency application.

Applying the data from (3), the noise figure is evidently:

o Te §“+j69(7'bb'+Rg)Cc124_
R, R, | o —jor,C, -
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(19)

| «—jor.C | 2r.R,

The qualitative evaluation of formula (19) gives the expected result
that feedback reduces the relative value of noise components resulting both
from current distribution and emitter current (i.e., the noise figure). In case
of multi-stage amplifiers, this reduction is not completely unequivocal, as
C,reduces also the power gain, thus the effect of the noise of subsequent stages
may be important. A detailed investigation of this phenomenon is beyond
the scope of the present study.

8. Noise and noise figure at low frequency

The equivalent circuit diagram in Fig. 1 characterizes the transistor
noise only in the so-called shot noise range. According to measurements, other
two noise effects emerge in the low frequency range, determinative for the
transistor noise figure, below a given cut-off frequency. These two noise types
are the so-called flicker noise and the so-called burst noise with characteristic
impulse wave form [7], [8], [9]. From the physical point of view both can be
attributed to the base emitter junction, acceptably exact data are, however,
available only from measurements, as the real causes of these noises are not
yet cleared up [9], [10]. Besides, the burst noise may not be equally intense
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for transistors of the same type even some may be perfectly noiseless. In
the following, this latter case will be ignored. Fig. 8 shows the equivalent
circuit model, valid in low frequences, where, according to [8]:

= KIg - fedf e Ky - f-1 Af
veel and e a2 —1 (20)

In this approximation the r.m.s. value of the current belonging to the
flicker noise source, is directly proportional to the base current and inversely
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proportional to the frequency [7], [8], while the noise current is totally in-
dependent from the voltage and current of the other noise generators.
In a symmetrical input and symmetrical output arrangement, if Ry =

= Rgy = Rg; 1,y =1, =1,; R4= R, =R, the narrow band noise figure
can be written as:
- ! Te
17721'—“—_;)—' ( ' ¢ R)) ( ‘R)J
B ; - Te = Tpp! = fgj~ Ty’ =~ Dg)™ 4n, —
F.=2(1+ 4 et + K'Igf
R, 2807 R, R,
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- K
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The frequency dependence of the noise figure is seen in Fig. 9.
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The bottom cut-off frequency value is from (21):

K’ Ig(rpy + Rg)?
(re + Tpy’ ":_ Rg)2

2180 e
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Applying the expression (22), the noise figure simplifies into:
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9. The relationship between the noise figure and the bandwidth

Until the noise power spectral density as a function of frequency, is
constant and not function of frequency, the resultant noise figure is also
frequency-independent. In the low frequency and high frequency ranges, the
noise figure depends, however, also on the noise bandwidth of the system.
The so-called broadband noise figure has an importance primarily in the low
fiequency range, as the relative bandwidth is great, in general, and thus a
narrow band noise figure erroneous to describe the noise properties of the
system,

In case of an ideal, infinite cut-off slope filter with frequency limits
fi and f,, the broad bandwidth noise figure can be calculated by applying
relationship (23):

F.—2 1+ “__;_ (Q‘T‘j’bb"‘l‘Rg); 1 fa_ln _fs_] (24)
Rg 2:30 Te Rg . fl _'fl fl

lf .f'l >f1 :

If the transmission is hindered by a low-pass RC filter of pole frequency
f+ and a high-pass RC filter of pole frequency f;, the expression is modified
into:

.
Top' - ——
2 g LR 2 "1
F.=2|1+ 2o (et £ Ry) [1+—~i—1nf- (25)
Rg zﬁoreRg T f2~f1 fl

In both cases, pole frequency f, is lower than f, in Fig. 7.
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10. Practical viewpoints

a) If the differential amplifier is applied as a tuned amplifier, it has to be
connected to the input by a transformer (tuned circuit). Let the secondary
side impedance of the transformer be R; and assuming small signal operation
in case of a symmetrical drive, the noise figure is:

F’ :%‘F Rgl‘:— Rg , R,,- Rg

5 z

while in case of an asymmetrical drive:

F’ = F(Rgyq = Ry, Ry, = 0). (:

[ 8]
-1
~—

b) In case of broad bandwidth amplifiers, it is not expedient to apply

a transformer as it is difficult to provide it with the suitable band width, and

it can generate excess noises or even pick up external noises. In such cases

the amplifier is mostly fed from asymmetrical output sources. From the point

of bias stability, d.c. voltage amplifiers, should be supplied with equal resist-
ances terminating the inputs (R, = R), (Fig. 10).

F' = F(Ryy = Ry, Ry, = R). (28)

¢) With RC-coupled amplifiers, high, d.c. loop gain can be brought about

even in case there is no a.c. feedback (Fig. 11). Even the d.c. input terminals

may not be identical, and from the point of a.c., highly different impedances

R
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may exist on the two sides. This fact enables the approximation of the noise
figure of common emitter stages. In the case shown in Fig. 11:

F' = F(Rg; = Ry, Rgy = 0) (29)

d) In feedback amplifiers the situation is similar save that the noise
generated by the resistances of the feedback network has to be reckoned with.
If the entire amplifier output resistance is negligible, then in most cases the
resultant noise figure can be determined without difficulty.

Ry
0 Ki
Ry
Rz
RyxRy =Ry
Fig. 12
Ay

Rs Ry xRy =R,

Fig. 13
For non-inverting amplifiers (Fig. 12):

F/

R

F(Ry; = Ry, Rg, = Ry) (30)

For inverting amplifiers (Fig. 13):
R,

1

F’%[l—f‘* }-F(RglzRi, Ry = R;) (31)

e) The noise resistance of current sources (10) is generally negligible in
cases a) and b) in Fig. 4. (4); (6).

The equivalent resistance of the two-transistor current source applied
in monolithic integrated circuits may, however, influence the noise figure,
especially in case of an asymmetrical output (7).

As an example optimum source resistance and minimum noise figure
have been computed in three operating point of a sample-transistor, and com-
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plied in Tables 1 and 2 using the following data and assumptions:

U
’.el == re‘l frmg rE == IeT
Thpry == Tpprg == Tpp = 300 ohm
/301 == 16)02 = /30 = 300. (32)

Table 1

The current dependence of symmetrical and asymmetrical
noise figures and optimal source resistances in case of the current source
indicated in Figure 4c
Ry = Rgs == Ry, and R, = R, = R,, respectively

I, 5 10 pA 100 uA 1 mA
I, 2 kohm | 260 ohm 26 ohm
Fzopt 2.13 2.22 2.66
Reopt (s2) 50  kohm 8.2 kohm 2.25 kohm
Fasopt = Faropt 2.26 2.53 4.13
R gopt(a) 92 kohm 16.8 kohm 4.27 kohm
R, = 4kTAf/i§g 885  ohm 23.3 ohm 0.305 ohm

Table 2

The current dependence of symmetrical and asymmetrical noise figures
and optimal source resistances in case of the current source
to be seen in Figure 4c
Ry = Rg; Ry = 0; Ry = Ree = R,

I, 10 uA 100 pA 1 mA
T, 2.6 kohm 260 ohm 26 ohm
Foopt 1.09 1.16 1.47
Rgopt (s2) 83.4 kohm 11.6 kohm 2.96 kohm
Fazopt 1.18 1.4 2.73
Reopt (a) 127 kohm 23.5 kohm 5.5 kohm
R, = 4kT Af/i;‘;g 885 ohm 23.3 ohm 0.305 ohm

The transistors of the current source were regarded as similar to the transistors
of the long-tailed pair. It was assumed that the conditions in formula (8)
are valid and also that the current of the source is two times that of one of the
differential transistors. The current dependence of 3, the flicker effect and the
high frequency behaviour had been neglected.

On basis of the results obtained the following may be stated:

1. In case of asymmetric drive, the asymmetrical input termination
is more favourable from the point of noise.

5*
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2. In case of high current and asymmetrical output the noise of the
current source much influences the noise figure.

3. The optimum noise figure indicated for one transistor can be achieved
only in case of symmetric drive and symmetric output.

4. From the point of noise the most favourable circuit configuration
is the current source supplied only with resistance (see Fig. 4a).

5. The noise figure of the input stage in multi-stage, feedback amplifiers
is minimal, if the terminating resistance on the non-driven input is of a low
value. (See R, X R, = R, and R;, in Fig. 12 and 13, respectively.)

6. In monolithic integrated circuit amplifiers the bias current of the
transistors of the input stage, as well as the type of the current source are
given, thus the noise factor proper to the applied source resistance has made up.
There is no possibility for optimation in such a case.
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Summary

The noise problems of differential amplifiers are discussed in case of symmetrica
and asymmetrical input and output. New and more accurate results were obtained than in
noise investigations [1] using simple, two-stage cascaded transistor amplifiers. Noises from
different type current sources have been examined. The applied mode of treatment permits
to determine the noise factors of transistorized differential amplifiers and the value of optimum
source resistance in case of an arbitrary circuit configuration. Finally. some points of view
are given for the circuit configuration of low-noise input stages.
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