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Introduction

Designers of small-signal amplifiers,
whether they be for telecommunications, radio
astronomy, medical instrumentation, or audio,
are forever faced with the problem of excess
noise, often referred to as noise figure or noise
temperature. Methods for decreasing the low-
frequency components of this excess noise,
known as 1/f or shot noise, have been success-
fully addressed, however it has only been in
recent years that high frequency noise compo-
nents, known as thermal or flicker noise, have
been dealt with.

In this paper, some popular methods for
suppressing high frequency circuit noise in
monolithic amplifiers will be reviewed, and al-
ternative methods having wider application and
suitable for realizations using discrete compo-
nents will be proposed and examined. Both
methods are also useful in the reduction of
intermodulation distortion (IMD) products.

A Brief Overview of
Semiconductor Device Noise

Before getting involved with details of cir-
cuitry, it is necessary that we gain a minimal
understanding of the nature of noise in solid
state circuitry. The primary types of noise en-
countered are 1/f, also known as shot noise,
and thermal, also known as flicker noise. This
latter form of noise is generally wideband and
of even spectral distribution, whereas the
former is concentrated at lower frequencies, as
its name suggests, and its spectral distrubution
is inversely logarithmic, as is shown for a typi-
cal 2N4957 bipolar transistor in Fig. 1 (1). Both
forms of noise are to be found in virtually all semi-
conductor devices, thermal noise being due
primariy to bulk resistances in the semiconduc-
tor material while 1/f noise in bipolar transis-
tors is due primarily to the fluctuation in the re-
combination rate of charge carriers in the emit-
ter junction depletion layer (2). These noise
sources are highly dependent on factors such
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Figure 1 - Shot Noise Figure for a
Typical Bipolar Transistor

as the collector (or drain) bias current (I), the
collector-emitter (or drain-source) bias voltage
(Vcgp): and the source resistance (Rg) (3). Fig.
2 illustrates these dependencies for a typical
2N4401 bipolar transistor.

Cancelling 1/f Noise

The cancellation of 1/f noise has been
reduced to practice in the design of both oscil-
lators and lossless feedback (aka Norton) am-
plifiers by methods that are roughly similar.

In oscillators, 1/f noise generated by the
oscillator transistor is detected, amplified, and
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Figure 2 - Wideband Noise Figure for a
Typical Bipolar Transistor with Respect to
Source Resistance and Collector Current
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inverted by a low-frequency low-noise device
and then applied to the input of the oscillator
device, forming a closed negative feedback
loop, the result being that the lower 1/f noise of
the low-frequency transistor dominates (4,5).
This serves to greatly decrease the single-
sideband (SSB) phase noise of the oscillator,
which is a serious problem in microwave fre-
guency sources.

In lossless feedback amplifiers, 1/f noise
at the emitter of the amplifier device is detected,
amplified, and inverted by a low-frequency low-
noise device and then applied to the base of
the amplifier device, again forming a closed
negative feedback loop in which the lower 1/f
noise of the low-frequency transistor dominates
(6, 7). In amplifiers as well as active mixers,
the 1/f noise modulates the bias current and in
turn modulates the signal, creating both AM and
FM noise that has the same baseband spec-
tral characteristics to either side of the signal
(2,8,9).

Both methods are similar in concept to
the method of active feedback proposed by
Walls et al (8) and have been proven to be ef-
fective in the suppression of 1/f noise, however
none of these methods are capable of reduc-
ing the effects of thermal noise.

The Bruccoleri Thermal
Noise Canceling Amplifier

An interesting innovation in small-signal
amplifier design was proposed in 2002 by
Bruccoleri et al of the University of Twente that
cancels both thermal noise and IMD products
(10, 11, 12, 13). Shown in it's basic form in
Fig. 3, the Bruccoleri amplifier consists of a pair
of amplifiers and a feedback resistor. The first
amplifier A, output has the amplified input sig-
nal as well as the IMD products and noise of
the transistor, and the output signal is in oppo-
site phase of the input signal. Atthe junction of
the two resistors and the transistor gate, there
is a small amount of signal that is of opposite
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Figure 3 - Concept of Bruccoleri’s
Thermal Noise Canceling Amplifier
(adapted from reference 10)

phase to the output signal and an equally small
amount of the IMD products and output noise
that is in phase with the output IMD products
and noise. Amplifier A, then amplifies the junc-
tion signal so that its output has the IMD prod-
ucts and noise of the output of the feedback
amplifier and which is of equal amplitude and
opposite phase together with an amplified in-
put signal that has the same phase and ampli-
tude as the feedback amplifier. These two out-
put signals are then summed, resulting in a dou-
bling of the output signal and a reduction of the
feedback amplifier IMD products and noise.

Unfortunately, the circuit is not capable of
simultaneous noise and IMD cancellation, and
further it is not capable of simultaneously
canceling third-order (IM,) and second-order
(IM,) products (10). Further, inthe analysis of
Fig. 3 amplifier A, is considered to be both
noise-and-distortion-free, Notwithstanding, a
reasonable approximation to simultaneous can-
cellation is however achievable in practice. De-
spite these and other minor shortcomings, the
circuit has gained some degree of popularity
amongst designers of wideband amplifiers for
television and telecommunications receivers
(14, 15, 16, 17).
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Figure 5 - Discrete Realization of Bruccoleri's
Thermal Noise Cancelling Amplifier

The Discrete Bruccoleri Thermal
Noise Canceling Amplifier

As shown in Fig. 5, the Bruccoleri ampli-
fier can be realised in discrete form. Here, tran-
sistor Q, and resistors R, and R, comprise the
negative feedback amplifier A, of Fig. 3, while
transistor Q, and resistor R, comprise ampli-
fier A, of Fig. 3. The power splitter/combiner
consisting of transformer T, and resistor R4
comprise the summation function of Fig. 3. If
the two transistors have similar characteristics
and biasing, the amplifier has twice the signal
gain of the negative feedback amplifier alone,
while the output noise and IMD products remain
the same, potentially giving the amplifier a 6dB
advantage in dynamic range.

Considerable experimentation with this
circuit proved to be disappointing, though the
3dB improvement in OIP, performance was re-
alised.

The Chin-Fu Signal Nulled
Feedback Amplifier

An interesting furtherance of the
Bruccoleri amplifier was proposed by Chin-Fu
et alin 2008 (18). Shown in its basic form in
Fig. 6, the Chin-Fu amplifier retains the feed-
back topology of Bruccoleri's first amplifier A,
but then modifies the second amplifier A, so
that just the noise and IMD products of ampli-

Trask, “High Dynamic Range Amps”

O Output
Rs

: P T

f

Figure 6 - Concept of the Chin-Fu
Signal Nulled Feedback Amplifier
(adapted from reference 18)

fier Al are amplified by amplifier A,.

The method is quite simple in concept and
is as follows: Since the phase of the output sig-
nal is opposite that of the input signal, there
exists a point along Ry in Fig. 3 where there is
a virtual signal null. Atthe same time, the out-
put noise and IMD products of amplifier A, are
not cancelled at this point, as shown in Fig. 6,
where a voltage divider consisting of the two
resistors Ry, and R provides the desired sig-
nal nulling. Amplifier A, amplifies and inverts
the scaled noise and IMD products, then sums
it at the output to provided the desired cancel-
lation, the degree of which improves as the sig-
nal gain of amplifier A, is increased

A simplified version of the Chin-Fu am-
plifier is shown in Fig. 7, where the feedback
resistor Ry, has been removed. The resistors
R, and Ri; now serve as both the feedback

Input Rf2
A\

Rf3
O Output
Rs

Figure 7 - Simplified Version of the

Chin-FuSignal Nulled Feedback Amplifier
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path for amplifier A, as well as the voltage di-
vider for amplifier A, and the sum of their val-
ues is equal to the value of the removed resis-
tor Ry;.

The Series/Shunt
Feedback Amplifier

The Bruccoleri and Chin-Fu amplifiers are
certainly sources of inspiration for alternative
approaches to the cancellation of thermal noise
and IMD products. One such alternative can
be realized by initially considering the series/
shunt feedback amplifier, shown in Fig. 8. Pat-
ented in 1970 (19), this topology has improved
distortion characteristics over the negative
feedback amplifier employed by Bruccoleri and
Chin-Fu as it incorporates two negative feed-
back loops, the advantage being due to the fact
that linearity in general improves as the number
of feedback loops is increased (20, 21, 22).
The value of the shunt feedback resistor Ry is
determined by:

I:QFB = RS (1+AV) (1)
where Rg is the source resistance and A, is
the amplifier voltage gain. The value of the se-
ries feedback resistor R is determined by:

R. = 1 HR AR @)
- AV I:QL +AV RS

where R, is the load resistance. If R, and Rqg

Rfb
ouT

IN ——— Q1

Re

Figure 8 - The Series/Shunt
Feedback Amplifier
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are identical, Eg. 2 reduces to:
R’
IQFB
which then needs to be adjusted so as to incor-

porate the finite emitter resistance r,, of the tran-
sistor:

Re = 3)

RL=R.-I. (4)
y . KT
re= 22 5
- hfe q|IC| ( )
where r,, is the base spreading resistance of

the transistor, Ic is the collector current, q is
1.60218 1019, k is Boltzman’s constant
(1.38066" 1023), and T is the absolute tem-
perature (298.16° K).

Referring now to Fig. 9, we now observe
the IMD characteristics of the amplifier. Since
the bulk of the distortion is a result of the
nonlinearities of the base-emitter junction of the
transistor, the IMD products also appear at the
transistor emitter, and then appear amplified
and inverted at the collector. The shunt feed-
back resistor Rfb of Fig. 8 has been divided
into two resistors Rpg; and R, the values of
which are determined by:

RFBl =

Rs (6)

RFB2 = Av Rs (7)
So as to produce a virtual signal ground at their
junction so that the signal is nulled and a scaled
version of the noise and IMD products are now
present. This is most convenient as we can
now detect and measure the transistor noise

and IMD products without any signal present.

The Discrete Chin-Fu Signal Nulled
Feedback Amplifier

Applying the modified series/shunt ampli-
fier of Fig. 9 to the modified Chin-Fu amplifier
of Fig. 7 results in the convenient and elegant
topology of Fig. 9 where amplifier Al of Fig. 7
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Figure 9 - Distortion Products in the
Series/Shunt Feedback Amplifier

consists of transistor Q, and resistor Re and
amplifier A, of Fig. 7 consists of the common-
emitter amplifier Q2 , whence will be referred
to as the noise/error amplifier.

ouT

When considering the noise/error ampli-
fier as being noiseless, as the gain of Q, is in-
creased, the noise and IMD products seen at
the input to the noise/error amplifier, being the
junction of R_;, and R_,, will diminish to zero
as the gain approaches infinity. This in turnre-
sults in no noise or IMD products at the ampli-
fier output.

With regard to practical realization, for fi-
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Figure 9 - Discreate Realisation of the
Simplified Chin-Fu Signal-Nulled
Feedback Amplifier
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nite values of gain for Q, there will remain some
small amount of noise and IMD products from
signal amplifier transistor Q, appearing at the
output which will be added the noise of the
noise/error amplifier transistor Q..

At the same time, owing to the lack of
desired signal at the base of Q,, the amount of
IMD products generated by the noise/error am-
plifier will be insignificant. Consequently, the
dynamic range requirements for Q, are greatly
diminished, which which results in a significant
degree of flexibility in the overall design. Re-
turning to the earlier discussion about the de-
pendency of NF on biasing conditions, transis-
tor Q, can be operated at an appreciably lower
bias current where it has a more favourable NF,
while still having sufficient dynamic range to
accomodate the low levels of noise and IMD
products from signal amplifier transistor Q,.

Prototype Design and Evaluation

A protype push-pull amplifier using a pair
of simplified Chin-Fu amplifiers having 12dB
of gain was constructed and evaluated, the
schematic of which is shown in Fig. 10. Using
Eq. 6, the value for resistors R, and Ry is:

R,= R,= 2N?Rq (8)

where N is the turns ratio of the 1:N:N trans-
formers T, and T,. Using Eq. 7, the value for
resistors R; and R is determined by:

R.= R, = 2N°R A, (9)

Using Eq. 3, Eq. 4, Eq. 8, and Eq. 9, the
emitter resistor R’g required is:

, 1 H2N2R )R, _
Re= A BONR +R.O T
\Y L 5

_ LE@E_r
Ay Rs*+R, eRS:RL

where r is the emitter resistance, determined
by Eq. 5. The resistor network consisting of

(10)
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T4-1 or T4-6T)

Figure 10 - 12dB Simplified Li Amplifier Schematic and Parts List

R,, R, and R, is convenient as it allows for the
use of encapsulated resistor network SIPs that
track far better over temperature than do indi-
vidual resistors, and the value for R , R, and R,
is determined by:

(11)

Resistor R, is selected to produce the
desired collector current for the signal ampli-
fier transistors Q; and Q,, while resistors Rq
and Ry are selected to produce the desired col-
lector current for the noise/error amplifier tran-
sistors Qg and Q,.
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A considerable amount of testing was
done with this circuit at a frequency of 10MHz,
exploring various collector currents for Q,/Q,
and Q4/Q,. Inthe end, a collector current of
10mA for Q,/Q, was found to give the best com-
bined performances for NF and IMD, and the
collector current for Q,;/Q, was varied over a
range to provide a performance range suitable
for demonstrating the performance that can be
attained, which is shown in Fig. 11. Note that
there is a fairly decent improvement in NF for a
Q4/Q, collector current of 150mA, but there is
little improvement in IMD performance even
with a Q,/Q, collector current of ImA. This may
be due to the NF of Q5/Q, deteriorating with
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Figure 11 - IMD and Noise Figure Performance vs. Error Amplifier Current

increased collector current, resulting in mask-
ing the closed-loop NF improvement of Q1/Q2.
Though a bit disappointing with regard to the
lack of appreciable improvement in IMD per-
formance, the NF results show that there is
some value to this topology, and further investi-
gation with different transistors may prove
worthwhile.

The Augmented Series/Shunt
Feedback Amplifier

The supposition that noise from Q5/Q, in
the simplified Chin-Fu amplifier is impacting the
overall NF of the amplifier begs the question if
a similar amplifier can be devised that does
not require an active noise/error amplification
stage. One such possibility is shown in Fig. 12,
where the error/noise signal at the virtual sig-
nal ground at the junction of R, , and Ry, is
coupled to the base of of the amplifier transis-
tor Q, by way of a signal combiner, thus aug-
menting the amplifier by providing an additional
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feedback loop that consists of just the inverted
and scaled IMD products and noise of Q. Ini-
tially this would be considered to be impracti-
cal as the input ports of the signal combiner
should be isolated. However, an approxima-
tion can be made by realising that the signal
input port and the virtual signal ground are both
of relatively low impedance while the base of
Q, is of relatively high impedance. Initial

RFBQ

RFBI

O Jutput

Figure 12 - Generalised Schematic of
the Augmented Series/Shunt Amplifier
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Figure 13 - Generalised Distortion Model
of the Augmented Series/Shunt Amplifier

PSpice simulations shows this approximation
to be valid. Interestingly, transistor Q, is pro-
viding its own predistortion.

Referring to Fig. 13, the distortion model
of the augmented series/shunt amplifier in-
cludes a distortion-free amplification stage of
voltage gain B between the signal null and the
signal combiner. The open-loop distortion volt-
age seen at the output is determined by way
of:

H AVour Rs -
HRS +Rp +Rg,

— FP\ BVOUT (RS + RFl) V
Rs+R, +R,, VP (12)

VOUT =~

where V), is the open-loop distortion voltage
and A is the voltage gain of the amplifier. Eq. 13
is the closed-form solution, which shows that
the output distortion decreases as the error/
noise signal gain B increases, and becomes
zero as B approaches infinity:

RFBl RFBS

utput

N
Input

g Q1
T1

[

REl

Figure 14 - Generalised Schematic of
the Augmented Series/Shunt Amplifier
with Passive Feedback

series/shunt amplifier is shown in Fig. 14, where
a wideband transformer of turns ratio N:1 is
used as the signal combiner. The resulting out-
put distortion voltage is approximately that of
EqQ. 13, substituting N for the error/noise gain
variable B, as shown in Eqg. 15.

Referring to Fig. 15, the noise model of
the augmented series/shunt amplifier includes
the input noise sources V of amplifier A. The
open-loop equation for the total output noise is:

_H AVuRs E_
H?S+RF1+RF2

_ HABVN (RS+RF1) _ AVN (16)
H RS+RF1+RF2

and Eq. 17 is the closed-loop form. Inthe same
manner as with the discussion of the distortion
properties, when the signal gain B is increased
to infinity, the total output noise becomes:

VOUT =

Vour = O|BH00 (24)
o Vour = O ., (18)
A passive realisation of the augmented
Rs+Rg +R []
V F1 F2 =
our = Viwo R, (L+A +AB)+ R, (1+AB)+R,, (13)
Rs+Rg +R []
V F1 F2 = 15
our = Vivio R (L+A +AN)+ R, (1+AN)+R,, (13)
Rs+R +R
V AV H F1 F2
o = T AV R A A+ AB) R, [+ AB)* Ry, E .
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VOUT =-AV H

§ HRS (1+A +AN)+ I:aFl (1+AN)+ I:'2F2

Referring back to Fig. 14, where a wide-
band transformer of turns ratio N:1 is used as
the signal combiner, the resulting output noise
voltage for a passive realisation of the aug-
mented series/shunt amplifier is approximately
that of Eq. 17, substituting N for the error/noise
gain variable B, as shown in Eq. 19.

Prototype Design and Evaluation

The topology and analysis of the aug-
mented series/shunt amplifier indicates that the
noise and distortion performance of the com-
mon series/shunt amplifier can be improved by
providing an additional feedback path that con-
sists of a lossless, distortion-free wideband
transformer. To evaluate the degree of improve-
ment, a prototype circuit was constructed, the
schematic of which is shown in Fig. 16. In or-
der to make a proper comparison with the ear-
lier simplified Chin-Fu amplifier of Fig. 10, the
same parts were used, and the overall modifi-
cations consisted mainly of the inclusion of
transformer T,

Some discussion of tranformer T, is nec-
essary as it is not exactly straight-forward.
Since the circuit is balanced rather than single-
sided, the secondary winding is shared be-
tween the two sides. To be consistent with good
wideband transformer construction practice,
only those configurations that can be achieved

RFBB

RFBl

O Hutput

VN

Figure 15 - Generalised Noise Model of the
Augmented Series/Shunt Amplifier
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Rs+Rp +Rp E (19)

with 2-wire bifilar and 3-wire trifilar windings
were used (23).

The first form was made with a single wind-
ing of three trifilar turns on a Fair-Rite
2843002402 binocular core, shown in Fig. 17.
This results in a 1:1:1 transformer for the bal-
anced amplifier, which is the equivalent of a
1:0.5 (or 2:1) transformer for a single-sided
amplifier.

The second form was made with a pair of
three bifilar turns on a Fair-Rite 2843002402
binocular core, with one wire from each bifilar
pair connected in series, as shown in Fig. 18.
This results in a 1:2:1 transformer for the bal-
anced amplifier, which is the equivalent of a 1:1
transformer for a single-sided ampilifier.

Lastly, a third form was made with a pair
of trifilar turns on a Fair-Rite 2843002402 bin-
ocular core, with two wires from each trifilar
bundle connected in series alternately, as
shown in Fig. 19. Thisresultsina 1:4:1 trans-
former for the balanced amplifier, which is the
equivalent of a 1:2 transformer for a single-
sided amplifier.

Testing conditions are kept as with the
previous circuit shown in Fig. 10 so as to make
a proper comparison, with R, ; having been ad-
justed for the same 10mA of collector current
for Q,/Q,. Both NF and IMD tests were per-
formed at a frequency of 10MHz.

T1+ P R4 /RS
e ()| Bose
@ —— (2 Base

T1- R&6/R/

Figure 17 - 1:1:1 Transformer T3 Detalls
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T2 - see text

Figure 16 - Balanced 12dB Augmented Series/Shunt Amplifier Schematic and Parts List

The test results given in Fig. 20 show that
the augmented series/shunt amplifier has a sig-
nificant advantage in IMD performance over the
earlier modified Chin-Fu amplifier, and it ap-
pears that at least for the devices and trans-
formers used, the improvement in OIP; is di-
rectly proportional with the turns ratio of trans-
former T,.

The NF performance shows a moderate

R4/RS
=za ()] Base
=m0 BOSEO
R6/R7

Figure 18 - 1:2:1 Transformer T3 Details
Trask, “High Dynamic Range Amps”

improvement over that of the modified Chin-Fu
amplifier, but the minimum was unexpected.
Simulations with PSpice verfied that this would
occur with varying turns ratios of transformer T,
and the hypothesis here is that the source im-
pedance seen by the base of transistor Q, var-
ies as the turns ratio N of T, is varied. Refer-
ring to Fig. 21, the source impedance Ry, seen
by the base of transistor Q, can be approxi-
mated as:

Rl R1/GL/NI Gl

R4/R5
T QL Base
NL/N2
%@gm
T1- Qe Base
R2 R2/G2/N2 = R6/R7

Figure 19 - 1:4:1 Transformer T3 Details
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31 10
30 [1 9
1 -+ 12dB Measured OIP3 -
—0—12dB Measured NF [
g A\ |
29 8
m / L o
© 3 ©
N | N
o ///// =
e
6 ’ | /) | !
27 D/ 6
26 ‘ 5
0 0.5 1 1.5 2 2.5

Feedback Transformer Turns Ratio
Figure 10 - 12dB Proposed Amplifier IMD and NF Performance

Ry = Rs” (RFl +Rp, + RL)+
+N(RS+RF1)|| (RF2+RL)=
- Rs (RF1+RF2+RL)
R+ Ry +R, R,
+ N(RS+RF1)(RF2+RL)
Rs+ Ry +R +R,

+

(20)

This presents interesting possibilities, as
the NF of the augmented series/shunt ampli-

RFBI RFBS

Rs N . R
ORYy

Tl 1
_ ® [
- m o

Figure 21 - Source Impedance Model of
the Augmented Series/Shunt Amplifier
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fier can be adjusted by selecting an appropri-
ate turns ratio N for transformer T,, while at the
same time transformer T, provides improved
IMD performance over other forms of small sig-
nal amplifiers discussed here.

Synopsis

Various forms of amplifiers have been
shown in the literature to provide improved NF
performance by way of feedforward (Bruccoleri)
and signal nulling (Chin-Fu et al) and other sig-
nal combining techniques (24). These amplifi-
ers discussed herein have provided inspiration
in devising yet another topology that provide im-
proved NF and IMD performance and which can
be reduced to practice using common discrete
components.
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