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On the Calculation of Noise in Multistage Amplifiers

W. Marshall Leach, Jr.

Abstract—It is shown that it can be a fallacy that the noise figure of a
multistage amplifier is primarily determined by the noise figure of the first
stage if the available power gain of the first stage is sufficiently high. The
expression for the equivalent input noise voltage of a multistage amplifier
is derived, where each stage is represented by the Vy, — I,, amplifier noise
model. It is shown that the noise contributed by stages following the first
stage is lowest when the first stage has a high transconductance, an input
resistance that is high compared to the source resistance, and a high
open-circuit voltage gain. In addition, the second stage must have a low
input current noise. Circuit topologies which meet these conditions are
described.

I. INTRODUCTION

The concept of noise figure (also called noise factor) was intro-
duced in the 1940’s as a method of specifying the noise performance
of RF receivers [1], [2]. The noise figure F of a two-port network
is defined by

Nao
Naos

where N,, is the incremental available noise output power from
the network and N.o, is that part of Na, caused by the source
which drives the network [3]. The units of Ny, and Ngos are
W/Hz. The noise figure is often specified in decibels by the relation
1010g(Nao/Naos)-

The incremental available output power from any network is de-
fined as the maximum value of the output power per unit bandwidth.
This is the output power per unit bandwidth delivered to a load
impedance equal to the complex conjugate of the output impedance
of the network.

Fig. 1 illustrates the cascade connection of N two-port networks.
Let the j-th stage have the noise figure F;. The noise figure of the
cascade connection is given by [3]

F, -1 F5—1 Fy—1

G T GG T T GaGa Gany O
where G.; is the available power gain of the j-th stage. The available
power gain is defined by

F =

M

F=F+

Fao
Pas

where P,, is the incremental available output power in response to
a specific source and P, is the incremental available input power
from that source. The units of P,, and F,s are W/Hz.

If Ga1 is sufficiently large, (2) seems to imply that the noise figure
F is primarily determined by the noise figure F of the first stage.
This conclusion is often applied in the noise analysis of multistage
amplifiers to justify neglecting the noise of all stages following
the first stage [3]-[7]. However, this is not necessarily correct. For
example, an increase in (.1 can cause an increase in F» so that the
term (Fa — 1)/Ga1 in (2) approaches a nonzero limit as Ga1 — 0.
In this case, the noise figure of the amplifier may not be primarily
determined by the noise figure of the first stage.

Ga = (3)

Manuscript received May 24, 1994. This paper was recommended by
Associate Editor D. Haigh.

The author is with the School of Electrical and Computer Engineering,
Georgia Institute of Technology, Atlanta, GA 30332 USA.

IEEE Log Number 9409320.

RS Stage 1 Stage 2 Stage N
Fq Fo Fn +
Vs RLS Yo
Ga1 Ca2 _ Gan -

Fig. 1. N-stage amplifier, with each stage having a noise figure F' and an
available power gain Ga.

This paper investigates the noise analysis of multistage amplifiers.
The analysis is directed toward low-frequency analog circuits so that
frequency response effects can be neglected. The noise generated by
each stage is modeled by a series input voltage and a shunt input
current. Conditions are identified for which the noise generated by
the stages following the first stage can be neglected. Possible circuit
topologies which meet these conditions are identified.

II. A NoISE FIGURE FALLACY

The noise generated by any amplifier can be modeled by two noise
sources at its input. One is a series voltage source and the other
is a shunt current source. Two noise sources are required in order
for the sources to be independent of the output impedance of the
network which drives the amplifier [8], [9]. In general, the correlation
coefficient between the two sources is not zero. The model is called
the Vi, — I,, amplifier noise model.

Fig. 2 illustrates a cascade connection of V amplifier stages, where
each stage is modeled with the V, — I, model. All sources represent
instantaneous values. The voltage v;, is the thermal noise generated
by the source resistance Rs. For the j-th stage, vn; is the series input
noise voltage, in; is the shunt input noise current, Ri; is the input
resistance, R,; is the output resistance, and i,; is the short-circuit
output current. The latter can be written ioj = gm;¥ij » where gm
is the transconductance and v;; is the voltage across Rij;.

The noise figure of the amplifier is given by (2). Consider the case
N = 2. It is straightforward to show that Fy, Ga1, and F> are given

by
<(Un1 + ianS)2>

Fi=1+ oy @
R, 2
Gar = (Ef}?) 921 RsRa 5)
n .Tl. RO 2
F2=1+ﬁv—ﬂu—2—‘~)—> (6)

(v3o1)

" where the symbols (-) represent the time average or mean value of

the quantity enclosed. In (6), the term (vt201> represents the mean-
square thermal noise voltage generated by a resistor of value Ro1,
i.e., a resistor having a value equal to the source resistance seen by
the second stage. This noise is not represented by a source in Fig. 2
because it is only used in the definition of F».

The mean-square thermal noise voltage generated by any resistor R
is given by <vt2> = 4kTRAf, where k is Boltzman’s constant, T' is
the absolute temperature, and A f is the bandwidth in Hz over which
the noise is measured [3]. It follows that (vt201> in (6) can be written

R, R,
(vin) = Fo X AKTRsAf = F= (o) ™
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Fig. 2. N-stage amplifier with each stage modeled by the V. — I, amplifier noise model.

where (vi,) = 4kTRsAf. Thus an alternate expression for F is

RS <(7Jn2 +in2Rol)2>

=1 8
2 + Rt X oy ®)
For R,; — o0, it follows from (5) and (8) that
Roliriloo Ga1 =00 9
. FB-1 Rs\ (in2)
1 =14+ = . 1
pim o ( " Ra ) PN (o

It is clear that (Fy — 1)/Ga is not necessarily small compared to £y
even though G is infinite. It follows that the noise generated by the
second stage cannot be neglected, in general, if the available power
gain of the first stage is large. In RF circuit design, this fallacy may
not arise when circuits are designed for a fixed output impedance.
In analog circuit design, however, the output impedance of a stage
can be very low to very high, depending on the topology. In this
case, it can be a fallacy to assume that the noise generated by stages
following the first stage can be neglected if the available power gain
of the first stage is high.

III. EQUIVALENT NOISE INPUT VOLTAGE

Let the open-circuit input voltage to the j-th stage in Fig. 2 be
denoted by v;j(oc). This is the input voltage with Ri; open circuited.
The short-circuit output current can be written

ioj = GmjvVij(oc) an
where G.,; is the transconductance gain defined by
G By 12)

™I R + R

and R,(;—1) = Rs for j = 1. The ratio of the open-circuit output
voltage to the open-circuit input voltage is given by GujRo;. It
follows that the overall voltage gain of the amplifier is given by

Av = 22 = GmlRole2R02 e GmN(RoN”RL)

Vs

(13)

With these definitions, the instantaneous amplifier output voltage
can be written

Vo = Av Us + Vts + Un1 +in1RS

Va3 + tn3Ro2
Gmi1Ro1Gma2Ro2
UnN +inNBo(n-1)
Gm1Ro1GmaRoz - Gruv—1)Rov—1) |
(14)

Un2 + inQRol
GmlRol

Let v,; be the instantaneous equivalent noise voltage in series with
the input which generates the same noise at the output. It follows

from (14) that this is given by

Un3

GmlRole2Ro2
UnN
Gmi1Ro1Gma2Roz + - - Gryn-1)Ro(n 1)
. inZ in3
O
Finlts Gml + GmlRole2
inN

GmlRole2R02 oo Gm(l\f—l) '

VUn2

mlRol

Uni = Vts + Un1 + a

(15)

If Gy is sufficiently large, it can be seen from this equation that
vn: is primarily determined by the noise of the first stage. It follows
from (12), that G,,1 cannot be large unless gn.1 is large. This is a
condition that can be difficult to achieve in practice.

A BJT biased at the collector current Ic = 1 mA has a
transconductance ¢, = Ic/Vr = 0.0386 S, where Vr = 0.0259 V
is the thermal voltage at T = 27° C. The transconductance of a FET
is smaller typically by a factor of 10 or more. It can be concluded
that it can be difficult in general to design a multistage amplifier for
which the noise is primarily determined by the first stage if the only
requirement for that stage is a large gm.

IV. CoNDITIONS FOR MINIMUM NOISE

Examination of (15) shows that all noise terms due to the stages
which follow the first stage, with the exception of the i,z term,
are inversely proportional to the first-stage open-circuit voltage gain
Gmi1Ro1. If this gain is sufficiently large, these noise terms can be
neglected. To maximize the first-stage open-circuit voltage gain, the
product G..1 Ro1 must be maximized. This can be achieved only if
the stage has a high output resistance. That is, its output circuit should
look like a high-resistance current source. For a BJT first stage, the
highest small-signal output resistance is obtained with the common-
emitter (CE) and common-base (CB) configurations. Similarly, for a
FET first stage, the highest small-signal output resistance is obtained
with the common-source (CS) and common-gate (CG) configurations.

To minimize the i,2 term in (15), G»1 must be maximized and
the second stage must exhibit a low input current noise. It follows
from (12) that G, is maximized when the input device has a
high transconductance and an input resistance that is high compared
to the source resistance. The current noise of the second stage is
minimized by selecting a second stage device which exhibits a
low input current noise. Because the FET exhibits essentially zero
current noise, it is the preferred device for the second stage. Practical
considerations demand that this stage be connected in the common-
gate configuration. Otherwise, a shunt bias coupling network could
be required between the two stages which would increase the noise.
An additional advantage of the CG second stage is that its small-
signal input resistance is low. This makes the loaded voltage gain
of the first stage low, thus reducing the Miller effect and increasing
the bandwidth.

Fig. 3 shows the topologies which minimize the noise contributed
by the second stage. In Fig. 3(a), the first stage is a BJT stage. For
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Fig. 3. Topologies for the first two stages of a multistage amplifier which
minimize the noise contributed by stages following the first stage.

vo = 0, the BJT operates as a CE amplifier with a source resistance
Rs = R;. For vi = 0, it operates as a CB amplifier with a source
resistance Rs = Raz. For both configurations, it can be shown that
Gr1 and Gy R,y are approximately given by

Ri+r. Ry Vp\7'
Gm1 = 1_+r_+._2__+._T (16)
B a Ic
Gt Rot = Va+Ves an

Vr +Ic(Ri+r:+ R2)/B

where « and g are the BJT current gains, 7., is the base spreading re-
sistance, I¢ is the collector bias current, V4 is the early voltage, Vog
is the collector-to-base bias voltage, and Vr is the thermal voltage.
Because 3 > a, it follows from (16) that G,,.1 is maximized for the
CE configuration with R2 = 0. If the source resistance is zero, both
configurations give the same values for G,,1 provided the resistance
in series with the unused input is zero. For both configurations, the
value of Gm1 R,y is maximized when the resistance in series with
the unused input is zero. In addition, the BJT should have a large
0 and a large V4.

In Fig. 3(b), the first stage is a FET stage. For v = 0, the FET
operates as a CS amplifier with a source resistance Rs = R;. For
vy = 0, it operates as a CG amplifier with a source resistance
Rs = R,. For both configurations, it can be shown that Grm1 and
Gm1 R, are approximately given by

1 -1
Gmi=|R e — 18
= (Rt 57 )
{K (1
GmiRo1 =2 E(X+VDS) 19

where K is the FET transconductance parameter, Ip is the drain
bias current, A is the channel length modulation parameter, and Vps
is the drain—to-source bias voltage. It follows from (18) that Gm:
is maximized when the input stage is operated as a CS amplifier
with R2 = 0. In the case that the source resistance is zero, both
configurations give the same values for Gy . The value of Grm1 Ro1
is the same for both configurations and is independent of the source
resistance and the resistance in series with the unused input. It is
maximized when the FET has a large K and a small A.

V. CONCLUSIONS

If the available power gain of the first stage of a multistage
amplifier is high, it can be a fallacy to assume that the noise generated
in the following stages can be neglected. The equivalent input noise
voltage of a multistage amplifier is primarily determined by the first
stage when that stage has a high transconductance, an input resistance
that is high compared to the source resistance, and a high open-
circuit voltage gain. In addition, the second stage must have a low
input current noise. Circuit topologies for the first two stages which
minimize the noise contributed by stages following the first stage
are a CE or CB BIT stage followed by a CG FET stage and a CS
or CG FET stage followed by a CG FET stage. Unless the source
resistance is very small, the CE and CS configurations for the first
stage are preferred.
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An Optimized Compensation Strategy
for Two-Stage CMOS OP AMPS

G. Palmisano and G. Palumbo

Abstract— An optimized compensation strategy for two-stage Miller-
compensated CMOS operational amplifiers is presented. The output
conductance of the buffer which avoids the right half-plane zero is
profitably used to achieve a pole-zero compensation. Indeed, thanks to
a proper choice of the buffer transconductance, the compensation for the
pole due to the load capacitor is reached, thus providing better frequency
performance.

[. INTRODUCTION

Two-stage transconductance operational amplifiers (op amps) are
widely used in CMOS analog integrated circuits based on switched-
capacitor circuits, because they provide good values for most of their
electrical parameters. Indeed, the advantages of these amplifiers are
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