F13 Mot 10.

Amplifier Architectures

When a transistor is used in an amplifier,
oscillator, filter, sensor, etc. it will also be a need
for passive elements like resistors, capacitors and
coils to provide biasing so that the transistor has
the correct working point. These passive elements
will influence on the noise. In the following we
will look at some architectures and how they affect
the equivalent input noise.

Transistor configurations:
There are three main ways to place a FET/BJT in

an architecture:

BJT

FET

CE: Common Emitter

CS: Common Source

CB: Common Base

CG: Common Gate

CC: Common Collector

CD: Common Drain

CE/CS has the largest power amplification.
CC/CD is used to achieve high input impedance
and low output impedance.

CG/CB is used by achieve low input impedance
and high output impedance.




When the Eni is calculated for the gate/bias it is
almost equal for all configurations. Hence the Eni,
En and In calculated for CE/CS can also be used in
CC/CD and CB/CG configurations. This assumes
that the frequency is so low that the internal
collector-base feedback capacitance can be
Ignored.

NB! Although the input noise is the same this does
not apply to the output noise.
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The figure shows a transistor that is biased for low
noise operation between 10Hz and 10kHz.
The noise values are as follows:

10Hz 10kHz
En 2nV 2nV
In 2PA 0.3pA
Ro 100002 670002
NF@Ro 1.8dB 0.3dB

Small signal equivalent schematic for the circuit is
shown on the next page.
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Figure 10-2 Noise and small-signal equivalent circuit for CE stage.

The schematic shows a hybrid-r model together
with passive bias elements.

The voltage gain Kt:

Kt;[_ﬂRLJ[ Zi ”RD J
Zi Zs +Zi ” RD

Kt Is the voltage gain from Vs to Vo. The first
parenthesis is the voltage gain within the transistor
(B1s Ic/ls) while the second parenthesis is the
network in front of the base.




Z. =1 +r_+(f+1)Z,
The Input resistance Zi consists also of the
resistance you can see through the base to emitter.

(f+1=Iells).

R =Rl R,
The load resistance consists of both the collector

bias resistance, the transistor internal resistance
and the input resistance of the next stage: Riz.

Ze =R | _jXE.

The emitter impedance consists of a real part and
an imaginary part (a resistance and a capacitance in
parallel).

Zs =Rs — JX¢
The source impedance is a resistance in series with
a capacitor.

If we assume ignorable loss in biasing, coupling
and feedback we can simplify the expression for Kt
to:

K ~ IBRL

R Gy G/




If Zs << r.and Ze << re the expression is
simplified to:
R

Kt = _r—L - _ngL

e

We simplify and ignore the external load and
simplifies R. so that:

K=K, for R =R,

We will then have the following expression for the
equivalent input noise:

E2 ~E2 4 Ef(RSF: RDJ F12(Rg — jX o ) + I12R?
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In the expression, we recognise the first line (say
from section. 7.3). Last term is also known.
The second last term, however, need some
comments. The voltage over Re will not be Ee
for higher frequencies, because Ce will
"attempt to short-circuit” this. We choose to
model the thermal noise in Re as a current

noise of size le=Ee/Re. The noise current over
Re and Ce will be:
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Back to the expression for En:
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From the expression we find that to have low
noise:
Rb should be large relative to Rs.
Cc should be great.
Rs should be small.
Re should be small (less than Rs).
Ce should be high.
Kt should be large.
Rc should be large.
If the AC-coupling is not needed is remove Ro and
Ce.
CE has the greatest power amplification and noise
from stages following the amplifier can probably
be ignored.
The input resistance varies with Ic.

4334300



Choice of capacitance value.

Cc has a high pass effect with 3dB limit equal to
the sum of the source resistance and resistance to
the amplifier (including bias).

With regard to noise 1/(@Cc) should be much less
than Rs at the lowest relevant frequency. This is
because these are added and determines the
contribution of In: In<{(Rs+j/(wCc)). Obviously the
last term should be tried made small (<1/100)
relative to Rs. NB! Hence due to noise Cc must not
be used intentionally for filter functions!

Ce should short-circuit emitter AC-wise to ground.
The impedance of Ce should be small in relation to
the internal resistance in the emitter: re.

Basically noise in Re has the same weight as the
noise in the source. However, Ce will reduce the
contribution from Re. In the expression below is
the noise contribution from Re in the numerator.
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Common-emitter with one voltage
supply.

8 CB -l RB‘

* Low-noise resistor, NI < -20 dB
(a)

Here a point A is established supplying a stable
DC potential for the base and that AC-wise is short
circuited to ground through Ce.



The noise schematic is as follows:
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Equivalent input noise can be expressed as:

2
R. +R )
E2 = Enzs +E§(%) + Ir?(Rs - JXC)2
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In addition to the known terms, we have now a
new term in square parenthesis due to the base bias
network. The parenthesis is weighted with the
Rs/Ro ratio.

The DC-voltage at the base is determined by the
relationship between Ra and Rs as follows:
_ RgVec
* R, +R,




The contributing noise from the resistors Ra and Rs
should be relatively small. A good starting point is
to chose Cs so large that the noise In the relevant
frequency range satisfies the inequality:

2 2 2 2
EtA + EXA EtB + ExB

EZ >>
P 1+ w%R2CE 1+ w’RAC

Noise in the amplifier is given in the following
table:

10Hz 10kHz
En 4.5nV 4.5nV
In 0.3pA 0.1pA
Ro 10kQ2 450
NF@Ro | 0.68dB | 0.35dB
Kt 280
Ri 780




Noise in cascaded stages
We have previously studied the noise figure for
cascaded amplifiers. We will now look at the

equivalent input noise:
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The expression for equivalent input noise can be

expressed as follows ......
2 2 .2 2 2 .2
S R
Ktl KthtZ

Here ra IS the output resistance of stage 1.
Similarly for re, roes etc. Kii Is as earlier the voltage

gain.

As previously if the gain is large enough in the first
stage noise from subsequent stages can be ignored.



There are three methods one can use for noise
analysis of more complex systems such as
cascaded network:

e Manual network analysis (hand calculations),
e Use a simulator as say LTspice, or

e measure the system after realisation.

Tricks for simulation (and measurement):

If one is unsure of the impact of noise from a
source: simulate only with this source and measure
results on the end.



Combined architectures:

Common-Source --- Common-Emitter couple
CS provides high input impedance and high

voltage gain.
Q VCC = +15 Vv
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In the example is an JFET but the considerations
applies to MOSFETSs also.
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The noise figures for this circuit are as follows:

10Hz 10kHz
En 8nV 4nV
In 7fA 7TA
Ro 1.1MQ 570kQ
NF@Ro 0.03dB 0.015dB
The voltage amplification for the CS-stage is:
Ktl ~ _ gmlRLl
1+ 9mls

Ruand Zs: is given by:
Ru = Rp, | Iy | P
and

Ry =Rp |l Iy | R;;
The total voltage gain is:
K ~ gmlRLlﬂRCZ

T (1+ gm1281)(rx2 + r;z2)
When r= >> Rp1 and Rc2 >> ro2 we have that:

K ~ gmlRDlRCZ

tc —

r-e 2




To reduce the Eni-noise contribution from the FET
we Increase Ip1. But this assumes a smaller Rp1
which means less total gain.

The expression for the equivalent input noise for
this circuit is:

2
Rs; +R _ EZ,R?
e R s
RGl RGl
E821 1 2 2 2 2 EC2:2
+ + ES,+E, + 1R J+—
1+(a)R81C81)2 Kt21 ( > 2 2 Dl) Kti

e Rc1 must be large compared to RS
e Rc1 must be large compared to RS
e Cs1 must be sufficiently large

e Ki1 should be large and

e Kic should be great.



Common-collector --- Common-emitter couple
CC-CE has only a little larger En than a pure CE
stage but can offer higher input resistance and
lower input capacitance.

O VCC =+15V
2N4124
Io=10 pA
Io=30 pA
REZ e CEZ
470 k T 50 uF
O Vgg =15V

First stage has a gain of approx. 1. The total gain
IS:

K —=_ PiBRURC,
tc
(Rs Tlha T+ :BlRLl)(rxz T+ :BzzEz)

where
Ry =Ry | (rx2 +1 +1822E2)
The expression for K« can be simplified when

PiRL1>>(Rs+rxi+rz1) and rz>>rxe+ Ze2:

¢« = Re

tc —
re2



Equivalent input noise is:
2 2 2 2
R T e
tl K t1 K t1 Ktc
K’u Is the gain in the first CC stage with Re: as
load.

Kl — IglREl ~ REl
. RS+rX1+r7rl_rel+RS/ﬁl

e In CC and CD should the emitter resistance be
large.




Common-Emitter --- Common base couple
CE-CB has low input capacitance and high output
Impedance. Due to the low input resistance of the
second stage the voltage gain of the first stage will
be low. This reduces the high frequency feedback
(Miller effect) through Cu as discussed before. The
Input capacitance is thus much less than for a
regular CE step.
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Q1 provides power amplification but not voltage
gain (ie Q1 provides a current gain.) Q2 provides a
large voltage gain.

Rci 1S used to provide extra collector current to Q2
when there is a need for large gain-bandwidth.



The total power gain can be expressed as:

K —_ PR PoRe, _
te=
(ha+ 0+ Ry + BiZey) (1 + o + Zg)
PBRURe,

(rxl + r;zl + RS + ﬂlZEl)(rnZ + If'x2 + ZBZ)
where

r,+r,+72
R =Rea |l : ,812 = Feo
When Rs=0 and Rc1>>r4/ % we can simplify Kt to:
R
Ktc =——2
Ifel

The equivalent input noise is:
£ =L+ EL +IARE S EE + EL + 14(Ry + 26, ]

t1
Ex Es, Ec,
+ F 14 r 1+
Kt21|_1+(wcl32RA2)2J Kt21|_l+(a)CBZRBZ)2J Kti




Integrated BJT cascade amplifier

+VC‘C

Active load resistor

Here Q1 acts as a-CE-stage and Q2 as a CB-stage.
Q3 is load. The total voltage gain is:

re1
The equivalent input noise Is:
1 E?
2 2 2 2 2 2 2 2
Eni — Ens + Enl + IanS +F|:En2 + InZ(reZ +ZBZ) + K023
t1 tc
Here 1S Ku=re/rea. Since the collector currents are
equal so will Ku=1. Zs: is the impedance to Ves2

(should be low). Since Rez also is small the
contribution from In2 should also be ignorable.




The noise voltage from Q3 is:
E; =EsKg
The gain in Q3 is:

rO
K, = é ~ K
With these simplifications the expression for the
equivalent input noise is reduced to:

2 2 2 2 p2 3 2
Eni — Ens + Enl + IanS + En2 + En3

=2 2 2 52

tc



Differential amplifier
The two input signals Vi and V2 can be defined
relative to a common value (common-mode) Vc,

and a difference value Vb.

V, +V
Ve = 12 2, and Vp =V,-V,
We will then have:

V V
V1=7D—|—VC and V2=—7D—|—VC

The noise schematic looks as follows:

Rsl Enl
® +
Veor Eno
Ensl
I, " Noiseless
v, amplifier
R82 Er:2

The equivalent input noise Is:
2 2 2 2 2 2 p2 2 p2
E.=E +E,+E,+EL+1 R +1,Rs,

nsl ns?2



Differential connection:

+
Vso’ Eno

Noiseless
amplifier

We assume that the positive and negative input has
the same noise characteristics and adds together
the En and In-values for the amplifier.

Er?T = Er?l + Er?Z = 2Er?1

2 2 2
R R |
|12 R2 = 12| 5| +12| =S| =_nR?
nT " 'S nl(zj n2 2 2 S

When we put together with the source resistance,
we obtain the equivalent input noise:
BLS

E2 =EZ2 +2E; + ;



Noise model for the differential
amplifier.
Example of differential stage:

+VCC

T

a)
Voltage gain of differential signal:
_V02 _Vol _ _ZRC
dm — -
VSZ _Vsl i + RE + &
O

Here is gn=1/r. for each of the transistors.
Assuming identical transistors and Rcaa=Rc2=Rc,
Rei=Re2=Re and Rs:=Rs:=Rs

For the typical cases where Re=0 and Rs<<r. we

can simplify Kan to:
K, = - 2R.
re




b)
Gain for the common voltage signal:

— V02 JrVol _ - Rc
Voo +Ver 1+ Re +RS+ 2R
ot B

When Ree Is large we get:

-R
K, = —=

2R
C)

Differential voltage gain between outputs with
common input signal:

RC{ Rs +i + REZJ — RCZE Res +i + RElj
1 1

K. — V02 _Vo _ ﬂZ gmz ,Bl gm
dc — -
2V
2 ng 1 gml

Ideally if the inputs were completely symmetrical
Kde should be 0. When this is not the case one can

reduce Kdc say by increasing Ree.



Eni:
Enzi = E821 + Eéz + Enzl + Erfz + |§1R§1 + |§2R§2
2 2 2 2 2
ECl + ECZ + EEE + EVEE + EVCC
K K
Here is Evee and Evcc noise on the voltage supplies.

+EZ +EZ, +



Integrated BJT differential amplifier
It can be relatively large variation in process
parameters for integrated circuits from production
to production. However between the elements on
the same circuit the variation will be little. This is
exploited by basing designs more on the symmetry
between the elements than on their actual values.
On integrated circuits the common-mode noise
rejection is improved. On the other hand, on
Integrated circuits requires compromises that may
give more noise than when optimizing a process
for a single isolated component. Examples of these
compromises are:

e |long insulation diffuse sessions,

e active loads, and
e DOWeEr Sources.



The figure shows the integrated version of the
differential amplifier we studied previously.
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Equivalent input noise:
Enzi = E521 + Eszz + Enzl + Enzz + InZlezl + Inzz R522
Eqs + Evee + Evec

e
dc

Since common-mode rejection is high and all
active circuits have approximately the same
geometry and noise mechanisms, Eni will be

reduced to:
E’ =2E.+4E7 +217R?

2 2
+EL+EL+



Parallel amplifier stages

What when several amplifiers are placed in
parallel? Schematically, we can draw noise sources
as follows:

=
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We have:
e _E

. N and 1 =1JN

A new optimal source resistance can be defined as:
E' R

n _ ‘o

° 1I' N

Gain is given by:
A, = NA,

A significant contribution to the En -noise in a BJT
IS the base resistance rx. The base resistance can be
reduced by placing the base contacts all the way
around the emitter and the closest possible on the
emitter. In FETSs it is determined by the channel



resistances, and by gm. Low resistance and high gm
can be achieved by having a large W/L ratio. By

parallelising both the C’xz and the Miller effect is
Increased.



