More transistor amplifiers

Aims:

« Study the following single transistor amplifiers:
— Emitter degenerated Common Emitter
— Common Base
— Common Collector

 Study the single transistor MOSFET amplifiers



The emitter-degenerated common emitter amplifier

 Add a Z-to the common emitter amplifier
VCC

 Schematically:

» The feedback network samples the emitter current. Since he emitter current is equal to
the sum of the base and collector currents we can say that the feedback network (Rg)
samples both input an output current.

» The voltage developed on the feedback resistor is in series with Vg so the feedback
voltage is subtracted from the input voltage.

» We can approximately analyse this circuit with the second form of the Miller Theorem



The 2" form of the Miller theorem

» consider an impedance connected in series with the common terminal of a current
amplifier of gain H. I
:[3 11 2

I,

 Looking from the input, the voltage developed on the feedback element is:
V, :(i1+i2)ZC :(i1+ Hil)ZC =>Zyin :(1+ H )ZC

 Likewise, looking from the output, the amplifier has a gain=1/H, so the voltage
developed on the feedback element is:

1 : 1
V, :(:Hﬁj Lo = Ly ou :(:Hﬁj Z.

» the two diagrams above are equivalent in terms of their input and output
impedances.

« NOTE: Only if the amplifier is ideal its current gain will not change as a result of
the introduction of the Emitter degeneration resistor



The emitter degenerated CE amplifier
an application of the series version of the Miller theorem
— alC
*oa

B lvee=0

:IBO = ngﬂ'

A transistor has a current gain : h

The series version of the Miller theorem says:

Zo(H+1) Ze(1+1/H)

The following two circuits have identical input and output impedances:

) (1+1/7,) R,
R, (147, )R,

The emitter degenerated amplifier can be analysed as a common emitter amplifier
driven from a larger source impedance, and with an added impedance in series to the output!



The emitter-degenerated common emitter amplifier

 Add a Z-to the common emitter amplifier
 Schematically:

» The feedback network samples the emitter current. Since he emitter current is equal
to the sum of the base and collector currents we can say that the feedback network
(Rg) samples both input an output current.

» The voltage developed on the feedback resistor is in series with Vg so the feedback
voltage is mixed into the input voltage.

» This is an example of series-series feedback.



“Miller Cancellation” and the narrowband high-gain RF amplifier:
how to use negative feedback to overcome the GBW restriction
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* Inductive shunt-shunt (“Miller”) feedback is used to cancel Cg. at signal frequencies.
» An additional (big) DC block capacitor may be included in the feedback path.
» As a result, the input impedance at signal frequencies is not subject to the Miller effect:

Z =R _[[Cg

» The input admittance at resonance does not depend on the magnitude of the voltage
gain. The input pole has been moved to a much higher frequency.

» This technique is used to obtain very high voltage gain over a narrow signal band at
radio frequencies, e.g. in antenna amplifiers.




Common base amplifier

B RBB CTBC ot
VW 1l ..
i C gV sz ¢ CE-L
— ' ‘EE —I— R, —,— R, Zy
S E
Iy ~ s

The Common Base amplifier has the input at the emitter and the output at the collector.
The usual small signal model is not satisfactory; the gain element connects input and
output, not output and ground as is usual

However, the controlled current source g,, depends on its terminal voltage Vg
We will set Vg=0 ; if Rgg is significant it can be viewed as series-series feedback.

With a few simple circuit transformations the CB can be described by a “Pi”’ model.



Common Base amplifier (2)

» Add a loop of current sources of magnitude g,,Vg
» Observe that the BE current source is controlled by its terminal voltages, so it is an

impedance of magnitude 1/g,,

The final form is the same as of CE amp.
Notice that this is a NON INVERTING amp.

Still, the analysis is identical of that of the
CE ampilifier, apart for the signs.




Common Base amplifier (3)

The AC analysis of the CB “Pi”’ model is same as for the Common Emitter amplifier.

Neglect the shunt-shunt Miller implicit feedback.
Since this is a “Pi” network we can write the input admittance, voltage gain, miller
admittance and output impedance by inspection:
Yin :% =0, +SCpq¢ +(A\/ +1)SCCE =0, +5C¢e
dv,,
A Ve L=g,(Z /IR =9,Z,

In

Y =1/R, +sC.
Zout = ZS (1+ ngS)+ RA

In comparison to the CE amplifier:

* Much larger (by a factor of B) input admittance

« Same, but of opposite sign, transconcuctance

» Output impedance depends strongly on signal source impedance.

* Much smaller shunt-shunt Miller admittance, but with a resistive component!

» Positive shunt-shunt Miller feedback. Input admittance may get inductive at high freq.



Frequency response of the CB amplifier

Some observations on the frequency response of the CB amplifier:
» The output pole is at roughly the same frequency as in the CE amplifier.
» The input pole is at a much higher frequency than in the CE amplifier,
because of the much higher input admittance. As a result,
« The common base amplifier IS NOT a dominant pole amplifier
» The shunt-shunt Miller feedback is positive. If CB is used with high voltage
gain its input impedance may become inductive!
* Due to the positive Miller feedback, the bandwidth may increase with
increasing voltage gain!
» the CB configuration with high frequency transistors that have a small
early voltage may even lead to a negative real part of the input impedance.

Uses of the CB amplifier:

» Optical preamplifiers. Its small input impedance makes it a good current to
voltage converter.

» As second stage in high frequency amplifiers (in “cascode” and differential
amplifiers)

» Oscillators. The implicit positive feedback makes the CB prone to oscillation



The Common Collector amplifier

 Uses: Power amplifier or unity voltage buffer
 Medium-high input impedance

« Low output impedance

e Theload is connected in series-series feedback!

« The topology has implicit positive feedback.
Vee

C
From the analysis of the emitter degenerated CE amplifier we know the input impedance:

Z. =27 (1+ 9.7, (,B+1)/,B) with Z, =gﬁ//(c:BE +(A +1)CBC)

The voltage gain is simply:

dVout:gr{nZinZE: ngE 1 ~ ngE :1 Sinceg': gm
dv. zZ +Z, 1+9,Z2.\1+Z.1Z, ) 1+9.Z. " 1+g9 R

S




Common Collector amplifier (2)

We still need to calculate the output impedance and reverse gain of the CC amplifier.
Observe that the dependent current source is controlled by one of its terminals
The following 3 diagrams are equivalent:

E E E
EnVEE EaV5c EmVBe
ZnV e 1/ gn
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So that the common collector amplifier reduces to:
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it follows that the output impedance is the output element without the Z, contribution, namely:
Zout = RA //(1/gm)//CCE zllgm

Having brought the CC amplifier in a “pi” model the formal analysis of the frequency response

is identical to that of the CE amplifier. Z,_is very important for the CC frequency response.

The CE, like the CB has positive shunt-shunt Miller feedback.




Biasing transistor amplifiers

* We pay little attention in these notes on how the DC operating point of a transistor
amplifier is established.

 Any one of the biasing schemes studied in the first year will be assumed.

* This usually means that we need to consider an additional impedance to ground
describing the Thevenin impedance of the biasing circuit.

 The bias network thevenin impedances are NOT shown in these notes, but must be
always be included in a real problem analysis.

* DC bias networks are always designed to implement the following logic:

LPF [« DC bias
DCbas || LPF ¥ Transistor i
@ Amplifier HPF | Signal out

Signal m - HPF

1
A common implementation of biasing in transistor amplifiers is with 15t order filters:
Yo e By superposition analysis the path from
Ve Transiator Vac DC to input is LPF, from AC to input is
—] Amplifier — HPF, from DC to output is LPF and from
T output to load is HPF.

At very high frequencies inductors may be used in the place of the resistors, so that
the filters become 2"d order. Band pass filters can be used in the place of the HPF.



Summary:Single stage BJT amplifiers

« A 3terminal device can support 6 permutations of terminals
« 3ofthe 6 connections can give power gain (are amplifiers!)
« The other 3 cannot give power gain and ARE NOT amplifiers.

« The possible connections for a BJT are:

In | Out | Common | Zy, Zouwt | Function | Comment

B| C E Med | High | Y.H, (G) | High V or I gain

E| C B Low | High | H=1, (G) | High bandwidth

B| E C Med | Low | G=1 Power amplifier

C| B E High | Med x
C| E B High | Low Power gain < 1

E| B C Low | Med

Transistor amplifiers are named according to which terminal is common.
There are Common Emitter (CE), Common Collector (CC) and Common

Base (CB) amplifiers.

* The CC is also called the “emitter follower”



MOSFET amplifiers

e Operation of MOSFET - revisited
e Circuit models of MOSFET
« MOSFET as a current amplifier: The transit frequency F-
 The single stage FET amplifiers:
— Common Source
— Common Drain
— Common Gate



MOSFET regions of operation
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Large signal description of a MOSFET

« In Common Source connection it is a transconductance amplifier.
In the saturation region:
W 2
Ids — IUCox Z(Vgs _VT ) (1+ ﬂ‘vds)
In the triode region:

ID = 2:BVDs (VGS _VT _VDS /2)

e FETs can also operate in the “subthreshold” region, where they behave almost
like BJTs:

IDS o ,uvl eVGS/nvth (1_ e—vD IV, )
L

* Nis called the “subthreshold slope”

« The usual definitions for transconductance, output conductance apply

« Remember there is still no DC gate current

« The subthreshold region extends for gate voltage excursions of a few kT
(around approx 50mV above threshold and 25 mV below threshold)

« The current obeys the exponential law over 1-3 decades of magnitude.



a small signal model for the MOSFET

« The MOSFET has 4 terminals: Gate, Source, Drain, Body

 The static small signal model below is useful to frequencies of up to a few GHz.

 Each transistor in a circuit is replaced by this model

« The small signal model is similar that of the BJT with some minor differences:
— The DC conductance from Gate to source is aero

— The body connection which acts as a second gate with a transconductance of
approximate magnitude g,,, =0.2 g,,

e The body is usually connected to the source.

 Ifthe body is NOT connected to the source it is interpreted as explicit feedback.
Since it adds to the input voltage it is treated as Series at the input feedback
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MOSFET model capacitances

« The oxide parallel place capacitance under the gate C_, is important

« There are also gate-source and gate-drain fringing capacitances CDSO’ CGSO’ CGDO
« These equations are what is used in SPICE

 In saturation

C.=2c, V¢ Cep =C WAz,
GS _5 OX T GSO GD — “~GDO COX = r
0X
 Intriode
1 W 1 W
Cos = ECox T+ Ceso Cep = Ecox —+Coqpo
* In both cases C,q is very small and approximately constant. We usually ignore it!
CoxWL + Gyso e off ><saturatioa< linear
2/3 Cos
1/2 -
Cy
Capacitance T Cyd
C SO p———r————/ . . . . .
? 3} ' VGs
0 Vih Vth+VDs



the FET transit (“transition™) frequency: f;

1 g, 1
f =
277 Co, +Cop

Note that this is the same expression as for the BJT f; with Cge2Css and Cg-2Cgp



Single stage FET amplifiers

FET amplifier configurations are identical to those of BJT amplifiers with B->G, E2>S, C>D
The circuit analysis is identical, so we will not repeat it.

A few minor differences are:

 the absence of

 thebody terminaR);hich can be used as a second, lower gain gate , e.g. for mixers or for
explicit feedback.

« The body controlled transconductance is approx 0.2 that of the gate, but of opposite sign
« Thetransconductance of a FET is much lower than that of a BJT at the same bias current
« Consequently impedance levels tend to be much higher

« We usually control the gate width. This is equivalent to connecting many FET devices in
parallel

« The following are all the possible single stage FET amplifiers:

In | Out | Common | Zy, Zouwt | Function | Comment
G| D S High | High | Y, (G) High V gain

S| D G Low | High | H=1, (G) | High bandwidth
G| S D High | Low | G=1 Power amplifier
D| G S High | High
D| S G High | Low Power gain < 1

S| G D Low | High




Conclusions: Single transistor amplifiers

 Transistors are 3 terminal devices. Both BJT and FET have:
— A low impedance terminal called the Emitter of the Source
— A control Terminal called the Base or the Gate
— A high real impedance terminal called the Collector or the Drain

e These terminals have the same function to the vacuum triode terminals: Filament
(Emitter, Source), Grid (Base, Gate) and Plate (Collector, Drain)

« 3 ofthe possible 6 connections exhibit signal power gain:

Terminals Impedances Function Implicit
Common | Input | Output | Input | Output | (tvpe of amplifier) Feedback
] _ Inverting Volte :
ES BG | CD |MED| HI |_veriis votase Negative
Transconductance 5
Inity Gam Current .
BG | ES | cD | Lo | mr |ty GanCument Positive
Non-mverting voltage
. . . Unity Gam Voltage L
C.D B.G E.S HI LO High Gain Curent Posttive

Transistor amplifier calculations are similar to non-ideal op-amp circuit calculations



