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Practice DC bias analysis of transistor * circuits
Practice AC small - signal analysis of transistor * circuits

*or any nonlmear circuit element

(diode, Vacuum tube, tunnel junction, ...)
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Comment (1): DC hias design in real circuits.

) . . Tutiorial amp lifier
In developing our simp le amp lifier study, Vp
we have provided DC input bias with a battery. -
RL Vom‘: Vour DC'+8 Vour
Vm: V.",li'.DC.‘—l_6 Vm |
Clearly not real. But OK for now.
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1950's style .
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Comment (2): hias design: DG-coupling.

=
-; Felfn % r‘.?-f:vﬁ
.

Direct - Coup led amp lifier/IC designs :

DC output votage on one stage = DCinput voltage of thenext.

Need skill & creativity to fit together DC bias requirements of all stages
— ECE137AB
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Comment (3): hias design: AG/RCG-coupling.
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AC-Coupled amplifiers :

DC bias conditions set by resistors

Blocking capacitors isolate DC levels between stages.
Very low - frequency signals are not amp lified..

We will * briefly * study such circuits

...mostly as an exercise in frequency reponseanalysis.
Again, more detailed studyin ECE137AB



class notes, M. Rodwell, copyrighted 2013

Current Mirrors: First Treatment

Used in DC coupled circuits : Vdd
toprovide (toset) DC bias currents. R R I
as an active load (discuss later) / ref ]

We now consider only basic operation
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Current mirror DG hias analysis (1)

Vdd Example Parameters :
é B ; R, | FETQL: FETQI: Circuit
7 ref ;| e, 20) = 1mAN? - (ue, ¥, /2L,) = 2mAN © V=25V

%J|__|L% 1/2=10V 1/4=10V

Let usset /,, =0.1mA.
* we are again ignoring the (1+ AV, ) term Ana]y SIS :
in the bias analysis.
]Dl = (lucong / 2Lg)(Vgs o I/th)z (1 + ZVDS)
Doing this causes some significan t error. 0.1mA = (1 mA/V2 )(Vgs _ O3V)2 (}V VDSterm neglected )

In ECE137A we will learn some tricks to

calculate this quickly yet fairly accurately.

2
(V,, —03V)=/0.1mA/ImA/V> = 0316 V

v, =0.616V.
Do not ignore the (1+ AV,¢) termin the
small signal analysis. Rref - (VDD — Vgs) / IDI - (25V — O616V) /(01 mA)

R, =18.8kQ.
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Current mirror DG hias analysis (2)

| Ip,

it

*we are again ignoring the (1+ AV,) term

in the bias analysis.

Doing this causes some significan t error.

In ECE137A we will learn some tricks to

calculate this quickly yet fairly accurately.

Do not ignore the (1+ AV,¢) termin the

small signal analysis.

Example Parameters :

FETQI: FET QI: Circuit
(e, W, 12L,) =1mA/N? (e, W, /2L,)=2mAN" V,, =25V
vV, =03V vV, =03V R, =1.0kQ
1/A=10V 1/A=10V

Now find the current in the ouput branch.

Analysis:

Iy, = (/’lcong /2Lg )(Vgs - Vth)z(l + AV )

I,, =(2mA/V*)(0.613V —0.3V)*(AV, term neglected )
[,, =0.2mA

Vo, =Vyp—1,,R, =2.5V—-(0.2 mA)(1k.)

V,,=23V

If R, 1s not large, V¢ of Q2 will be more than the knee voltage
and will provideImA to theload regardless of the value of R, .

—> constant - current source
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”

$r,
lm
T

If the(1+ AV ) termis small,

mirror provides nearly constant current

R

L

1 1

D]l

over a wide range of load resistances,

1.e. over a wide range of voltages.

The (1+ AV ) term causes
a significan t variation

of load current

as the output volage

(or theload resistance)

1S varied.

Il

D A

design
current

...........

design
current

V 5 VDS
DD
A
V 5 VDS
DD



Amplifies the difference between Voo Ve
twoinput voltages V. and V. R, é éRL

L out out -
Alsomakes DC-coupled IC Lg Qj
] 2
design easier. Widely used. . @
[SS
Current source : "
typicallya current mirror. dd%

Here: treat it as and Q;_”——' 0,

ideal DC current source. =l
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Differential Amplifier: DG bias analysis

Vs o, 1 FETsQ,,0,: Circuit
2 —
R, ; ) 5 R, (te, W, /2L,)=1mAN’ V4 =2.5V
Vour Vout Vth =03V RL =8KkQ
0 - 1/A=10V Iig=1/2mA
o A
@ Fromsymmetry: [, =1,, =1,;/2=0.25mA
]SS ]DZ - (Il’lcong /2Lg )(Vgs o I/th)z(l + Z’VDS)
M l V| 0.25mA = (1mA/V?)(V,, —0.3V)? (AV s term neglected )
) . (V,,—0.3V) = /(0.25mA) /(I mA/V?) -V, =0.80V
; BB V.=V, -V, =0V-0.80V =-0.80V
R
L _ V,=V,, —I,R, =2.5V —(0.25mA)8kQ) =0.5V
05V - out out
2
@
[SS
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Differential Amplifier: FET Small Signal Parameters

Voo Voo FETsQ,,0,:
2
R, ; _ ) R, (ue, W, /2L,)=1mA/NV
05V e out — oul 05V Vth =03V [D =1/4mA
|0.2I5mA| [0.25 m;la\ oLl 1/2' =10V Vgs =08V
AR e o
@ I Once again, we must use the DCbias conditions
y lgg" ! to calculate the FET small - signal parameters
le 2
\l/ ]D :(/Llcong/ng)(Vgs_I/th) (1+2‘VDS)
gm = (lLlcong /Lg)(Vgs o I/th)(l + X’VDS)
‘ . = 2mA/V2)(0.8V —0.3V)(1+1.3V/10V
-9 gm] Vgsl Gdsl | ( X X )
l + D,
Y 5 1 0.25mA 1
‘ - : Gy=—2=A, == =25 uS=——
| ! R, 10V 40kQ
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- - - gmum - - - -
Differential Amplifier: Small Signal Equivalent Circuit
|

v G, i |Vv-v +iG

in E g gm] gsl dsl out out : ds2 gm2 VgSZ g

Q o o) (o o O
| DI |D |
| + | | + |
-V : : Voo
| gs.1 | l _gs2

Before we analyzethis problem,

n

0

let us make it simpler.

— differential and common - mode signals
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DD DD T
R

Sk |
% out out v Vin,d
o o]
I/in,a'

in.cm in,cm

_|_

V., » = differential input voltage =V, -V,
V. ., =common - mode (average) input voltage = (V" —V.)/2

V;nd_V V_ I/n: vacm_l_I/md/z
—
V. =WV -V.)/2 Ve =Visom —Vina 12

in, in in,cm
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clas.
- - -
||

| 3

V- =V outd out out

out ~ ' out,cm

v

DD

VDD + I/outd
I/out — V:mt,cm + ’
R - 2

_|_

e
®

I

SS

V, ... = differential output votage =V, —V

V wiem = common - mode (average) output votage =(V,, —V, )/2
Vouta =Vour =Vou Ve = Vourem *Voura 12
Vosion = ViV 2] Vo= Vosson Va2
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Analysis: Use the principle of superposition

v

DD

+ 0 _ 0
Vi Vi
2 I 2
SS ,\I V [SS V
in,cm in,c

The (V. ,V, ) inputscan alwaysbe written as a superposition of V, and V,

cm*®

So , analy zethe circuit for * differential * and * common - mode * gain.

Tofind V" and V_

out out’

write theinputas sumof V, , and V,

in,cm?

multiply V,, , by thedifferential gain to get V,

out,d

multiply V,, ., by thecommon -mode gain to get V.,
(if you want)find V| and V, , using
I/oJ;t - I/out,cm + I/out,d/z 2 I/o_ut - I/out,cm o I/out,d/z
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? i g glegs] Gds/ i i GdsZ ngVgsZ g i 3

Co
l\)l% o
20
l\.)lcw
..a 0
+
R e
+
o
[\
o)

So, it makes no difference if we ground this point. This is called a virtual ground.
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o oo ol
i Vg:,l @ % i Vour d V_ % @
T L 3 2

Fromsymmetry all the voltages on theright side are negatives of thoseon theleft
..and, the virtual ground has broken the connection between the 2 sides of the circuit

So, we can throw theright side away !
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Difierential gain: analysis

gm Vgs RDS RL

out

The circuit 1s now the same as a common - source stage.

Be careful, however : |
V. hasbecome V,/2, V hasbecome—V,/2

out

Pafamgers ' FET-
Circuit ¢ =1.13mS
R, =8kQ  p _ 400

Equivalent load resistance

R, ., =R, || Rys =40kQ [ 8kQ
=6.666 kQ

Voltage gain

V.

=g, Ry, =~(1.13m8)(6.66 k) =~7.53

124

But I/in = I/in,d /2 and I/out outD /2 SO
V V
Ay =2 = "out — 4o R ~=+7.53
? I/in,D I/in gm e

The circuit has a differential gain of 7.53
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in,cm

in,cm

=

=

I
out,cm out.,cem
|

I
out,cm out,em
|

in,cm

in,cm

So, it makes no difference if we cut this wire. This (should be) called a virtual open.
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in,cm in,cm

!
i

I
out,cm out,em
I

From symmetry ,all the voltages on the right side are * the same as * those on the left
..and, the virtual open has broken the connection between the 2 sides of the circuit

=

out,cm

So, again, we can throw theright side away !
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The FET source has no connection

A
R, — the source current is zero.
e $ i — thedrain current is zero.
g miVes1 Ol — the common - mode output voltage is zero.
—o
Vom'cm N Acm _ Vout,cm —0

in,cm

Note:

This 1s an extremely idealized analysis.

We have assumed that thesmall - signal imp edance
of the current souce is infinite.

This results in zero common - mode gain.

With a finite outputresistance to the current source

the common - mode gain will be small, but not zero.

We will analayzethisin ECEI37AB
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I VDD VDD
V RL 5 . RJV+ I/outd
I/o_ut — I/outcm __outd - o out out,cm 2
) 2 q
A,
V+:V +I/z’n,d @ I/n::I/mcm_ e
in in,cm 7 [SS 2

Via =Vir =V } {VU: =V e Va2

<>
I/m,cm - (I/u: _I/u;)/z I/u; — I/in,cm _I/in,d /2’
out,d - Adr/m d Where A ngLeq
Viowiom = AonVinon Where A, — 01f the current - source imp edance is high

outcm out out out,cm out,d

I/outd - I/out I/out I/out I/outcm + I/outd /2
<>
= -voy2l v, =v,. -V, /2



One application : amp lifying the difference between two voltages

seen 1n precision instrumentation, in op - amp inp ut stages.

Anotherapplication : ease of design of DC-coupled stages.

— Look at one simple example.



Example: Two-Stage Differential Amplifier

ey

I—_g] @ QZI R, ?_ij+ VO::'_$ R,

7 - VSS

A parr of cascaded differential stages.
The differential design, and the NFET/PFET alternation,
make 1t easy todesign an amp lifier with DC coupling

and with zero volts DC at mput and output.
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Two-stage differential amplifier: DG hias analvsm

B AllFETs Circuit
i, ; éR“ @ 5= (pe, W, 12L,) = ImA/V? Vg =2.5V V=25V
I ‘Qg Q: h 1V, =03V RL1,2 =8k RL3,4 =10 kQ
1/A=10V I =1/2mA Iy, =1/2mA
Q Q} R
- @ . “% Vo' Vour & R,, | Thel® stage is taken from the prior example.
— same DC bias conditions
ISS/
l Second stage bias conditions
_ Fromsymmetry: /,,=1,,=1,/2=025mA
'
é ; | ‘q© - IDZ:(Iucong/2Lg)(Vgs_I/th)2(1+/1VDS)
[05V] N o
¥H % —— 9 0, h 0.25mA = (1mA/V>)(V,, —0.3V)*(AV ;s term neglected )
0.25mA 0.25mA 0.5V [
= (V,,—0.3V) = \/(O.ZSmA)/(l mA/V?) - V,, =0.80V
= oo % [ 0 The gate is * more negative * than thesource, so
- =< V,=V,+V, =05V +0.80V =130V
V==V +I,R, =-2.5V—-(0.25mA)(10kQ)=0.0V




ss notes, M. Rodwell, copyrighted 2013

cla
- - - g
| | |

The calculations are identical tothose
; Vop ;R @ I of the previous example, and all FETs have thesame
R SS2
Ll Ll T . . values for ( ,ucong /2L g) and A.
[ 0, }-‘
Q i Q2 R —©°
o @ - Lj? Vnm+ Vuu!_ RL.; —> gm — 1 . 1 3 ms
1 1
/ Vs —>GdS:—:25yS:—
SS1 R ” 40kQ
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Two-stage difierential amplifier: s.s. analysis

In thesmall signal diagram at left,

thesupply votages have been replaced by short - circuits,

the supplycurrents have been replaced by open - circuits,
but thetransistors have not yet been replaced by
their small - signal models.

This 1s a convention.

For a differential input, the indicated points

have zero AC voltages

and so can connected to virtual grounds.




Two-stage difierential amplifier: s.s. analysis
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1 -
H (. Again, the virtual grounds allow us
=’ todelete half the circuit.
v
__ind Q] R . .
) v Y Vouwd This leaves us with twocascade common - source stages.

83V 453 Rpss Ry 5
o
+
VgsZ
—] ——— ]
RL, eql RL, eq3

Replace transistor symbols with small - signal models

— ACsmall signal equivalent circit

~

out,d

N
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Two-stage differential amplifier: S.S. analysis

First stage (as before)

Equivalent load resistance

Ry o =Ry, | Rpsy = 40kQ | 8k€2
=6.666 kQ)

Voltage gain

out _
- gmlRLeql

in lstagel

= (1.13mS)(6.66 kQ)
=17.53

Second stage

Equivalent load resistance

R, o =Ry, | Rps, =40kQ || 10k
=8.0kQ

Voltage gain

v

out _
- ngRLeq2

in lstage2

= (1.13mS)(8.0 kQ)
=9.04

7
Emi Vgs] R R Em3 Vgs3 RDS3 R out.d
o o )
+
VgsZ
— —
Legl RL,eq3

2 -stage amplfier

Overall Voltage gain

Vou
—o = AVIAVZ
in 2stages
— (7.53)(9.04)
=68.1



