Lecture 42: Review of active
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Final Exam

o Covers the course from the beginning

o Date/Time: SATURDAY, MAY 15,2004 8-11A
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ed Behavior: 15-Vpg

/k Vg =4V

linear resistor region “constant” current

Vgs =3V

o For low values of drain voltage, the device is like a resistor

« As the voltage is increases, the resistance behaves non-linearly
and the rate of increase of current slows

« Eventually the current stops growing and remains essentially
constant (current source)
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ed Behavior: 15-Vpg

/K Vgy =4V

/
/

. 7
 “constant” current

ya
4
7’ / Vs =3V
= —

linear resistor region

o . " b f , " « Vg

As the drain voltage increases, the E field across the oxide at the drain end
is reduced, and so the charge is less, and the current no longer increases
proportionally. As the gate-source voltage is increased, this happens

at higher and higher drain voltages.

The start of the saturation region is shaped like a parabola
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ng Ip =f (Vgs, Vps) e Inversion Charge

. . . L. Source End Drain End
« Approximate inversion charge Qy(y): drain is N v
higher than the source = less charge at drain end Qu(y)~— Co Ves —V1)+C, (Voo — V5 )
of channel W)= 2
Q () ~— Co(Ves —Vo) + Czox Vgs —Vsp =V1)
C, (2Vg —2V,)-C V. V
QN (y) ~— ox( GS 5 T) ox"SD _ _Cox(VGS _VT _%S)

o Charge at drain end is lower since field is lower

o Notice that this only works if the gate is inverted along its
entire length

o Ifthere is an inversion along the entire gate, it works well
because Q is proportional to V everywhere the gate is
inverted
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city and Drain Current
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Charge at Source/Drain

The charge under the gate along the gate, but we are going to
make a simple approximation, that the average charge is the average
of the charge near the source and drain

Qu (V)= Quly= 0)+QN y=L)

Sl

QN(y 0)=
_Cox(VGS - Tn)

ong-channel” assumption: use mobility to find v

V
v(y)=—unE<y)z—ﬂn(—AV/Ay)J‘"—L“

And now the current is just charge per area, times
velocity, times the width:

Vs Vs
= _WVQN ~W:u Cox (\/GS VT - 2

w
Ip = T HCo, Vs —Vr _%)VDS

Vep =Vas —Vps Inverted Parabolas
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-Law Characteristics w Current in Saturation

(A) ) Current stays at maximum (where Vg = Vg — Vy,)
Boundary: what is I ga7?

1000 - TRIODE REGION ! W VDs

= Ip =~ 1Cy (Vos =V =)V

L 2

800 -

logar W Vg —V.

L SATURATION REGION s sar =~ HCo (Vos —Vr === —F)Vs V1)
500 L 2
W uC,
400 IDS,sat =T 5 (Ves —Vr )2
e AP i Measurement: |y increases slightly with increasing Vg
— W s model with linear “fudge factor”
0 1 2 T4 VsV

W
DS, sat L 2

ox 2
(Vgs =Vr ) (1+AVp)
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Saturation Region ircuit: An MOS Amplifier

When Vg > Vg — Vi, there isn’t any inversion o
charge at the drain ... according to our simplistic model Input signal  gpply “Rail” — Vg,

A I

(A) v, —

1000 -

Yos =4V |1

800 Insn W-VBSS" Vs ps

600 Why do curves Vgs = Vs +Vq V. = 1 Output signal

- Vog= 3V flatten out? s I -

200 Vs =2V —

= . 1 M
0 1 2 ‘\ 34 VsV

Vgg=1V
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[l Signal Analysis [-Signal Analysis

o Step 1: Find DC operating point. Calculate
(estimate) the DC voltages and currents (ignore

Step 1. Find DC Bias — ignore small-signal source

small signals sources)

o Substitute the small-signal model of the
MOSFET/BJT/Diode and the small-signal models
of the other circuit elements.

o Solve for desired parameters (gain, input
impedance, ...)

Vs pias Was found in
Lecture 15
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ircuit: An MOS Amplifier [I-Signal Modeling

T~

Input signal e
put s Rp I Voo Supply “Rail”
v, -
v, \ IDS\
Vs +V, i L Output signal
GS —

/

What are the small-signal models of the DC supplies?
Shorts!
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| Models of Ideal Supplies
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guency Voltage Gain

Small-signal model:

isup ai Consider first ® = 0 case ... capacitors are open-circuits
: _ _supply
#‘3 up gsupply - av_ =©
+ supply V _ V ( R r
Vs SUP Ysup i ot =~ 9nVs (Rp || o)
= rsupply =0
| A/z_gm(RDHro)
short
i \ Design Variable
iy i Transconductance
. _ _supply _
‘*sw - ! gsupply - =0 2 I
+ supply g _ /J C ﬂ(v _V )_ D,SAT
I — 1 " v m — Hn~ox GS T/
BrAg Vsup rsupply —% L \ / VGs _VT
open Design Variables
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nal Circuit for Amplifier age Gain (Cont.)

Substitute transconductance:

2IDSAT
=| -SSR |r) —— g.R
A ( Vo -V, (Rollr) o

=
I~

n
Al

Output resistance: typical value ,= 0.05 V-!

P =( ! JkQ:ZOOkQ
Zlpsar ) 10.05-0.1

Voltage gain: (2-0.1 (25”200)=_143
0.32 '
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d Output Waveforms

N/ /N N\ /N

V2RV ARVERVERVIRN

ol Output small-signal voltage amplitude: 14 x 25 mV = 350

05 -

Department of EECS.

Input small-signal voltage amplitude: 25 mV
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the Output Amplitude?

1. Vour(t) reaches Vgp or O... or

2. MOSFET leaves constant-current region and enters
triode region

Department of EECS.

\Y <VDS,SAT =VGS _VTn =031V

DS —

Vo miN =VDS,SAT =032V

amp=2.5-0.32V=2.18V
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m Output Amplitude

V(D= -2.18 V cos(mt) = v () = 152 mV cos(wt)

How accurate is the small-signal (linear) model?

S

v, 0152

Vg -V, 032

0.5

Significant error in neglecting third term in expansion
of ip=p (Vgs)
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rt Models (EECS 40)

o A terminal pair across which a voltage and
associated current are defined
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gnal Two-Port Models Small-Signal Amplifiers
iin iou! Rs
+ T+ —o
Vin v uf
—_ —t —_— _0 t Vs vln E Rout RL
o We assume that input port is linear and that the °
amplifier is unilateral: Transconductance Ampllfler
— Output depends on input but input is independent of
output. —0
« Output port : depends linearly on the current and . )
voltage at the input and output ports I SR
« Unilateral assumption is good as long as “overlap”
capacitance is small (MOS) Transresistance Amplifier
Department of EECS University of California, Berkeley Department of EECS University of California, Berkeley

Small-Signal Amplifiers

Rs Rout
+
Vs Vi, R AViy R

Voltage Amplifier

-Source Amplifier (again)

I
=1

Hdw to isolate DC level?

e

'ow =loyr + oy

)

AR
O
=

—
¥, +
Your = Vour T Vou =
- - - - -
- . -
Is = Rs Rln Alln q: Rout RL
o o o
Current Amplifier
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DC Bias

v,
oo gy

Neglect all AC signals
25V

Vour

e o

Choose lg g, WIL
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ne Analysis to find Q
4
Vains
= slope:i
§ 10k
£}
2 Vas < V=1V

Vos * Vour

)

s
° 10k
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lI-Signal Analysis

%
w
AAA
Yy

o
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-Port Parameters:

Find R;, Ry Gy
R

S

Generic Transconductance Amp

7

<
0
E
(0]
3
=<
AAMA
Yy
s
py)
P

out

Il
8
AAA
vy

0 O Q
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Gm = gm Rout = rg ” RD
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o-Port CS Model

Reattach source and load one-ports:

F
A
vy
=

<
EmVes

AA
vy
ot

I
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ize Gain of CS Amp

A\/ = _ngD ” I
« Increase the g, (more current)
« Increase R, (free? Don’t need to dissipate extra
power)
o Limit: Must keep the device in saturation

Vos =Voo — I6Rp >VDS,sat
« For a fixed current, the load resistor can only be
chosen so large

« To have good swing we’d also like to avoid getting
too close to saturation
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ent Source Supply

Department of EECS

Isup
S

oy

) T =

o Solution: Usea
current source!

o Current independent
of voltage for ideal
we - source
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th Current Source Supply
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Line for DC Biasing
& o
e 5 |

025 25V
010 2 Vaps <= Vym 1V
n% ! n},‘

Vis® Your
™

Both the I-source and the transistor are idealized for DC bias
analysis
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-Port Parameters

From current

Tout

oo n— source supply
+

- -
Ves BmVgs =5 ﬁ Toc Your
[ . ®

Rin =x

m = 9m
Rout = I"o || roc
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annel CS Amplifier

dour = dour * ou

DC bias: Vg =Vpp — Vgyag sets drain current —lp, = Igyp
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e <]>-f. ST T )

» ‘ﬁl}* ﬂ;:
[ -— N ————a
— fgp + +
fro o W ,
Cmmen Ay - (G
[{&2/=a) iy & -
¥ i
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on Gate Amplifier

Notice that
Tyt must equal

0 DC bias:

Isup = IBIAS = IDS

o
" |
e

= Gain of transistor
tends to hold this
Tains node at ss ground:
= low input impedance
load for current input
¥ current gain=1
Impedance buffer

Iy
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rrent Amplifier: Find A,

o o Q1
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[

s RO :-lz'ra
V=V, : |

S =R

; - Vv, —V.

At mput: i = _gmvgs + Oy +( t : outJ
o

Output voltage: Vo =iy (f, IR =i (1 [[RD)

— R )i
=0V, + OV, +[—V‘ (e L)"j

I

0
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proximations...
o We have this messy result
1
L_i_t_ gm+gmb+:
Rin Vt 1+ roc ” RL
rO
o But we don’t need that much precision. Let’s start
approximating:
1 R
gm+g’“b>>r_ roc”RLzRL r—LzO
o 0
_ 1
" gm + gmb

University of Califonia, Berkeley
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utput Resistance imating the CG R,

Rout = Toc ” [ro + gmroRS + gmbroRS + Rs]
The exact result is complicated, so let’s try to
make it simpler:

0, ~5004S g,,=50uS 1, ~200kQ

Bt Tt 4,

AAL
W
]

vs_vt =0
- R = 0C||[r0+gmr0RS+RS]

out =

v
e gmvgs - (_gmbvs) +
RS ro
Assuming the source resistance is less than r,

v, L+g +g +l =V
s RS m mb r ro

o

Rout ~ oc ||[r0 +gmr0RS]: oc ||[ro(l+ngS)]

Department of EECS University of California, Berkeley
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utput Resistance Two-Port Model

Substituting v = i;Rq iin
&
itRs(RL+gm+gmb+rlj=% L,
S o o —_—
=

The output resistance is (V,/ 1))||
Function: a current buffer

* Low Input Impedance

Rout = roc ” [RS [;_0-" gmro + gmbro +1]]
S
 High Output Impedance

University of Califonia, Berkeley
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is a sensitive
function

=
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on-Drain Amplifier
In the common drain amp, B+
the output is taken from a T W1 2
terminal of which the current| IDS = ,UCox TE(VGS _VT )

Weak I dependence
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D Voltage Gain

P 4

“ BtV out 1/

g
-
=v,

o = Vour

= Ve = Vout Y
r

oc

I

0

V,

rOC || rO

Department of EECS.

o — In (Vt _Vout)_

out
T gmvgs ~ Qb Vour

gmbvout

University of Califoria, Berkeley

Itage Gain (Cont.)
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KCL at source node:

e 1o

1
[m"' O + gmjvout =0V

Voltage gain (for Vgg not zero):

vﬂul - gm
Vin ZL"' gmb + gm
oc 1o
Vou ~ —g’“ ~1
Vio . 9o T On

Department of EECS

utput Resistance

\/ it
o r =0 (Vt _Vout)_ GmbVout

University of California, Berkeley
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b >g,,,‘(,, Bt

=R

Sum currents at output (source) node:

V, .
Rout = ru ” roc ” I_t It = gmvl + gmbvt
t
1

gm + gmb

out

Department of EECS
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ut Resistance (Cont.)

Iy || roc is much larger than the inverses of the
transconductances = ignore
1

T 0+ O

out

w8

Function: a voltage buffer

* High Input Impedance
* Low Output Impedance

Department of EECS. University of California, Berkeley
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[ad Yot

f“ Ia‘_} —I—:
Comsnon
Suuee! L ot rllFe Vi
Comamm a
ainer | ' - ) Voltage and current gain
(CSICE)

*

"
w

Iy 1N
Common OUT
[ '-E
Comaon ouT
Haner
catcny | = teiw

JENTE
A{ '

oy el + 8, R
i Curren tracks input
IN
y.
v "
¥ [
Ik—| st
Coemmon
Dinis! : ouT
e y el
ey | iy voltage tracks input
v
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ias sensitivity

o When a transistor biasing circuit is designed, it is

important to realize that the characteristics of the
transistor can vary widely, and that passive
components vary significantly also.

Biasing circuits must therefore be designed to
produce a usable bias without counting on specific
values for these components.

One example is a BJT base bias in a CE amp. A
slight change in the base-emitter voltage makes a
very large difference in the quiescent point. The
insertion of a resistor at the emitter will improve
sensitivity.

Department of EECS University of California, Berkeley
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y to transistor parameters

Most of the circuit parameters are independent of
variation of the transistor parameters, and depend
only on resistance ratios. That is often a design
goal, but in integrated circuits we will not want to
use so many resistors.

Department of EECS University of Califonia, Berkeley
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NMOS pullup

« Rather than using a big (and expensive) resistor,
let’s look at a NMOS trans1stor as an active pullup
device

V

out
Note that when the transistor is connected this way, it is not an amplifier,
it is a two terminal device. When the gate is connected to the drain of

this NMOS device, it will be in saturation, so we get the equation for
the drain current:

W
Ip = (ZL]/‘lncox (Vse _VTn) (1+/1VSD)

Department of EECS. University of California, Berkeley
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all signal model

« So we have:

W
Ip = (ZLjﬂnCox (Vse Vi )2(1 + AV )

[Z“L]yncox(Av SV, P14 AV )~ [ ]ﬂncm(Av v, )

o The N channel MOSFET’s transconductance is:
# (Wt = o W i)

« And so the small signal model for this device will
be a resistor with a resistance:

-

Department of EECS. University of Califoria, Berkeley
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or NMOS pull-up

o The I-V characteristic of this pull-up device:

w
Y lp = {7]‘uncox (VDD Vi )z

Department of EECS. University of California, Berkeley

Prof. J. S. Smith

Active Load

o We can use this as the pullup device for an NMOS common
source amplifier:

V,
rd IDl (W jluncux 6/951 _VTnl)z

2L

ID2 [ W ]:uncox (Vgsz _VTn2)2

2L
VO =VDD _Vgsz

21,

V, =Vpp =V = [—— 2
0 oo © yﬂCOX(WZ / LZ)

Department of EECS University of Califonia, Berkeley
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Active Load

Since I,=I, we have:

Prof. J. S. Smith

e Connected Transistor

o Short gate/drain of a transistor

Vw
_ 21, and pass current through it
Yo =Voo e Ty e WL L) . :
HnoolVa T Since VGS = VDS, the device
) _ is in saturation since VDS >
And since: Vgsl —Vi
VGS-VT
L o Since FET is a square-law (or
V, =Vpp =V — | =2 (V, =V, ) weaker) device, the [-V curve
W, /L,) ;
is very soft compared to PN
junction diode
Department of EECS University of California, Berkeley Department of EECS University of California, Berkeley
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Behavior Equivalent Circuit
« Ifthe output voltage goes higher than one threshold di = v
below VDD, transistor 2 goes into cutoff and the R, = dﬂ =2
amplifier will clip. Vout |y, =0 I
« If the output goes too low, then transistor 1 will fall 1 1
out of the saturation mode. = Rp ~ g_

« Within these limitations, this stage gives a good

. . . Equivalent Circuit:
linear amplification. 4

Ro  iour
«—
- +
+
Vo Vout
L
o < Bl Y
°
Department of EECS University of California, Berkeley Department of EECS University of California, Berkeley
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rated “ Current Mirror”
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al Resistance of I-Source

o M, and M, have the same
Vas

o Ifwe neglect CLM (A=0),
then the drain currents are
equal

o Since A is small, the
currents will nearly mirror
one another even if V, is
not equal to Vg,

o We say that the current
Ixgr 18 mirrored into iy

« Notice that the mirror
works for small and large
signals!

Department of EECS. University of California, Berkeley Department of EECS University of California, Berkeley
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Mirror as Current Sink

op
Rest of Circuit Rest of Circuit
+
l*’ow
our
Your Vaur

o The output current of M, is only weakly dependent on
Vour due to high output resistance of FET

Prof. J. S. Smith

ed Current Sources

Goal: increase Iy,
Approach: look at amplifier output resistance
results ... to see topologies that boost resistance

Yoo

out [¢]

Looks like the output

. impedance of a common-
source amplifier with source
degeneration

o M2 acts like a current source to the rest of the circuit

Department of EECS. University of Califoria, Berkeley Department of EECS University of Califonia, Berkeley
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Source Degeneration k of Cascode I-Source
("‘ )
f = Ve = (i = Ve )T, + Ve, Minimum output voltage to keep both transistors in
" B4 Il @ i saturation:
il (>\” <#g”' Ti 4 Vs & Vg, Vourn =Vosamn +Voszmn
1 fn, VRs = ItRS VDSZ,MIN >Vesz _VTO :VDSATZ
Re zg_m L Ve = (i + 9 RsiDT, +iRs iour Vo, >Vosars +Vess =Vesa +Vess —Vio
\ Yoo
Ro :i_:z(1+ngS)ro %)’n» l’uu
« Equivalent resistance loading gate is dominated by *‘le T
the diode resistance ... assume this is a small £ o
M My
I
> +

{ >
Vour

impedance
VOUT,MIN =VGS2 +VGS4 _VTO

« Output impedance is boosted by factor (1+9,R;)

University of California, Berkeley

University of California, Berkeley Department of EECS.
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Stacked) Current Source

t Sinks and Sources

k: output current goes  Source: output current comes
from voltage supply

, Insight: Vg, = constant AND to ground
Vpg, = constant
Small-Signal Resistance I
R, ~(1+9,Rs ),
R, =(1+d,0 )T,

2
Ro ~ gmro >> ro

Department of EECS University of Califonia, Berkeley
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urrent Mirrors

We only need one reference current to set up all the current
sources and sinks needed for a multistage amplifier.

Irer CD
M,

Yoo

Department of EECS. University of California, Berkeley
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of Cascaded Amplifiers

General goals:

1. Boost the gain (except for buffers)
2. Improve frequency response
3. Optimize the input and output resistances:

Rin Rout
Voltage: 0 0
Current: 0 Y
Transconductance: 0 0
Transresistance: 0 0

Department of EECS. University of Califoria, Berkeley
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-Stage Voltage Amplifier

* Use two-port models to explore whether the combination
“works”

Results of new 2-port: R, = Riy; Ry = Ry
A =-G, ( Rina I Roges ) X (_GmZRoutZ )
A/ = GmIGmZ (Rinz ” Routl)(RoutZ)

Department of EECS. University of California, Berkeley
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Cs, CS, CD;,

Input resistance: oo
Voltage gain (2-port parameter):

A/ = _gml (rol II rocl)x gmz (_roz ” rocz)

Output resistance:
1

gm + gmb

out

Department of EECS University of Califonia, Berkeley
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