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What isa two- port (input,output)network ?
Linear vs. nonlinear circuit elements

How to make linear small - signal models of nonlinear devices
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Box might contain : a transistor, a passiveelement, a subcircuit

The terminal characteristics relate the variables V,,V,, 1, ,and I,.
There are 2 degrees of freedom.

Any twovariables can be set as the* independent variables ™.
The remaining two variables, the* dependent variables™,
can then be writtenas functions of theindependent variables.
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We can use a two- port torepresent any network.
But, now our focus is on modeling active devices.
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Transistors are Nonlinear Elements
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Transistor currents are nonlinear functions of theapplied voltages.

The principleof superpositon does not apply.

Exact transistor circuit analysisis thefore very difficult.

Analysisis made easy If we assume *small signals *
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A Nonlinear Two-Port
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The currents are nolinear functions of the voltages.

In transistor circuits, the voltages and currents are often sums of
DC bias voltages and DC bias currents

plus
ACsignal voltages and ACsignal currents.

...and the ACsignals are often very small (but not always).
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Nonlinear Two-Port Gharacteristics

]/:fl(ﬂz) fifz(V/’ V) [1:[1.d¢ié[1 {illdc +AL
o—port1 pal 2 ————© AV{ port 1 port 2 AV?
VI V_? i
l Vl,dc VZAdc
Write a Tay lorseries...
2 2 2
Al = Iy AV, + ol Av2+8 L (AV)) Lol (AV,) -k (AV,AV, )+...
oV, oV, oV, 2 azv 2 oV,0V,
2 2 2
Al, = 6'ZAV A, AV, + 82'2 (Av.) AT (AV,) 2L (AV,AV, )+...
oV, oV, oV, 2 azv 2 oV,0V,

This s still very complicated.
But if AV, and AV, are small, then (AV, )*, (AV, )*, and (AV,AV, ) are even smaller.

In this case, we can neglect all but thefirst - order terms in the Tay lorseries
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¥ :Imciéi]/ ‘Iil.’.dc +ol,
port 1 port 2
SV, oV,
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If AV, and AV, are very small — write 6V, and 6V, instead.

ol, =ﬂé\/1+iév2 +...
oV, oV,

ol :%é\/ﬁ%é\/2 + ...
oV, oV,

We can neglect the higher -order terms if 6V, and 6V, are small.
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Small-Signal 2-Port Admittance Parameters

o/, 31,
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port 1 port 2

I

oV 4

DC voltages & currents are taken as implicit (..are not shown)

Lo
ol =Y ,0V; +Y,,0V, Wh H oV, + oV,
A, =Y,0V, +Y,,0V, o :% _%

oV, oV,
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I Frequency - domain description :
v, I;, vy (t) = RGMG"“‘} (1) = Re{llej”t}, etc.

— &

|:|1(ja)):|:|:Y11(ja)) le(ja)):||:vl(ja)):|
L,(Jo) | [Ya(lo) Yy(Jo)|V,(]jo)

Currents are writtenas functions of voltages.
DC bias is taken as implicit.
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v v, =
" - V, Ly, Ly ||,

\oltages are writtenas functions of currents.

The Z matrix is theinverse of the'Y matrix
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General Gomment About 2-Port Parameters

Thereis much more todiscuss about 2 - port parameters.

My view: this can be left until the Junior or Senior years.

We have introduced 2 - port parameters because they provide
a natural way toexp lain transistor small - signal models.
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Lo od omll vl

i port 2

port 1 =

We are now representing the four Y - parameters
as twoadmittances and two controlled current generators.

So far, we have assumed Y ( jw) might vary with frequency
and might have real and imaginary parts:Y (jo)=G(jw)+ |B(jw)
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611'17 | Gin g 1‘6 Vour g m6 Vin Gout | 61 out
0 Vin é § § i 0 Vour
input ; output
port port

Now supposethat theY - parameters do not vary with frequency,
and have no imaginary parts.Y (jw) > G

Note that wehave also changed the notation:

ol,, . ol
G,—>G, = ﬁ = input conductance G,, >G,, = aV—OUt = outputconductance

in out
ol ol.
G,,—>0g,= a—"“t = transconductance G,—>0, = p " = reverse transconductance
in out

For transistors (but not other 2 - ports), g, is usually negligible .
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ol
oot = —2t = outputconductance

in out

G, = sl—'” = input conductance G

in

m

ol
g. = a—Out = transconductance

in

Thisis a typicaltransistor low - frequency equivalent circuit model.
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mobility — limited current :

ID,y — (:ucong /2Lg)(\/gs _Vth)2(1+ /IVDS)

Appliesfor drain voltages larger than the knee voltage,

copyrighted 2009
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Recall MOSFET Characteristics: Velocity-Limited cas

b A e
| N mobility-limited )
d
[i\r);rseasing \
velocity-limited
> | P >
Vbs V
gs
Vin
velocity — limited current
ID,v — CongVsat(l+ ﬂ“VDS)(Vgs _Vth o AV) AV = VsatLg /,U

Appliesfor drain voltages larger than the knee voltage,
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FET Small-Signal Model: Mobility-Limited

Drain Current

G gm GS —OD
ID,,u — (zucox g /2L )(Vgs Vth) (1+/1VDS) +
VGS §
Transconductance ls
ol
gm = 6VD — (:ucox g/L )(Vgs Vth)(1+ﬂ‘VDS) (:ucox g/L )(Vgs Vth)
GS
OutputConductance

1 oy A
Ry, OV 1+ AV
~ Al, towithintheaccuracy of the models we are using

Notethat R, varies roughly as1/1 ;.
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Drain Current

_OD
Vv +
ID,v = CoxV sat\N (l+ AVDS)(Vgs _Vth B AV) oS - &

Transconductance

al ox sat\N (1 + ZVDS) Coszat\N
8VGS

On =

OutputConductance

c _ 1 _dy Ay
®OR,. Vo 1+ AV,
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Transconductance vs Vgs

mobility — limited

I A
d
ID,y — :ucong (Vgs _Vth)2 /2Lg
ol
=0y = @VD = HCWy (Vgs —Vin) I L
GS
S
Vin °
mobility-limited velocity-limited
velocity — limited Om} \ o
| Dv — CongVsat(Vgs _Vth o AV) \
3 — «~—AV
— 0, = = CongVsat ‘
oV, .
| V



class notes, M. Rodwell, copyrighted 2009
- - -
]

T esr arsd /Chsh Aimdcrs - wol s usz//;afc,,,;,ér;

. R ol 25O iy A/ A os

-—

/ = o c/,Z—/.//-_y 7;,‘/?‘.,, = Z7m , & v TP
%/ = //Z}am Asad se? cwr/s

Vi = e SV



tes, M. Rodwell, copyrighted 2009

class no
- - -
]

= é-réb/a/zjq.v = /6. F /P’///hz

~ i Cw
i £y 245 = (o35 mA V) (&) L]
Vich. Copo Wy = (1 &7 m AL v) - //‘(7/70./

AU T5aé Ly n = O 8250
/
(,.3514_ “
Ve Jum
v (Voy-4o4)




notes, M. Rodwell, copyrighted 2009

class
- - -
]

&/,
A 2o <M /v Sec T, Egav = <L 1A, E~=3.7

—
Ay o ES A Dok A S5 . O /s
29 7 i S

Sz, ) = 2.5V
- A = f/}.,{.:/f% e o625V

— Co = Er&/ Tox, £y = Ll B kS o B

it G - 4 (24 = C 0. €7 mAf07/ ({»((/7/}«’«/

W

Piat G My (D59 mASY) Cary / Loem)



class notes, M. Rodwell, copyrighted 2009
- - -
] I

(0.74/,::1
Vv

. A
ol

|
o thiar) |

for fhe z8onm pMos A mfes Erw,
w84

yii /1/45/ zxklEra VZ{ 4///ﬂor-f //cn Vo W74

/;4( e st sy 0£A47 rerdmetees  arf PesCr vEot



ass notes, M. Rodwell, copyrighted 2009

Rough Estimate: 45 nm NMOS Characteristics

/"“3006m1//-f€<— T, cpuo = /2 am, &= B 5
47 - &S srim ehek v ro? oy [ Sec

v

2l = O. 3V
4/}5,{—,.47//« = AV = o /5
G 4y (245 = (7.35 ma/oY) . Gy [/ jum)

Cop. Vsab * Wy = (2.5 md/v). (/)
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Rough Estimate: 45 nm NMOS Characteristics
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Rough Estimate: 45 nm PMOS Characteristics
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Rough Estimate: 45 nm PM0S Characteristics
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