(Saturated) MOSFET Small-Signal M odel Transconductance
= Concept: find an equivalent circuit which interrelates the incremental changes The small-signal drain current due to vy is therefore given by
inip, Vgs Vpg €tc. for the MOSFET in saturation
ld = Om Vgs-
Vgs= Vs * Vgs: ip = Ip +ig - wewant tofind iy = (?) vgs
-
D ip=Ip+ig
We have the functional dependence of the total drain current in saturation: G l ’_ +
- 2 : v | F B (O Vos=4V
ip = Mn Cox (WI2L) (Vgs- V1n ) (1 + Apvp9) = ip(Vas Vb9 %\ B
+ s
Solution: do a Taylor expansion around the DC operating point (also called the Ves=3V
quiescent point or Q point) defined by the DC voltages Q(Vgs, Vp9): T
2 L
. dip 10 ip 2 o0
b = lo*gy o Ve *3 2| (Vg *+-- 500/~ - )
GS Q aVGS Q . ld i Ves= VGS+ Vs
I 400|— Q VGS:VGS:3V
If the small-signal voltage is really “small,” then we can neglect all everything past (HA) 300 Om =g/ Vgs
the linear term -- 200
100
0i
. D | ! ! ! l I
in = ln+=—| (V,o) = I5+0,V
D D5 gs D m'gs 1 2 3 4 5 6
VGSQ Vs (V)
where the partial derivative is defined as titamsconductance, gy,
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Another View of g,

* Plot the drain current as afunction of the gate-source voltage, so that
the slope can be identified with the transconductance:

-
D ip=Ip *ig
||~ +
+ Vps=4V
Ves | |_> B <>7 bs
., s
Vgs=3V
ip(Vgs Vps=4V
00l 4 DVGs VDs=4V)
500 .
i
i i ¢ Om=id/ Vgs
D 400~ ? Q
(MA) 300|—
200(—

TN

1 2 3 \4 5 6 vg (V)
Ves=Ves=3V Ves = Vgs+ Vgs
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Transconductance (cont.)

» Evaluating the partial derivative:

_ oM
Im = uncoxDT_'%VGS_VTn)(1 + )‘nVDS)

= Inorder to find asimple expression that highlights the dependence of g,,, on the
DC drain current, we neglect the (usually) small error in writing:

2l
_ | Vo D
Im = ZuncoxDT_'%D - Vos—Vn

For typical values (W/L) = 10, Ip = 100 pA, and p,Coy =50 HAV2 wefind that

Om =320 pAV1=0.32msS
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(Partial) Small-Signal Circuit Model

= How do wemakeacircuit which expressesig = gm Vgs ? Sincethe current is not

across its “controlling” voltage, we need a voltage-controlled current source:

gate

gs

— source
o Py

ig

ImVgs
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drain
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Output Conductance/Resistance

= We can aso find the change in drain current due to an increment in the drain-
source voltage:

_ _ ow 2
% = dvoe - MnCoxbrH Vs = V) An DAl
Q

The output resistance is the inverse of the output conductance

o
Elr
>

The (partial) small-signal circuit model with ry added looks like:

ig = Om Vgs + (Uro)Vgs

gate drain
(]
+ <— 4+
ld
V,

Vgs Im gs o Vs
— source —
[}
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MOSFET Capacitancesin Saturation

fringe electric
field lines
drain

n+ n+
—Co >~ W0 —> I~ c depletion
T e, ol % region

source

In saturation, the gate-source capacitance contains two terms, one due to the
channel charge’s dependenceveg [(2/3)WLC,,] and one due to the overlap of
gate and sourc&\(C,,, whereC,, is theoverlap capacitance in fF perum of gate
width)

C.. =

gs = SWLCo +WC,,

wWIN

In addition, there is the small but very important gate-drain capacitance (just the
overlap capacitand8yg = Coy)

There are depletion capacitances between the drain anddy)lagd between
source and bulkGg). Finally, the extension of the gate over the field oxide leads to
a small gate-bulk capacitanCg,.

Complete Small-Signal M odel

» All these capacitances are “patched” onto the small-signal circuit schematic
containinggy, andry, ... gy, is open-circuited for EECS 105 singg =0 V.
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p-channel MOSFETSs

Structure is complementary to the n-channel MOSFET

In aCMOS technol ogy, one or the other type of MOSFET isbuilt into awell -- a
deep diffused region -- so that there are electrically isolated “bulk” regions in the
same substrate

n-channel p-channel
MOSFET |y (e MOSFET

A
@ i p7
common bulk contact for isolated bulk contact with
al n-channel MOSFETS p-channel MOSFET

(to ground or to the — supply) ~ shorted to source

\— > 7 | A w—
p* n* source n* drain p* drain p* source n*

o) p-type substrate n well

p-channel MOSFET Models

= DCdrain current in the three operating regions: -lIp >0

-Ip =0A (Vegs—-Vy)
o = MpCox(W/L)[Vse * Vrp = (Vsp/ 2)1 (1 + ApVep)Vep (Vs 2 —Vrp Vep < Vg + V)

—lp = HpCoy(W/(2L))(Vgs + VTp)Z(l +ApVsp) (Vs ==V, Vgp 2 Vg + Vpp)

» Thethreshold voltage with backgate effect is given by:

VTp = VTOp _yp((«/_VSB + 2(pn) - «/2(pn)
Numerical values:
HpCox is @ameasured parameter. Typical value: ipCox = 25 MAV ™2

- O.lumv_1

)‘p L

V1p=-0.71t0-1.0 V, which should be approximately -V, for awell-controlled
CMOS process
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p-channel MOSFET small-signal model

» thesourceisthe highest potential and is located at the top of the schematic
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