P. Bruschi: Notes on Mixed Signal Design App. 3.1

MOSFET device models and conventions

Symbols: V; = threshold voltage; V+=kT/q,
B =u Coy VLVi . Wer=W-2Wb, Le=L—2Lo
eff
Hn=¢lectron mobility in the MOSFET channel (can be much lower than the mobility in bulk silicon).

1. DRAIN CURRENT

Strong Inversion: Vs Vi>>4Vy

_ 2
los =B, M(ﬂ A\V,s) (saturation region: Vps > Ves-Vy) (1)

los = Bn(sz -V, —\%)\/DS (triode region: Vps < Vgs-V4) (2
The threshold voltage depends on the body-source voltage (Vgs) according to the law:

Vi =Vio t WP~ Ves — \/(_0) (body effect). ©)
where gamma (y) is the body effect coefficient.

Parameter |lambda (A\) determines the small signal output resistance of the MOSFET according to:
1 _ At
1A (4)

ry = =
My g

Note that the rq expression is similar to the r, expression for BJTSs, identifying A with the BJT early

voltage (Va).

Lambda depends on the MOSFET dimensions and also on the operating point (Vgs, Vps, Vas).
Traditional SPICE models (Level 1,2,3) do not provide a precise representation of |, and, consequently,
of the MOSFET output resistance. More recent models (EKV, BSIM3, Philps 9) produce accurate
representations of the Ip vs Vps dependence, resulting in more precise simulations of the effective

MOSFET output resistance in most operating conditions.

For hand calculations and design purposes, it is possible to neglect the lambda dependence on the
operating point (provided that the MOSFET is in saturation region) and consider only the dependence
on the channel length. A simplified linear dependence of A™ on the channel length can be used only for

first order estimations of output resistances:
A=K, Ly ©)

where kj isaconstant. It it isimportant to point out that expression (5) can be used only to have a

rough idea of the impact of changing the device lengths on the circuit dc performance. For example, it

suggests to the designer that the output resistance of a current mirror can be approximately doubled by

doubling the output MOSFET length. The actual gain in circuit performance should be mandatorily

checked using an accurate el ectrical simulator. Equation (5) can be used only for MOSFETS in strong

inversion and when L is much larger than the minimum channel length.
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Weak inversion: VgsVi<<4Vr

Ves—™Vi Vﬁ
lps =lgu€ " |1-e" (6)

where: V= threshold voltage, Vy=kT/q and:

C gEs N4 Wet |2
(=1+—0 Co= |—FalNa o) o Yery, @)
Cox ? Z(CPS _Vst ! "P L !

Expression (6) includes a dependence on both Vgs and Vps. The dependence on V ps vanishes when
Vps >> V. In practice, due to the exponential dependence, is sufficient that Vps > 4Vt to neglect the
dependence on Vps. This condition is similar to saturation region for strong inversion. As for strong
inversion, the dependence on Vps is not completely cancelled, but aresidual sensitivity of the current
to Vps is present. This phenomenon can be modeled with the parameter lambda. Therefore:

VGS *V|

lps =lge " (1+AV,s) for Vps> 100 mV (weak inversion + saturation region) (8

Short channel effects, such as drain induced barrier lowering (DIBL), contribute to the effective
lambda value.

2. TRANSCONDUCTANCE
Tranconductance (gm) is the most important small signal parameter of electronic devices. Using the

square law drain current formul as (strong inversion) it is possible to derive the following equivalent
expressions:

9, =B,(Ves -V,) (N-MOSFET, saturation +strong inversion) 9

9. =428, (n-MOSFET, saturation +strong inversion) (20

O = (\/2|—DV) (n-MOSFET, saturation +strong inversion) (11)
es Vi

In weak inversion, considering equation (8) the gn, becomes:

g, = cITD (n-MOSFET, weak inversion+saturation) (11)
]

The g dependence on the MOSFET current in weak inversion is then similar to that of bipolar
transistors, for which:

g, = \'/—C (BJT, active region) (12
A

It is possible to use a single formula, representative of MOSFET s in strong and weak inversion and
BJTs:
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| (Vgs —V,)/2 MOSFET instronginversion
g,=—S with V. = QV; MOSFET in weak inversion (13)
TE V; BJT

3. PARAMETER MATCHING



