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7.1 Feature of MOSFET models



SPICE models of MOSFET

Model Feature
name
Level 1 Basic physical model (L > 10um)
Level 3 Basic semi-empirical fitting model (L > 1um), Short-channel
effect
BSIM3v3 | Berkeley Short-channel IGFET Model, L > 130nm
BSIM4 L < 90nm, for high frequency operation
EKV Enz-Krummenacher-Vittoz, High precision, Sub-threshold
region
HiSIM Hiroshima-Univ. STARC IGFET Model, L < 90nm, for high

frequency operation

Reference of BSIM4: http://www-device.eecs.berkeley.edu




Model number

Model HSPICE, Berkeley LTspice
SmartSpice | SPICE

Level3 3 3

BSIM3 49/53 3 8

BSIM4 54 14 14

BSIMSOI3 |57 10 9

EPFL-EKV |55 12

HiSIMHV1.2 73

.model model name NMOS/PMOS Level=54

+ vto=0.5 T

+kp=33E-6  model # (The assignment of the model number depends

+ -----

on the circuit simulator.)




Dimensional parameters of MOSFET

C

p-ac

Field Oxide

 Contact

Structural parameters of MOSFET

L: Gate length

W: Gate width

L. Effective channel length

W, Effective channel width

X;: Junction depth

t... Gate oxide thickness

t..¢ Field oxide thickness

t_: poly-Si thickness 5



Configurable parameters 1n circuit

“ Contact Spice model parameters of MOSFET
. I IW L: Gate length
___________ W: Gate width
AD: Drain area = DL*W
p-ac

g AS: Source area = SL-W
p-well PD: Perimeter of drain = 2DL + W

PS: Perimeter of source = 2SL +W




Determination of L and W

* Analog circuit: Several times larger L than minimum L

The production tolerance and mismatch are improved by using
larger L.

The channel noise in MOSFET is suppressed by using larger L*W.

The operating frequency range 1s decreased by using larger L.
(Disadvantage)

Very large W/L or M 1s required for current drive strength of
MOSFET. (Disadvantage)

* Logic circuits: Minimum L

The DC transfer characteristic of the logic gate designed only in
W/L.

The small L achieves a small circuit area.
The small L achieves a short delay time.



7.2 DC characteristics of long
channel MOSFET



Variables of DC characteristics

If Vg =0V,

Ins
Ips(Vas, Vbs)

Y

i |
IG:.O > |< )-<IB:O VDS I‘ D VDS
VGS\ VGS\
VBS Y
WV
I.=15=I¢

Main variables of the function
I are Vg and V.
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600u

Vpe-Ipg Characteristic

Vs <Ves =V, Vg 2V —V;

Linear (2nd order)
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Electron Energy

Carrier transport mechanism in
MOSFET

Weak inversion
(Sub-threshold region)

Exponential I-V

Diffusion
>

S(n+)§ Channel (p) ' D(n+)

»
>

Distance from source electrode

Strong inversion
(Linear and Saturation region)

Parabolic or linear I-V

Drift
>

S(n),  Channel (p) Do)

»
»

Distance from source electrode
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Model equation 1n linear region

Gradual Channel Approximation

4 1
[pg =— ﬂncoxi{(VGS Vi)V Vgs}
T 1,
=B AVss =V5) Vos == Vs
2
T T
Ist order for V ¢ 2nd order for Vg

4, . Electron mobility [m?/Vs]

Cox © GOX capacitance per area [F/m?]
Vi, Threshold voltage @ Vg =0 [V]
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Boundary between linear and
saturation region

dl
dVlZ — /Bn{(VGS _VTn)_VDS} =0
VDS — VG _VTn

VDS < VGS o VTn VDS > VGS o VTn
‘ . .
* Linear Saturation

%)
-
et
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Model equation 1n saturation region

Gradual Channel Approximation + Boundary equation

VD ¢ = VGS — VTn // Boundary between linear and saturation region

g = ﬂn{(VGS _VTn)'(VGS —Vr )_l(VGS _VTn)z}

2
_b,
2

(VGS B VTn )2
*

{ 2nd order for Vg

No dependence on Vg

15



p-ch and n-ch MOSFET

The n-ch MOSFET and p-ch MOSFET have a complementary
characteristics.

. n-ch T Vbs = Vs VY
IDS DS j
n-ch
VTp / /’/ S
T T V > , . VDS
\% GS ¢

p-ch

Vs = Vs _VTp

I : We assume direction flowing into a drain plus. o



Gate overdrive voltage Agy

Saturation condition: Vbs > V4 =V = Aov
depends on I, and W/L.

21 21 i
AOV = VGS — VT = DS — DS Blas CIlI’I'Cnt

15 c .
H-Cox (L)

Bias voltage

(W/L) = const. Ig = const.
A . A
los | Bov 2Vgs Ips (.2W'/L()W/L)
IDsat A VII" Vv ; /i
, GS / e
Vbs Aov Vbs
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Chanel length modulation
parameter

OV Vg Vpg

Ve =V <V, (Saturating) .
oot ? Pinch-off
Channel length =L _— AL Gate
: : L n F [ n |
(AL is proportional to V") Sourcz ¥ nDrain
.
—i AL
The drain current increases gradually Vo=V, <V,
after saturation, because the channel \ '
length 1s decreasing. Al - Short L
ﬂ , = - Long L
IDS ;_n(VGS_VTn) {1+ﬁ“'(VDS_AOV)} R
2 v
“ — _ T DS

Above-mentioned  Chanel length parameter (Lambda)
18



Substrate bias effect

/ Vig =Vig +2- ¢B+—\/2 £y q N, 2@y —Vy)

S Vs / /

Impurity concentration in channel Substrate bias

The V-, shifts upwards for V< 0.

Some designer 1s applying this effect to control the threshold voltage of
MOSFET, but the MOSFET cannot operate for V¢ > 0.

19
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Substrate bias 1n the circuit operation

 The short-circuit with S and B of each transistor
prevents substrate bias effect.

 However, the p-wells of M1 and M2 have to be

electrically divided, because the well potential of M1
and M2 1s different.

IDS ID S

—] M2 Vgg=0 —f (M2 v, <0

\4

—fk— M1 Vas=0 ——|Ejt' MI Vgpe=0
Y

No substrate bias Normal connection



Ips (log)

Currents (log)

Sub-threshold Characteristic

100u

10u

-
=

-
=
=
=

10n

-
=

100p

10p

1p

Very small current I,q is observed for Vs <V,

--------------------------------------------------------------------------------------------

___________________________________________________________________________________________

‘I.r'dsn 3 3v i

---------------------------------------------------------------------------------------------

_________________________

-----------------------------------------------------

TTTTT TTTTTTTTT TTTTTTTTT TTTTTTTTT | TTTTTTTT TTTTTTTT TTTTTTTTT TTTTTTTTT
-500m 0 500m 1 1.5 2 2.5 3
Voltage X (lin) (VOLTS)

S factor
oV

8 log, (1)

S
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Model equation in sub-threshold

region
VGS < VTn
114 qg-V..—V_)
l..=—21 ex = =
- L, 0 EXP1 m-kpT }
—1 CD T
m=1+ COX Exponential for V ¢

I depends on the channel width and temperature.

Cox: GOX capacitance per area
Cp: Capacitance of MOS depletion layer per area

23



Model equations of n-ch MOSFET

Vg VDS Vbs < Vaés -V Vbs > Vais -V
Vas > Vr P,
Y1 =B AV -V, )—%VDS}VDS Lps =7 Vs = Vi) {4 AV ps = B0y )}
(Linear) ~ ﬂzn (VGS — I/Tn)2 (Saturati()n)
Vas <V W _
n q-Ves V1)
I, ., =—"1I ex -
(Vo> 0.1V) ps = p{ —— h (Sub-threshold)
/4 >
B ==y -C,. N C, V1, > 0 (Enhancement mode)
Ln COX
| ! - Ipg
Cox = €oCsio, T 4(}' Fil
tOX
. . eqe VGS - T VDS
Cox: GOX capacitance per p,:Field effect mobility of S
area (F/m?) electron (m?/Vsec) < < <~ 24




Model equations of p-ch MOSFET

Vg Y Ds Vbs > Vs -V1p

Vs < Vas -V1p

<
VGS VTp [DS — _ﬂp{(VGS _VT )_EVDS}VDS

1

Ips = Tp (Ves — VTp)2 {1+ A(Vps —Apy )}

P .
(Linear) ~ 71’ Vs =Vi,) (Saturation)
Vas > V1p Vo —V.
__'p q ( GS Tp)
(Vps< 0.1V) I ps ] 1, exp{ — } (Sub-threshold)
C, Vi1, <0 (Enhancement mode)

ﬂp:L—pﬂp'COX m=1+
p

1

Cox = &o€sio,
ox

Cox: GOX capacitance per
area (F/m?)

u,: Field effect mobility of
hole (m?/Vsec)




7.3 DC characteristics of short
channel MOSFET
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Influence of scaling down to L < 0.3um

 Short channel effect

— The threshold voltage V 1s decreased with decreasing L.

* The three-dimensional distribution of the electric field in the MOSFET
depends on an aspect ratio of cross section.

— The Ipg-Vgg curve shows the linear characteristic in the
saturation region and the boundary of linear and
saturation region 1s obscured.

» The strength of electric field in the channel is very high and the
electron veracity in the channel is saturated.

— The leak current of the sub-threshold region is increased.

* The Vpq contributes the generation of the channel, and the tunneling
current 1s increased with increasing the electric field of drain edge.

The simulation model considering to the short channel
effect have to be used.

27



L-dependence of V;

fluctuation of L

v

A

The fluctuation of V 1s
sensitive to the fluctuation of L
of the short channel MOSFET.

AV

Depletion |
layer

The amount of the charge
controlled by V4 1s —— The impurity concentration in
decreased with decreasing L. channel 1s equivalently decreased and

V. 1s lowered. g



Saturation of the drift velocity

Low electric field: Proportional to the strength of the electric field
High electric field: Saturated for the strength of the electric field

A
107 Y

’&? sat
2
g -
% IBn :L—nlunCOX
< 10° n
: |
=
N o v, = a, | E] (low E)
102 103 104 10°

Electric Field (V/cm) [V, Ve (highE)
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Degradatlon of S factor

100u _
_ A Decreasmg """ A S
< Threshold Voltage '
l_(|£ 1u | e e RinGE ELEEERCRRTY EEPEEEERPRE SREPRERRED
= i Increasmg Sub threshold |
Q 1o00n [ S . S S
= [ (Cut off) Current ; ;
O ] i . : ‘
oo
o ' | |
a 5 E
LY | S S SN SN S SUUUU S
woop Il
[T I I I I I I ]
] al0m 1 1.5 Z 2.3 3

Gate Voltage V¢ (V)



Characteristics of Short channel

MOSFET

IDS

Long Channel MOSFET

[DS — :an (VGS - VTn)2{1+;L(VDS _AOV)}

Short Channel MOSFET -

Lps =W, Ve Cox Vs = Vi )+ AV s = Ay )}

V., - Saturation velocity of the carrier

4

Pinch-off voltage

A

/ \
" A
/ 2nd order
|} characteristic
S
; Vs for Vg
)
: : Vs
velocity-saturation voltage
s l i - \
: ! A
! 1st order
! — > characteristic
I, .
://
A )
> Vs
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7.4 Capacitance-Voltage (C-V)
characteristics

32



Parasitic capacitance in MOSFET

Overlap Capacitance
between G-D and G-S  Cov
(constant)

Capacitance between G-B
Can (depending on the bias voltage)

B D
pt n+
Cross section eyl
«> Ly
CPN LOV

pn junction capacitance of D and S layer (depending
on the bias voltage)
33



Bias dependence of pn junction

capacitance (Cpy) -1

e &4 © @D D The 10nized donor and
ot © | acceptor works as a
i @ | D electric double layer
S-S @ @ capacitor.
p-type | i n-type
. Depletion:
. layer '
Poten?“[ial Al
Forward bias Vp-Vpy ... Posit?onx
Zero bias Vg
Reverse bias  Vp+Vp QU VU BN

IA
<

‘I
»

The width of deplefion layer depeI{ds on the bias voltage.
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Bias dependence of pn junction
capacitance (Cpy) -2

Con Model equation of C-V characteristic
: Junction area
Model equation > C S«
= &£, —
Measured curve — PN 05 d + Depletion layer width
_ Cpy(0V)
1 _ VPN

VB

Vg: Built-in Potential ~0.6~0.9V

NOTE: This equation is obtained according to

depletion layer capacitance, and cannot be

V O ~0.6V applicable to estimate the forward bias capacitance,
PN because the injected minority carrier play a roll of

a electric double layer capacitor (usually large

value) in the high-level injection condition. 35

Reverse bias Forward bias



Bias dependence of MOS (C, ;<) -1

Electron energy lineup of the strong inversion for p-substrate MOS for V5 > Vi,

>
%0 A
S| 4 Vox
g T dOX D 1
= epletion layer
§ /
m ——
vV Voot / ________ I_q'(Ps ]7
- ¢
GB ox ' Ps | |C0X | |Cs
VGB_V—V, ¥ : Cox: GOX capacitance per area
1V s Cq : Depletion layer capacitance per area
Gate iSiO -type Si1 VOX ¢S Vo—y
2 PP — o8 =Vox + 9
electrode ! | |
: Vopo—e Ei _ Cox %
0X J7 ¢S — C C .
Channel ox TCs
COX CS
Depletion layer 36

Equivalent circuit



Bias dependence of MOS (C,;o¢) -2

In the weak inversion for p-substrate MOS for V5 <V,

Deple.t lon layer and GOX Width of depletion layer
capacitance per area
C. = Eobsi = 2&,€ P
S ) D —
Xp gN ,
_ €500,
ox —
)¢ ¢ B COX v
. - 7S T C C GB
Total capacitance ox T4
1
CMO = 1 1

COX CVS

37



Bias dependence of MOS (Cy,n¢) -3

C-V characteristic of MOS capacitor

C.
Crios = Cox \
1
CMOS - —

— wmm mm—

The depletion layer width cannot
grow anymore with increasing Vg
in the strong inversion condition,
and Cs is fixed at Cs(V,).
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Interelectrode capacitance of
MOSFET

COX
B S G D
COV
Cys = Coy T (V)= Cppx \ A Coa = Coy
[ X —F X |
The variable a(V) depends pt n+ \ n+
on the bias condition. il L
a(V) ~ 2/3 in the strong p
inversion condition (linear / —
region and saturation C
region). Cds aall OF
C;(0) :




Model of interelectrode
capacitance

o0 | Coo
G Iil B Capacitance independent on bias
I I CGDO: G-D overlap capacitance
Cas é Css CGSO: G-S overlap capacitance
Cl)IGB CGBO: G-B overlap capacitance
Label | Sub-threshold region | Linear region Saturation region
Ceop CGDO*W 0.5*%CHx*W*L CGDO*W
Cpop Cj*W*LD Cj*W*LD Cj*VV*LD
Cap Cox W*L ¢ CGBO*L CGBO*L
Cas CGSO*W 0.5*CHx*W*L 2/3*Cx*W*L
Cqp C*W*Lg C*W*Lg C*W*Lg
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7.5 Small-signal characteristics

41



Biasing for MOSFET operation

* Analog circuit operates with DC biasing

— The MOSFETs are operated in the saturation region and sometimes in
the linear region and sub-threshold region if needed.

— The small-signal parameters depends on the bias current Iq in the
saturation region.

— The bias current I is designed with the circuit parameter V and W/L.

« Dagital circuit does not require the concept of biasing
— Logic value 'l' «— Linear(p-ch), Sub-threshold(n-ch)
— Logic value '0' «— Linear(n-ch), Sub-threshold(p-ch)
— '1' < '0" transition = Saturation region(p-ch and n-ch)

42



Transconductance g (1)

The transconductance g _ expresses ability for amplification of
the MOSFET.

]DS +A[DS
l / Slope =g,
—
VGS +AVGS\ - -
ol
Vo1 =8n =
OV g V..

NOTE: Small-signal parameters of p-ch and n-ch , <
MOSFET are given by the same expression, < .

because the small-signal parameters connected to Bias Vg - Vit Agy
the slope of the DC characteristics.
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Transconductance g (2)

Bias current dependence of g

Vs < Vo, (Sub-threshold region)

/4 q-Vos =Vr5)

I =

q- (VGS VTn)
L~ m-k,T m-k,T

} =

Vs > Vo, (Saturation region)
Long Channel (E_,*L >> V¢-V,)
B,

Ips = )

sat

VGS o I/Tn)2

Tn) '\/21871 'IDS

=B, (Ves —
21
VGS B VTn

Vdsn:Vgsn_vtnO [ —

— . ' Vgsn
satyfation
rgion

DS
ke, T —
Vbs
Velocity saturation MOSFET
Short Channel (E,,"L < V54-V1,)

I =v WCox Vs = V1)
g m — vsat WCOX



Output conductance g,

g, 1n saturation region

]DS — /an (VGS _VTn)2 {1+ﬂ“(VDS _AOV)}
ol p 2
Vi = 8us = = Vs =V5) -4
22 d oV, 5 vas T
= A1 g (Vps > Vg - V)

g4, 1n linear region
1

[DS = :Bn{(VGS - VTn) : VDS _EVDsz}
ol

Yo =84 = > =B AVes —V5) —Vis}
OV g

n
A
et

4

VDS,:VGS'VTn

linear region saturation region

A

_______

/ Slope(linear) = g,

(VDS < VGS - VTn)
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y parameters of MOSFET

Small-signal equivalent circuit

ng
G oD G o I || 3 I oD
Cgs T gm* Vgs <\1l> gds T Cds
S
o)
S
- Small-signal equivalent circuit (Cy includes Cy)
l.gs:| _ |:y11 y12 :||:ng:| gm* Vs
| Las Vor Voo || Vas G Oj ——oD
_yll y12:|:|:ja).cgs O :| Cgs <\1,> ggds gm :\/218n1DS
| Vo1 Vo Em 8 ds T o 8 =4, L ps
o
S

Simplified equivalent circuit
(Cy >> C,q in a saturation region) 46



1

Vi

Cgs =

hp

gm‘Vl

i)
<«

@

gds

Small-signal equivalent circuit

{Vl} _ |:h11
I hy,

{hn h12} _
h21 hzz

l

2
h21 B

ll v, =0

I, }{ i }
hy | v,

]
ja)-CgS
g

0

gds

Vo

arameters of MOSFET

D

Cgd £
=

!
Cgsi____
S

§ gds

Transition Frequency

when f=f,,|h, =1 (=0dB)
__ &
Ir 27-C,,

where g,, depends on W/L and Iyg
(long channel)

{ I :ja)-CgS -V,

LL=8,"'VY

(v, =0)
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Transition Frequency f;

The frequency for the current gain h,, = 1

Long channel MOS Short channel MOS
I, .=ve C WWV..—-V.)
I, =§(VGS —VT)2 DS ;;T 19 Gs —Vr
W fog :dVi:VSATCOXW
_y.c. GS
p=u N ) o VerCoxW — vor CoxW  — vgr
T pea

- 22-C,  27m-Co, WL 2mL

dl —
gm = > = 2IB.]DS

dVs independent on the bias
£ = \ 20 -1 s . : . .
", [Ref.] g, of bipolar junction transistor (BJT)
Vs
T I,=1,(e"™ -1
depending on the bias current dl q
|
v, kT °

dl. dl, dl. ¢ q
- = IB.hfe:—IC 48
av,., dv, dl, kT kT

Em =



RF and mixed signal technology trend

1000 ¢

*

CMQOS (priority=Low Standby Power)

100 F
: CMQOS (priority=precision)

Peak Transition Frequency (GHz

10 | | | | | | | |
M Q S N\ Vv ™ S S Q W
Q Q Q \ \S \S \ \S
O AN A O O M\ A A A N
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Circuit performance depending on Ay,

Voltage gain Tolerance for V fluctuation
p B )l
Ips = 771 (Vos — Vrn)?= %A?)V aVDS = —Prloy
Tn
2lpg dlps WVrn Vry
ov— = —pnlov -~
bn Ips Ips Aoy
0lps T
gy = = B.A .
m aVGS noov Large AOV 1s better.
. 9m _Im 2
|Gain| = — « =
Jas Ips Doy

Small Ay 1s better.
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Bias current dependence of g

The previous equations are simplified assuming m =1. The
parameter m is derived from the dependence of C; on V .

log (gm/Ids)

Cd
m=1+——

gn _ q Cox

. gm 2 |2
i Ilds Vgs—V, m- Ids

Ids mkT

w
= u-Cox—
p=n Vi

gm = gmsat(#'fE’)

h
o0
o
&m _ gm, —
Ilds  Ids
am
Intermediate inversion i
Weak inversion Strong inversion ~ Velocity saturation

log Ids
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[ Important] Optimization of Ay,

* Ayy depends on W/L, and I .

« g and the production tolerance
depends on Agy. Therefore,
there 1s a reasonable range 1n a
value of Ayy

The rage of Ayy

Ips

* The value of Vg 1s usually
chosen among the range of

Aoy = 0.15V~0.30V
Typically Ay, = 0.2V
(See the slide 64.)




7.6 Inherent noise
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Quantification of the noise

PSD: Power Spectrum Density of noise

PS D = Vsoise (f ) (Vz/ HZ)

RMS noise voltage in the band from {; to fj
fi
\/‘[fL vlfoise (f) | df (V)

RMS noise power in the band from f; to fj
1 /v —

E 7 Vioise (f )df (W)
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Source of inherent noise

1.  Thermal noise (Johnson noise) The noise model is
. Random movement of carrier in all conductive material | implemented in the
. White noise device model of the
. independent on the bias circuit 51(r1nulators, buta
. . measured parameter ma
2. Flicker noise b Y
not be provided by
. Random ionization of deep level trap in semiconductors | semiconductor
. 1/f noise (1/f*, where n=0.8~1.3) manufacture.

dependent on the bias
. inversely proportional to L*W of MOSFET

3. Shot noise (modeled after BSIM4)

. Statistical fluctuation of thermal emission and tunneling through the potential
barrier in semiconductors

. White noise
. proportional to voltage
. observed in the short channel MOSFET (t , <20nm)
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Thermal noise of resistor

o

2 R

Voise GITJ)

4KT
Boise =~ (WD) v, = 4kTR (ViH2)

|

o~,
S
2.
&
0

|
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Thermal noise of RC circuit

Vout = 1 +ja)CR Vnoise — 1 +ja)/a)p vnoise, a)p = C_R

2

2 Vnoise

Vi =
out 2 2
1+ w/wy

Large C suppresses the thermal

0 kT i '
RMS (7= = T = L noise generated by the resistor, .but
ou . out C the time constant of the circuit is
increased.

NOTE: The RMS of thermal noise v, 1s limited by the size of the capacitor,
and independent of the size of the resistor. The thermal noise can be observed in
you remove the resistor, because the charge stored in the capacitor is fluctuating. 57



Thermal noise of MOSFET

PSD of the thermal noise depends on the conductance.

D D
o

Vhoise

| : input-referred not :: |
G G 2 mput-referred noise G [

Channel
resistance S %
derived ¢
with GCA PSD of thermal noise in MOSFET v
- 2 2
l;foise =4 kBT V" Egm (Saturation region) V2 = Lpoise _ 8kBT Y
noise g}i 3gm
vy=1 (Long Channel > 0.25um) g

2 (Short Channel < 0.25um) Normally this equation is used.
58



Limitation of the gate width

PSD of the gate resistance noise

soise :4kBT.RG :4kBT‘RD%

V

PSD of the channel resistance noise
V2 _ SkBT YV
3g,,

W/L 1s limited according to the thermal noise condition:
Gate resistance noise < Channel resistance
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Flicker noise of MOSFET

PSD of the Flicker noise depends on the L*W.

R I Gt poly

noise 2 n .
Designed COX w-L f _ |Gate oxide
—K.=10" (V*F) @-ch) | ﬁ -O Semi- |
Flicker noise i s ) h conductor
coefficient ~10 (V°F)  (p-ch) ' Neutral Ionized I

dependingon  ;~0.8~1.3 e ennee —— i
the process channel region

|

time

(=

N

o
et

Substrate

Quantized Flicker noise of Ultra-narrow-W MOSFET
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PSD of dominant noise in MOSFET

* The 1/f noise is an intrinsic noise in semiconductors.
* The thermal noise occurs anywhere 1n conductor.

4

log(”

noise)

PSD

: : _ [
Effective noise voltage = /v - Af

n

The bandwidth of the circuit Af should be
limited to a signal band.

Af

A
v

1/f noise "\

.. Thermal noise

~1MHz log(f)
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SNR and NF

Noise strength mixed in the signal Noise strength generated in the circuit
SNR: Signal to Noise Ratio Noise Figure (NF)
Noise voltage v, | NF (dB) = SNR,(dB) — SNR, (dB)
SNR(dB) =201lo £ P .
( ) glO | Vnome | _ 1010g10 1 noise(output)
2
. G [)noise(input)
Noise power P |
SNR(dB) =10log,, —2& SNRi(dB) SNR2(dB)
| })noise | %
[ s2 gs

NOTE: The absolute noise strength
1s often given by the input-referred

noise power (dBm).
p (dBm) NF depends on the output

conductance g, of signal source. NF
is normally measured for 1/g, = 50(€2).
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7.7 Production tolerance
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Fluctuation of circuit characteristics

The circuit characteristics 1s sensitive to § and V; of MOSFET

— Fluctuation of VT (0.2~ 10mV in a chip)

* because of the fluctuation of impurity concentration

— Fluctuation of § (0.1~5% in a chip)

» because of the fluctuation of field effect mobility

>
>
A
Q
QN
=

N
|

of Ipg

ek
|

1,.=Lw., vy

2
Aps 2 AVT+iAﬁ
]DS VG _VT IB

To suppress the fluctuation

I

Standard deviation of V. (mV)

L*W (um?)

Increase Ayy = 0.15~0.30
Increase L=2~5xL_.

5 10 50
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Circuit design for the production

AIDS/ IDS (%)

tolerance

____________ < TOLERANCE
1
—AS
p

VGS

Ay 1s critical for the production tolerance.
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Corner Analysis

N Process corners
arisen from 3-

it sigma process

variation

f: fast
S: slow

st

typ

SS fs

p-ch MOSFET

n-ch MOSFET

NOTE: The term of corner analysis often means PVT(process, supply voltage

and temperature variation) analysis too. »



7.8 Parameters for analog design
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Parameters of long channel
MOSFET for circuit design

Measurement of V. and pC,y Measurement of A

IDS

Ips
I Agy=0.15~0.3V I

— —
VGST' E__-I._VSB _'|'_AOV VT+AOV_'|'_ E—_-I._VSB ;fVDS

Y . 1 dl g 8 as

A= =
M Ve +Ap)dVyg  1ps(Vi+Ay,)

IDS
— V?/j I ps (VATZO_';AOV) IDS(AOV) fm Vas=AoytVy
T > L ! o
VT Vi+thoy Vas Aoy V\/DS
Saturation condition : Vo = Vi +Agy, Vps =Agy
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NOTE: pCgyy1s equivalent to Kp of the SPICE parameter.



Summary of MOSFET

characteristic
Gate overdrive voltage for bias design Caleulate the
21, 21, suitable value of
Bor=les Tl = ) .| Ip/(W/L)
M- COX (L)

Transconductance and output conductance for small-signal design

gm :\/2181DS
gds :ﬂ“.IDS

Note: The device parameters 1n analog circuit are specified

by the drain current I . “



Effects of scaling on amplifiers

L——
o
" [
Peak transition frequency: fTpear = 7 X @
. 2lps
Voltage gain: Gain= 9m = Bov — _2 1 if A,, = const.

Tds Alps Aoy

GBP (Gain bandwidth product): GBP= —2*— « « , if'g,, = const.

2nCpara

. . . vZ, 1 .

SNR (Signal to noise ratio): SNR(Power)= 27 X — . if C = const.
c
: L= — 1 = const.
Power consumption: Ppias = Vpplps a /&
Vop GmA nkTA,,(SNR)(GBP)V,
Pyias = Vpplps = 20 zm = = = 2 2 xa , if GBP and SNR = const.
sig

NOTE: The analytical approach of the amplifier is discussed in later chapters. 0



