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TWO-TERMINAL MOS STRUCTURE

VG gate-to-bulk voltage
G oo | |
ox OXide capacitance per unit area
Q ¢S surface potential
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MOSFET SMALL-SIGNAL EQUIVALENT CIRCUIT
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THE LINEARIZATION SURFACE POTENTIAL ¢,

Determination of ¢ =49,
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UNIFIED CHARGE CONTROL MODEL (UCCM)-1

vi « Vo v, ¢, +C) =nC,,
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UNIFIED CHARGE CONTROL MODEL (UCCM)-2

Integrating 4v.=dQ ( é —gfj between V., and Vp
n
yields UCCM o

ol g
nC’ Q,P

oxX

Q,=-nC, ¢ Thermal charge

Normalized inversion charge density

Normalized UCCM V,-V.=¢(q, —1+Inq))
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DRAIN CURRENT: PAO-SAH MODEL

t, wLag
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DRAIN CURRENT: CHARGE-SHEET MODEL

drift— diffusion drift  diffusion
—ave i deI 1, =) Qs = Q;Dz—cﬁz(QJS—QiD)
L | 2nC,
dQ, =nC dg, J . w
L 2
Normalization (specific) current [ =ﬂC;xn%’S

—— Sheet normalization (specific) current I, =ucC n¢—’2

Ip=I,—Ip=1Ig|i;—i |=8Ig i, i, |
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FORWARD AND REVERSE CURRENTS

Long-channel MOSFET 1, =1, —1,=1(V;,Vs)—-1(V;,V},)
|- forward current I5: reverse current

Ip

(Forward) Saturation

I,=1,-1,=I,
Triode
I,=1,-1, -

Triode for Vps—0

I.=1,; I,=1,-1,<<I,
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MASTER DESIGN EQUATION

nANYS ,
IF :Idriﬁ +Idiﬁv = I |:2n(5:,0/x _¢IQIS:|

s = —¥,UQ,'S Pao-Sah model
8

I, = 1+ s

r= &, 24C, ng, (W /L)
4 ol WY
IDsat e IWI _1+ (W/L) ] gms :(W/L)th ﬂ(zncoxﬁ)
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ASPECT RATIO VS. CURRENT EXCESS

(W/L) A
(H_._.r / L)

i

Normalized aspect ratio
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©0.1 1.0 10 100 (I,-1,,)/1,
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WEAK, MODERATE, STRONG INVERSION

Ip=Iy—Ip=1Ig|i,—i |

L) = Disio). * 2is(0) = Disio) =1 )~
if<1 1<if<lOO lOO<if
g, <04 0.4<q; <9 9<q;
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UNIFIED I-V RELATIONSHIP (UICM)

V,=Vy=g | Jl+i, —2+mn(fi+i, -1)]

Ip=1Ig|i, —i, |= i,

since i, >>1i,

-3
107, ) Vo=Vo |
I_S|
-t Ve=0V "
0.5 7
| M /1.0 / Ve
10° ¢ 1.5
e s 2.0
WI ;2.5
| 3.0/
10 | * e
0 1 2 3 4 V; (V)
Common-source characteristics
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THE PINCH-OFF CHARGE DENSITY

The channel charge density corresponding to the
effective channel capacitance times the thermal
voltage, or thermal charge, defines pinch-off

O =—(C,, +C)g, =-nC..4

The name pinch-off is retained herein for historical
reasons and means the channel potential
corresponding to a small (but well-defined)
amount of carriers in the channel.
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THE PINCH-OFF VOLTAGE V,

The channel-to-substrate voltage (V) for which the
channel charge density equals the pinch-off charge
density is called the pinch-off voltage Vp.

s ' = Clpe PV = 7 (=205 Ve )19,
inversion —Q =C/ge ™" =C (n—1)@e' e

UCCM is asymptotically .
correct in weak inversionif Ve = 9,, =20, — 9, {1 + ln( ﬂ

n-—1

VP = ¢sa B 2¢F
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THE THRESHOLD VOLTAGE V,

Equilibrium threshold voltage V,, for V=0,
gate voltage for which Q',=Q’)p =-nC’,, ¢,

(gate voltage for which V=0 )

Recalling that

it follows that

ISCAS 2010
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VP = ¢SCZ o 2¢F

VG _VFB — ¢sa + yC;x \/¢sa o ¢t

-

VTO = VFB + 2¢F + 7/ 2¢F
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PINCH-OFF VOLTAGE AND SLOPE FACTOR

i=3 at pinch-off =) [V, —Vs=0= [m_zﬂn(m_l)}
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Vg [V]

Ve[V]
Pinch-off voltage and slope factor as functions of V;[0.18 um CMOS technology].
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SATURATION VOLTAGE

10°
- Saturation voltage
I (Vpssa): Vs at which
102} the ratio |gpy/qjs =5
Vpssat |
2: |
10— »
- £=10.01
[ £=0.1
100 I I I A o A A
10° 103 10 10* 103 10°

if
Saturation voltage versus inversion level

Vs =&, {ln (éj + (l—cf)(, M+, —1)} (1-¢) is the saturation level
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TRANSCONDUCTANCES

AID — gmgAVG _gmsAVS T gmdAVD T gmbAVB

gmg _gms +gmd +gmb :O

Calculation of g, ID:IF_IR:IS[if_ir] A

. ’ 2 ’
L) = Disio) T 2s(p) \

V,-V.=¢(q,—1+Inq))

/

gmsz—lsj‘i; =—p— Q,S 2¢I (J1+i, -1
S t
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TRANSCONDUCTANCE-TO-CURRENT RATIO

Transconductance | & msa)?, _ 2 .=l WIG<D
-to-current ratio -
Lin \/1+zf(r) +1 -2
=—F > Sl (i;>>1)
102 Vi
_ gms _ gmd
gm/IF gmg -
n
10! | . .
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—— A tOX = 5.5 nm (IS = 111 HA) gms
g —
e " n
100 ' ' ' ‘ ' ' '
104 102 100 102 i 10*
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PARAMETER EXTRACTION

V_ =1mV _
osp DS | (g./1), =1/(ng)

/ /
QIS(D) _ QIS(D)

/
discpy = = ;
QIP _nC0x¢t
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INTRINSIC CAPACITANCES

A set of 9 independent MOSFET capacitances

1\ T T T
n—1
C, 6 = c.—-C, -C
0.8‘ gb n( g gd)c _g 1+2a g i
37 (1+a)’ 1+ g
% 0.6}
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O 0.4 0 ) Ty ]
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15 1 C ) m s s
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SMALL-SIGNAL MOSFET MODEL

G

alVDB
g Ve tC
md j)Bmd i
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— —C
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INTRINSIC TRANSITION FREQUENCY

Cga

1
+ ||

8mVg
= |- + i Vg ——
’g lq _ Cgs'l'Cgb

f — gmg E ms
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NOISE & MISMATCH

The spontaneous fluctuations over time of the current
and voltage inside a device, which are basically
related to the discrete nature of electrical charge, are
called electrical noise.

Time-independent variations between identically
designed devices in an integrated circuit due to the
spatial fluctuations in the technological parameters
and geometries are called mismatch.

Mismatch (spatial fluctuation) and noise (temporal
fluctuation) are similar phenomena, both being
dependent on the process, device dimensions, and
bias.

Mismatch can be seen as “dc noise”.
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THERMAL NOISE EXCESS FACTOR-1

For V,s—0, the transistor is equivalent to a resistor and

Af

5 = 4kTg,.
L

where g,.. (=9, Is the equivalent conductance of the transistor

In weak inversion

2
Yo gy Y
Af L

(Q;S ;Q;D) — AkT gms+gmd

—— For a saturated transistor (g,..>>9,,,) in weak inversion

2
La

<4 =2kT
Af 8 ms
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THERMAL NOISE EXCESS FACTOR-2

In general, the channel thermal noise is written as

2

Ly
4 =4kT

!f 7/ng

vis the excess noise factor and its value is 2/3 for a long-channel
saturated transistor in strong inversion.

Le QI

for a short-channel transistor Ve = 5 ;
LesatWQI

where L and L., are the electric length of the channel in the
linear and the saturation regions, respectively. Considering that
L ..~ L.-AL, where AL is the channel shortening due to CLM, then
we can write 5 AL] 0,

Le WLe Q;S

yshort = (1 +

for short-channel transistors it is possible that ¥>1 due to the CLM
effect.
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THERMAL AND 1/F NOISE

1E-9

1E-10

1E-11

1E-12 "

o _n 1/f Noise
B N )
@ Eq3]Thermal Noise ™% —— Simulated
—mio Simulated \l’\‘ - . —. Simulated
1E-14 (Typ-NMOS model) ’\.E O Measured
m Measured '\,\.
1E-15 e T
10n 100n 14 10 100 1m 10m

Drain Current [A]

Normalized flicker and thermal PSD at f=1Hz for saturated NMOS-T

(W/L=200/5)
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CORNER FREQUENCY

Noise corner frequency (frequency at which the PSD of the 1/f
noise equals the PSD of the thermal noise)

100K
] ]
¥
f T K r f T 10k
c T - ]
2 nqo, 3
g
g Corner frequency f_
L 1k Calculated from measured g_
o ] - — — Calculated from estimated g_
o - = Measured
(@) .
] L,
K. SPICENLEV 2,3 i
: 100 —— —— ——————
1/f noise constant 100 M 10 00,
Drain Current 1, [A]
30
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PELGROM’'S MODEL OF MISMATCH

o (number of acceptors under gate)
WLC’

ox

o(Vyo)=4q = gyWLx,N, | (WLC,)

In most applications: the standard deviation of the difference
between the threshold voltages of two identical transistors
(AVp=Vr-Vp)is

q 2deA Ayr

o (AVyg)= \/_O'( Vro)

C' WL \/WL
A _Q\/zdeA
v =

Cl

ox
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MISMATCH - EXPERIMENTAL RESULTS

Dependence of mismatch on inversion level - Linear: [1 (V;s=50mV);
Saturation: O (Vs=1V) regions. Model :—

ISCAS 2010 CMOS Analog Design Using All-Region MOSFET Modeling 32



CMOS ANALOG DESIGN USING ALL-
REGION MOSFET MODELING: PART li

Carlos Galup-Montoro, Marcio Cherem Schneider

Federal University of Santa Catarina
Brazil

LE LABORATORIO
DE
CIRCUITOS
INTEGRADOS

ISCAS 2010 CMOS Analog Design Using All-Region MOSFET Modeling 33



CONTENTS

The intrinsic gain stage

The source-coupled pair

The two-transistor current mirror
A self-biased current source

A folded cascode amplifier



SUMMARY OF MAIN DESIGN EQUATIONS - 1

Sheet specific current

Iy, = uC,ng! 12 N
0.35 um CMOS { Lsuy =70 nA 30
technology I, =25nA
e IsOA)
1 3l 10
W/L=1 .
Vo

Specific (normalization)
current

I,=1,(W/L)

ISCAS 2010

Bog

+25% I

=25um
280A

2
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3
Ve(V)

Forward and reverse currents

Iy=1,—-1,=1(i,—i)

saturation
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SUMMARY OF MAIN DESIGN EQUATIONS-2

UICM

Vp _¢VS(D)+1:(M—1)+IH(M—1) Ve = n

I

! —— >
< VA r > VDS

VDSsat

: 21 ,
Saturation Gate transconductance g, ===(,/1+i, -1)
Ve >V g,

DS DSsat

Output conductance =11V
VDSsat:¢t( 1+if +3) P 8as = 1p!Vy

V,=V.L
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THE INTRINSIC GAIN STAGE -1

VDD IDA —_— M1 _— M2
M, — I\ | |

—
o VO

bt
M ——=¢, I Ve
Vi — \
T Voo Vo
v, 4 - Output characteristics

I_VDSsaQ - ~

/
VL maximum

e output swing V. —V
v oy 10 fii, —2+In (147, 1)

From UICM we find the dc voltage
V;y at the input:

o . mé
Viu Vop Vi [ =] =] / "
. p —1Ip=Lp —Jfri> =7
Voltage transfer characteristic S Iy,

ISCAS 2010 CMOS Analog Design Using All-Region MOSFET Modeling 37




THE INTRINSIC GAIN STAGE -2

V-l converter (transconductor)
followed by an |-V converter
(output impedance)

Vg Vo
( ;v,- (]) § —
gmvg 0] CL

JAVlas

1‘ a)b — go /CL

=g IC

JAvl - -
-20 dB/dec

0 >
@, COL\ @

Voltage gain vs frequency

v, 1 B 1
AV_vl. - gm(go+sCLJ AV01+s/a)b
Ay = —Sut = 8
go gdsl
Iy Vi 2
g =—= AV — —
“ Vai ’ n|¢t 1+«/1+l’f1
Vi =Vl
ISCAS 2010
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THE INTRINSIC GAIN STAGE -3

Design example

Specifications: @,.C,, A,

Vg Vo g = a)u . CL
v _ ; I+i, +1 How d . -
] v =n OwW a0 we CNnoose I «
| ! gmvg gO CL D ¢tgm 2 f
— (W/L) &
. . WriL),
Sizing and biasing: W, L, Ig
Iy in =1y = 8,19, o -
ECF =(I,-1,,)/ I, =(J1+i, -1)/2 % SO
w_ g, 1 2 |
= L Power-area tradeoff =y ¢ |
—_—| L 2uC ¢ ECF £ 29 :
e |
A, = VL 1 How long can L be? E _ :
o i | >
ng, ECF+1 0.1 1.0 10 100 ECF

C,\y and transit time are both proportional
to L2 (for constant W/L)!

ISCAS 2010
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ECF=(I,—-1,,.)/1

Dmin
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THE INTRINSIC GAIN STAGE -4

MOST noise Thermal 1/f
model &3 X {
' b 4ykTg, +F;gm— = 4ykTg, . [1 +4 fij
A4 LC,, f f
— Bias-dependent
_I I_ Q iczh fac?or Corner
T / frequency
/ 1/2 7 ~_ K f
Noise current - \ \/1+l ‘" 2ngg "
generator 1/2 (WI) 2/3 (SI) —
ich /Af
Input-referred noise model 4
_ L
2 N
e, // | > N i
( > ,\ Noiseless\ : .
\ MOST f. f
\
2 1 ) S o _ - 7
S0 T f= :>o 35 um CMOS
Af g, & | 2000 technology
ISCAS 2010
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THE SOURCE-COUPLED PAIR -1

L P First order analysis:
4 Ideal current source
O M, & M, in saturation — |, & |, independent
O_‘ My M, ‘_°+ of drain voltage; L
Vo Voo Normalization

i- I +1,=1, n=n,=n
i =000, i, =111,

- -1,=1,, I,=1,=1I
@ : =111, i,=1,/1

VGI VG2 V by =1, =0

L, =1t Ly =41

<
— — 10
Via _ Lty L loa + / 100
_‘\/H—_ la=—= s | i=1000

— [ o A —in
o L R

-12 -8 -4 0 4 8 12 n

t
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THE SOURCE-COUPLED PAIR - 2

Offset voltage Vog= AVg =Vgo- Vg1 such that

A |D= |2' |1=O

Simple model Voy =Voot +AV.: I, =1 +Al
0

I, =1 |:if _/ﬂ': I f (Vo = V5o, Vs)

[ [ 1
Al +a—DAVG +a—DAVT0 =LAl +g (AV,—AV,,) @V,

1 Vv, I8

Al = Al +8m (AV,—AV,,)

ID IS ID

— The differential input voltage at the input required for Al =0 is

IT AIS
2gm IS

AV, =V, =AV, -
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THE SOURCE-COUPLED PAIR - 3

I, | I. Al
Hi Loy AV, =V, =AV, ————= Uncorrelated A V; & A lg
2gm IS@
s 2
N v o’ (Al
“ ST |0 W)= (v )| 5 | T
i —— 2gm IS
) IT 2 2 2
A o (Al A
Y CP Pelgrom’s ¢’ (AV, )= WVZ (12 ;) = W’Z
SS model .
2 2
I A
0_2 (VOS)z AVT +( T 1S
. I I i1, Rl WL \2g, | WL
Reminder —=-L=png| ~——
28, &, 2 @ @
) (1)
A= Aﬂ
_ _ i, <580 (V, <V,,+0.8 V) forng, =32 mV,
(I) is dominant = _,_ 2 A;
over (ll) for T g A Ay =8mV-um, Ay =2 %-pum

0 (Vys)=2mV for WL=16um* & i, <100
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THE TWO-TRANSISTOR CURRENT MIRROR - 1

locus M,: i—v converter
Vp=Vg/ M,: v—i converter

. Basic principle
______________ Va1=Vaa; Vsi=Vs;
' VG out>VDsat% Io—I

Error due to difference in Vy values  Error due to mismatch

IDEIl (V VTO’V )(1+VD/VA) V >VD9at AID E al AI aID AV
I, ol V.,
AI
=—3— ’"AV

I, I,

Ai i —i v, —-v, v —v 2(AI ? 2 ’
= = = O-(zD)_ Em O'z(AVT)+O-(2S) 1 Em A57+Aé

ll ll VA EL ID ID S WL ID
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THE TWO-TRANSISTOR CURRENT MIRROR - 2

Voo ac analysis
ii l . C, = Cgsl + Cgbl + Cgs2 + Cgb2 +Cy, +Cy
i l

lo C,= (1+A)(Cgsl + Cgb1)+ Cop1 +Coaz
= C
1 B,
— I I -
M \__’ M, o b, L %(S)E1A __CitCy 144
. " 1 i +Ts 8 mi 27 f;
1 1:A 1 e [ A—ro L g v
Noise analysis Uncorrelated noise sources
— — — 2 —
i (] ij=(if+if)[@j rif  Emz_y
i gml gml
< 3 7 2
2= A7 (i 47 )+ A
I M, ‘_—’ M, é The effect of M, on noise is A times greater than

J_ 1:A _:L IZJ_ that of M,

ISCAS 2010
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CURRENT MIRROR: GAIN SCHEMES

Gain-of-two current mirrors

Gain=A Gain=1/(NM)

o-=Aij i._=i/(NM)

L

aaitd

= U
_G_TL=

V[:D s =ii/A1 P@f ;Hji ii
[T. [T 11
E& ..... I‘_‘I | _ M

Gain= 1/A
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A SELF-BIASED CURRENT SOURCE - 1

SELF-CASCODE MOSFET (SCM) _

i) ={1+i
i, S

M} 7., + 1 Applying UICM to both M; & M,

I, (i, —ig)= NI, ipy =i

I (i —ip)=(N+DI,

N
(1+ ﬁﬂiﬁ =ai,,

t

V—X:\/ldroa'f2 - J1+i,, +1n[ 1+, _1]

,/1+if2—1

~,

where

2=

NI, NI,

]SZ SZISH
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A SELF-BIASED CURRENT SOURCE -2

ISCM l
i 1,2 IX |
' |
' |
J |
s, 20.01 A
| s I
' |
S, 50.01 Vo,
! 1 :
R
e em T 1
SCM, 4 l
; IX |
I |
I |
1
S, 51.13 L :
| i :
|
S3:—10 1" 21X | \/1+aS XI _1
L = _I V_X:\/1+a IX _\/l_l_ IX +1In even” SH
o S 1 t evenISH SevenISH Iix _1
— 1+
o = 1 + even 1+ o S I
odd N even” SH

ISCAS 2010 CMOS Analog Design Using All-Region MOSFET Modeling 48



A SELF-BIASED CURRENT SOURCE -3
VOLTAGE FOLLOWING (NMOS) CURRENT MIRROR (PMOS)’

Vg —Vss = JI+JKi - [1+i +1n{ Vllr][.{ifg IlJ
J1Fig —

t

Vv

ot = Vo T In(JK)

' B. Gilbert, AICSP vol. 38, pp. 83-101, Feb. 2004
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A SELF-BIASED CURRENT SOURCE -4

CH—L

o=

SCM

wl L

L 1
U lﬂ?
|

| — ]

M3

RIT.
[Fa—
lrel.*, *

SCM  lour
(W.1)

—

H

L

MIP_-
[_

Mz

Mz
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start-up circuit

VFCM is a positive feedback circuit —
return ratio must be < 1 for stability
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Output current: | =10 nA

A SBCS - 5: DESIGN I:S‘Hn-channeIE‘I 00 nA, I:S‘Hp-channeIE40 nA

Let us choose i, =10, S,=S5,
Igi,=10nA - I, =1nA — S, =S5, =0.01

a, :1+%(1+%J =3

1 1 VDD 7y q 1
|]| M5L| 1.1 ‘IM; ||‘]I'-.-"I1.*. ||“I

l L‘
v (301 SCM _;l ety v
X = 1430 —v14+10 +In| —=— |=2.93 (M) ] SCM =10 nA
) JVI+10-1 \ Me= ]M (W.1)

: . Wl
Let us choose i, <<1 (WI) M N | e I ] M
V—XE ha, , = a,, =" =18.7 y
9, S/ M o ? s L : VFCM Vi :I M:
0534:1+—4(1+—j:>—4:8.85
s;U 1)

3 3 o

Let us choose i;=0.187 —i;, =i,/ , =0.01 E
Iei,=10nA—>I, =1uA—S,=10

S, ,
=1.13 J1+ai,, —1
P 885 V_X=\/1+m- —\/1+i +Lln f24)
£2(4) £2(4) :
?, It —1
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A SBCS - 6: DESIGN

Summary

s i i, Ms ] ﬁ ‘ | L
M, 0.01 |30 10 e _ o |
M, 001 (10 |0 (M.1) - - SCM =10nA
) i W
M, 113 |0.187 | 0.01 ] Me o :I |
M, o UL L Mz E2 =0.01 Ma W - Ma 'S, =1()- — M4
Mg, Mg, |1 0.1 |0 Tty N
My, Mgy | 1 0.1 |0 Vi =293 veom Vi =293 Ly |
Mo(all) |25 0.1 0 M: I}l =0.01 S, =113+

Core area in 0.35um CMOS = 0.02 mm?
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= TSMC (.18

n

IOUT [nA]

L

VDD [V]
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A FOLDED CASCODE AMPLIFIER -1

High-R,
current |
mirror |

—Vv, M; & M, — common-
- gate configuration

Vg3 & Vg, are such that My,
& M, operate on the edge
of saturation
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A FOLDED CASCODE AMPLIFIER -2

0.5 um CMOS
I n=40nA,1,,=16 nA, ny=n,=1.2,
Vin=Vep=10 V/ium, V, =0.7 V, V. ,.=-0.9 V,
C. =2.5 fF/um?

C,=1pF, V=5V, I,;,=0.6 pA.

—v, Transistor |74 L Ip | i
— - (um) | (um) | (UA)

M,.M,, M-M, (12.5| 1 3 | 15

M,.M, 5 1 3 | 15

M. M, 10 1 6 | 15

M, 25 1 6 | 15

M, ,-M,, 10 4 06| 15

ovy, Mis 6 16 | 0.6 {100

M., M, 4 4 06| 15

M, 75| 50 |10.6|100

GND
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A FOLDED CASCODE AMPLIFIER -3

ox

I n=40nA, 1, ,=16nA, ny=n,=1.2,
Ven=Vep=10 V/um, C’=2.5 fF/um?, C,=1 pF

Amplifier transconductance

gml =

21, (W/L)

ng,

L(J1+i,, = 1)|=40 pav

Transistor w L I, i
(Lm) | (um) [(nA)
M,,M,, M_-My 12.5 | 1 3 | 15
M;,M, 5 1 3 | 15
M,,M,, 10 1 6 | 15
ISCAS 2010

Output conductance

Go = ga’le +ga's2 + ga’s6 _ O.6+O.3 n 0.3
8oil &8s 8os!8us  48/0.3  48/0.3
G, =7.5nA/V
Voltage gain

A,=g../G =5330 V/V

CMOS Analog Design Using All-Region MOSFET Modeling
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A FOLDED CASCODE AMPLIFIER -4

I n=40nA, 1, ,=16nA, n,=

Gain-bandwidth product
GB=g /C, =40/1 pA/V/pF

Transistor w L I, i
(Lm) | (um) [(nA)
M,,M,, M_-My 12.5 | 1 3 | 15
M;,M, 5 1 3 | 15
M,,M,, 10 1 6 | 15

(*) : For this design L=2.5%I, ;.

ISCAS 2010

) = 40 Mrad/s
—v, Slew rate
L. SR:AVO L _¢ V/us
At C,
Offset voltage

np=1.2,

Von=Vgp=10 V/ium, ¢’ =2.5 fF/um?, C,=1 pF

(*)

ml

aZ(voazaZ(vm){%T a%%){%z & (V)

gml

o’ (V,,)=4, /WL, A, =10mV-um
ng/gml :1 gm9/gm1 :2

0 (Vigise ) =8, 8,10 mV? = (V) =7.5 mV

Pairs M;-M, & M,-Mg contrib
negligibly to the offset voltag

CMOS Analog Design Using All-Region MOSFET Modeling
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A FOLDED CASCODE AMPLIFIER -5

NOISE ANALYSIS

PSD of the output noise current

v = Zz 2 2
j v l;fo =9 131 + l;fs + 159
Ms Af A A Af
|
M, Pairs M;-M, & M--Mg contribute
:| % negligibly to amplifier noise

>

5 V2, 1Af

—

(pA/~/Hz
- \
2.5 :

10 7(kHz)
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