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Overview

Traditional analog design methodologies typically require iteration
— “Square Law” design equations are inaccurate for submicron devices
— Depend on poorly defined parameters: uC,,, Vi, Vyear ---

— Difficult to achieve an “optimum” (e.g. minimum power)

g,/l -based design
— Links design variables (g,, f, /,, ...) to specification (bandwidth, power)
— Employs design charts to accurately size transistors
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Motivation: A design example

1.8V

— Specifications:
=R, « Small signal gain: a,=v/V,=5
- « Bandwidth: B =z 10MHz
Rg=1MQ « Source resistance: R, = 1MQ
v, W ”: M, L ¢ =spF .
T+ « Load capacitance: C, = 5pF

-+ = * Minimum power dissipation
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B. E. Boser

Design Approaches

Design equations (Square-Law model)

ly =7 ILlCOX L (VGS Vi )2

lﬁf 9 Cox VZ (VGS o VTH)
Cos = C, WL
R
Fh etc.
» > -Vo
|: M. Lc ospr Difficulties

« Sub-micron transistors are not well
= described by these equations

* Non-obvious relation of model
parameters to design specification

 Leads to many iterations

 What is the minimum power, anyway?
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Natural Variables for Analog Design

 Transconductance Im
T . Current l4
\ES - Efficiency I/l
« Capacitance Cysr ---
« Transit frequency fy= 9/27C s
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Example

Design constraints

Specifications:

« Small signal gain:
Bandwidth:

Load capacitance:

B. E. Boser

Source resistance:

Minimum power dissipation

* Low frequency gain =9mRy
4 .vO
+ Pole at input Pin|= c %o
= € =°pF | RSCQS 7
1 1
— * p ) 2
| Pole at output ‘ out‘ R,C, 2zB
a,=Vy/V,=5 Im ZZEBCL
B = 10MHz
R, = 1MQ Cos < 1
27BR,
C, = 5pF
minimize /,
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Design Constraints and Objectives

Design constraints

g 227BC, =1.57 mS

C.o< '+ —16fF
27BR,
minimize |

B. E. Boser

Design objectives

1. High current efficiency (O

to minimize power Id

2. Small C = high f;

to meet bandwidth t

_ Y9m

| 27C 4
constraint
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Transit Frequency f;

f; versus g /|, tradeoff

Compromise
* high g/l , for low power

! I‘\ | I L =180nm
'\ n
N -I._I-1-=-:-’%-IZT|'||11 .
\\\ | T » high f, for low C
Design choice

* Maximum C_, to meet

206 —
15.7 GHz '~
N gk\
I pN
f— . "-,q_‘ \\
e N i specification at
R“-x.‘_ﬁ 14 V-1~ minimum power:
R RSN « minimum f,
- -H.__‘j‘-n‘fj;_{ e minimum L
. . v == « maximum g,/
5 10 15 20
g, /1y [1/V] g
f . =—""—=15.7 GHz
| 27C
gs,max

NMOS (simulation)
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Transistor Current Efficiency g,,/1,

In/ly V']
S 10 15 20
Low i i High
gmlld E E gmlld
400m 200m 133m 100m
2
9ol
« Strong Inversion mee *  Weak Inversion
« Poor current efficiency « Good current efficiency
- Low output voltage range (low V%)
« High output voltage range
« Highf,  Lowf,
« Small transistor « Large transistors

B. E. Boser Analog design using g,//, and f, metrics 9



Completing the Design: Transistor Sizing

_E.\- L =180nm
g 'i::‘,:\ .....
Im 14V~ and £, =16 GHz 5050 L,=250nm
/ d ] NN L =350nm
i AN !
BRSO
g e 1 124Aam_
_ m _ < - S
/d_—g ” — 112 uA 2 e e 4|
m d 3 E *‘\*‘ ‘+1“ s\\
I X “‘\:‘-.._\\
<4 =124 — (from chart) ~ SN
" / " '\f“}.\\
e 14 V-1 )
W= /W il 7 AR ]
d A
AN
LA R R R B P —
5 10 15 20 25
9,,/14 [1/V]
10
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Verification: (1) Bias

1 1 1 I | 1 I | I | 1 1 1 1 1 I 1 1 I | I 1 1
- -— _""‘ -
] AT ~
400U i B 1 i
| -’ i — 20 - BN |
/ L Sy
— T I’y B I} T [
< 1 el i — 1 ~ i
| -
. - = ~ . _ .
T 2000 B ) . ™ 14.1v7, design: 14wt |
.
- ’.‘. - E - -
1 _-— 113u4, design: 112pa | O 10 =~ B
. - - -
. S L
. - i -
T e - . -}
1 1 1 I T 1 I T I T 1 1 1 T T I T T I T I T T
-200m -100m o 100m 200m -200m -100m 0 100m 200m
Vin [V] Vi, [V]
| | | | | | ] | ] | | | | | | | | | | | ] | |
3m = P - — T
_ /.-"'" ~ ] f,.-“ \_
- -~ s ] -~ i
- n = f -
206 - ~
[ 2m = / B — ~
W 1 e , - 1 i - i
—_ i A= 1.52m5, design: 1.6mSs } E 1 - 16.7GHz, |design: 16GHz
E T e B e b -~ o
(o] 7 - - . -
1m - £ - = 106G =
] P i ] L [
i ol B -
i — - i . . -
0= - N sl _
1 1 1 l T 1 I T I T 1 1 T D 1 T I T T I T I T T
-200m -100m 0 100m 200m -200m -100m 0 100m 200m
V. [V] Vin [V]
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[dB]

v

Voltage Gain a

Verification: (2) Specification

Analog design using g,//, and f, metrics

20 !
13.3dB, design: 14dB
______ b
A
hY
10 = % =
!
\
\
\
"nfl— 3.81dE @ 10.2MHz
v
0 } .
!
1
}
!
]
!
\
-10 1 1 . 1
10l 1M 100M 10G
Frequency [Hz]
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Bias is as designed

Gain and bandwidth
slightly below spec

Design ignored
transistor r, and self-
loading

Adjust by choosing a
slightly higher f,
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Summary

- “Square Law” 1
Silicon SPICE Model d . Infla
based design based design
Complicated Complicated Simple g,/1y &f,
Physics Equations “Square Law” Charts
(BSIM, PSP, ...) Equations (process specific)
» Accurate * Popular (textbooks) » Good accuracy
» Good for verification  * Poor accuracy « Simple equations
» Unsuitable for » Requires iterations » Transistor data
design « Difficult to achieve from charts
optima
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NMOS Transit Frequency f;

*, L =180nm
i \1\ -
- “"‘!-‘ \-\ | I_I'I= “-_II-II-IITI
'*.H \\ L =350nm
20G : " -
o 121, 19.5GHz
., A
T ., \ i
) N
i T N i
| | ‘*"‘., \I\
N
I, ) A% R
= . S\
e e N
_ J ", - ~ 5
— .. e, \"\
10G e . ~
. . \,\
] ~ L. . i
-‘.-4-,...-'- ‘*‘»_‘ \\‘
. “'"-s.._h L L
S T \".\
. h H“""'\l-“ ‘*-.-H-“ \\\. |
] S -*'-\.
""-\r.‘__- . h'b‘ "\q\-
| Teeed **a.,_* B
el
D 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 T 1 1 T 1 T 1 1 1 1 1 1 1 1 || 1 1 1 1
4 =] 2] 10 12 14 156 18 20 22

g, /1y [1/V]
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PMOS Transit Frequency f;

A T —180nm
{1 | P
\\ Lp=25lil|‘|m
N\ — —
106G N L, =350nm
N\
- \ -
AN
] N i
it
M,
A 1 h B
M N
T . ~
— . ™~
-1 1-“ \\' -
\-\
e 3G *“v. \“-,‘
. )
-.*‘ l\\\‘.
. ""-,_ B o |
= 57, 3.80GH1 ~
- +'*-._ M"*-..,,
. ‘\.ih‘ “"'r.,,_ ‘-\H »
'lhh‘_- 'n_“. M"“\
] H"‘h___h -""'\-.__ H'l-u.‘ »
et S N St H‘"“'--..
| e —— - "'-u.__-b-' """'\-.H_h i
i-..._,____-‘—- -._‘___‘---‘- ""h-_‘.-q
D | -_--_I-_--_hhb-b-
T T T T T T T T T T T T T T T T T T 1 T T 1 T 1 I T T T T l T T T T I T T T T
s} 2] 10 1z 14 16 18 20 22
-9 /1, [1/V]
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Extrinsic Capacitances C , and C,

]_DD I ] ] ] ] I ] ] ] ] I ] 1 ] ] I - ]_DD I ] ] ] ] I ] 1 ] ] I ] ] 1 ] I ] "‘ -
T - L_=180nm 1 I L. =180nm
i [ e i o
'E_E' : : Ln= 180nm 'E_E' : /f : Ln =180nm
— 807 R Tl;=?':'jli-lnm = 807 /'f 7k Tn;?g':-”-"“
o - - (] . - A 5
o i | =} ] i / |
J - | A P p—— - .
S ] A B — . Py -
T 60 # - T 60 = -
= J - L = i - B
& ] Py | O 1 I I
- .40 T T Vs
- --.-.-I' / - e — — = - e — —
= 1 ——_——— - . - L =500nm 2 - Z VL =s00nm
= a0 _'_ ,.f" | n [ _ _g" | n
fin] -_____.-""' _________ fin] 4D P N [ ———
1L —" - Pl § L =500nm ] P B L =500nm
o ] 7.9 o ] —_—T [
S ] R | S - —
J . T - J . e -
S T[] el e e SR TR T T = S [ T ——— = =
= T T e
= 1 et i = ] I
O n I Y NPT L - &) 1 T i
D I 1 1 1 1 I 1 1 1 1 I 1 T 1 1 I D I 1 1 1 1 I 1 T 1 1 I 1 1 T 1 I 1
5 10 15 20 5 10 15 20
g, /Iy [1/V] g, /1; [1/V]
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NMOS Current Density

-hl ] ] ] ] ] ] ] ] ] ] 1 ] ] ] ] B -
By L =180nm
. \l.:\ L
e, W Zacn
\\ }\ L =250nm
100 3— \\‘-\. F L =350nm
- ' i“ .\ =
] \ \._\ i
] ~, i
| M, T ~ i
— ™. .
= e 1
= 1 .., 1oyt 19.48/m i
'ﬂ: ""‘-\. *lr‘ *‘\
— el T, \"'\.‘
*ay ~
10 = =
] el T ™ C
< . ~ N X
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5 i e . 5
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] LN R
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] SN R
"\ '.‘\\
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E :1“\ E
] NN [
- ‘Rl‘} -
| T 1 1 1 1 1 1 1 1 1 1 T 1 1 1 |Il\“li‘
] 10 15 20 25
g, /Iy [1/V]
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PMOS Current Density

~ | L =18c
1> Lp 180nm
* ‘\ ---------
1 ™G - L =250nm
AR B —
A O L,=350nm
10 e ~
: ~. . H"‘--. B
. S T U7 208/m -
] ~. |- ) i
—_ i S N e H"*--. R
= - e -
= 1 S, e
. ] ~, s |
q: '-H- - ba, h*"‘\
— e = S
. T . ™ R
= S [ [N
. .
H-E T b, L
| 1 . T “a ™ L
I ] " . " B
i +‘|~‘ '4“1 '\\ |
] .~ ., . L
4 "\‘f el ™, |
‘1 *‘1 \\
. b,,“ ., \ L
i S~ N L
SN
N Y
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N
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4 5] 10 12 14 16 18 20 22
-g, /1, [1/V]
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150

100

NMOS Intrinsic Gain g,, r,

— —— —

L =350nm
il

| = _____,.—""""FF‘-—-_—- o m——— »
_n— _'.,_--""-_'—-
= et |
o -
#___,..-“
o~ -
.~ T A S e s LT
50 T
U T 1 T 1 1 T T T T T T T T T T T T T T T T 1 T 1 1 T T T T T T T T T T T
4 B 2] 10 1z 14 16 18 20 22
g9,/ [1/V]
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PMOS Intrinsic Gain g, r,

] 1 ] 1 1 ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] ] 1 ] 1 1 ] ] ] ] ] ] ] I ] ] ] ]
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| | =
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Lp=:35lil|'|n'|
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| ..-..----""'"i-~ [
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4 10 12 14 15 18 20 22
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NMOS

Intrinsic Gain g,, r,

PMOS

BD 1 ] ] ] 1 ] ] ] - BD ] 1 ] ] ] ] ] ] ] ] -
- B L=180nm - B L=180nm
1 i L=250nm 1 i L=250nm
| L=350nm | | L=350nm

60 60 .

Ky
i 2 i P B
- . - - ,' -
] ' | ] ya |
R /
' = ] ',.ul"'* i ! ] llIII,.u'll- .“r B
= 40 ' 7 ; ;40 7 -
l.__ﬁ _ / | _ 'J* ' - |
J _..f = -t 5 J 7/ K - 5
| *J/ - i | f‘r , —~1
- — K -
| S -~ | / r - |
f +-' ‘#p"" F "'l'r f:"'r

] L " - - P -

'_D f - _“.-"F '_D - " l"“
. Y = 160 . . L 12 i
_ {-"_,-"'"'f i i . e i
_ P _ Vol _

/ﬁ. Z

Lt fw"’;p

D T 1 1 1 T 1 1 1 T 1 1 1 1 D 1 T 1 1 1 1 1 1 1 1 1 1 1 1

100m 200m 300m 400m S00m 100m 200m 300m 400m S00m
Vds [V] Vds [V]
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OTA Design Example

. [ 1. Specifications
I . P N —L  Voltage gain A, =2
' CI;I > 1. - Dynamic range DR > 72dB
(I:If | - Settling accuracy ¢, < 100ppm

« Settling time t. <10ns

Switched capacitor gain stage
(switches not shown)

Applications: A/D converters, filters, ...
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Circuit Topology

L 4 L 4 _ll:
- MP1a MP1b

L 2
|
MPB :lj | 'l: "
Vom ¢— - Vog+ —9 Vop Vi
/R
Vip Vim
—|l__>‘MN1a MN1b ’:“— -

C
v) 11/2 It |

- = ﬁ §RO_LCOV° —LCL
cx_: G 1 l l

== 0

« Fully differential OTA  Differential mode half circuit
« Common mode and « Large & small signal models
« cascodes (for gain) not shown
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s W h o~

Design Flow

Determine feedback factor
Determine C, to meet dynamic range requirement
Determine g,, to meet settling requirement

Pick transistor characteristics based on analysis
— Channel length L

— Current efficiency g,./I, (or 1,)
Determine bias currents and transistor sizes

— Iy (fromg,, and g,/I5)
— W (from Iy/W, current density chart)
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(1) Feedback Factor

« Openfeedbackloop p=-—*=

« C,is amplifier input capacitance (Cy + ...)

— Small C, - large feedback factor g
— Large C, = low transistor f, requirement = higher g,//, = reduced current
— Typically C, = (75... 1) x (C, + Cy) (shallow optimum)
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(2) Dynamic Range

Output resistance: R = L
Bgmn
4' AKTYp8mp — 2

/

MP R v, Noise density: Yon _ =4kTyg,,, (1 + Imp /1 j | R

<J ! Af gmn/ld 1+/a)RCLtot
v PMOS
Bv04| AkTYn8mn == Ciiot choose lep < glmn for low noise
d d

= Sampled noise: v, = % CkT y[1+ gmpj
Ltot 9Imn

1 Vozmax
Dynamic range: DR = >
Vo,n
o _ DR
Minimum load capacitance: Clior > 2kT1[1+ gmpj >
B gmn Vo max
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(3) Settling

c Dynamic Error g(t) Static Error g,
f
” L F——— v
v, 0 ol T —ts/t
0 C . / gd =e S
Vste —|__”_1 Zz | / i
P > 04 / for single pole
. response
= O0 2 4 6 8 10
H tit

Settling time f

C, T
: _ S 0 —tit Ltot
Step response: V. (f) = Ve, C. TeT ( —-e ) with 7 =
G FGmn
id:aal sta‘tic dynémic
response error error
CliotINgg
Solve for transconductance: Imn =~
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(4) Transistor Channel Length, g, /I, and f,

180 nm 250 nm L, min reduces power
gm/ld 12 V1 8 V- Im/la < Gmi/l4 (NOISE)
f, 19.7 GHz 3.78 GHz Cysn < Cs + C;
lyW 18.7 A/m 7.06 A/m

* Reduce g,/l; of NMOS if C g, < Cs + C;
» f,and | /W obtained from charts

B. E. Boser Analog design using g,//, and f, metrics 28



(5) Bias Currents and Transistor Sizes

Specification Design
i C.+C
Dynamic range DR=¢6-12 dB DR =72 Feedback factor: choose Cy = : f check below!
. 1 F
Sampling rate f: = 30MHz ty = tz = 10ns 1
) Y ) B = B =022
Closed-loop gain Avp=2 1+ Ayg+ —
Ct
Settling accuracy e=1 2 = 12207 ppm 24 = 100ppm _
Dynamic range: Vomar = 0.6V
Supply voltage (min) Vg4 = 18V L (. em ido) IDD'I'DR
: ' Cs {1]_[,}[:=2-L'B-TI-—-:1+"__p:-
Sampling cap C; = 200{F e.g. matching Cr = o oA gm_idn ) v 2
_. ‘-l} e = —
CLtot = 2644 pF
Transistor L, gm/Id (Guess)
3 kg - L. idp |
vorr = |t Ly B aesTay
Channel length Ly = 180nm Lp = 250nm Cltot B '\ zm_idn)
gm/1d zm_idn = 12 - v ! em idp=8-V : CLiot - Inle)
- - Transconductance: gp, = ———m—— Zmn = 10.721m5
2 2 = : =
- 166.667TmV = 250m\ P-ts
gm_idn gm_idp Zmn
N Ij = - I4=803370pA
current density id wn=187- = id_wp = 706 = gm idn
{chart) m m Zmn
= — = { = 5
cutoff frequency fin = 10.7GHz fip = 3.78GHz Cesn 27 - fiy Cosn = 86611 EF G = 10FF
{chart) ok!
I
Transistor sizing ... Wy = - d Wy = 47774 um
id_wn
I3
7= M = 12654
ota1.mcd Wp vy Wp = 126541 pm
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Verification: (1) Test Bed

OTA

OTA in Feedback Loop

B. E. Boser

Analog design using g,//, and f, metrics

1.8V
v I Mab e Mz I
2 [ ] 15 I T
1 Vo S —-v,, Vo R51=IOOGQ C]c1
tA Wk I}
_ | W, C W
= " |S|1 T Vop Vod
3b | ] 3a QTA
v - VP1 3 T - I + - -x
Ybp (—)Vl 900mv I W )
V|p._| Mg M, |—-v|n 100ns 3 . c., o — Yaon oc
| P s xXp
L 4@ W I
Y Voe 1 L R82=100GQ Cﬁ2
ol VialH (_)vc—goOmv cL
G__=100m5
G)Ibz Ibl:QAG) |7m g)voc_uv = =

30



Verification: (2) Bias

1,[A]

9, /14 [1/V]

g, [S]

m e e e e e ——
i _'____,_...--—-—'—" L
-
] P i
. = 917UA (design: 913(1a) -
900U —
i ‘,4-, L
] - |
] ,.-o" L
el
800U —
] - [
| |
_’ -
-30m -20m -10m 0 10m 20m 30m
v V]
14 3 1200t (dediqn: 120" h [ ﬁl__
E_-“_-'_'"‘“-—--..____ ] - M,
12 = -
] 3.53V 7 (dgsign: 8W) -
10 -
] . AN N R N
3 += am===" -
——T ——T ——T ——T ——T ——
-30m -20m -10m o] 10m 20m 30m
Vi V]
1 _--'____,._-..—-——- - Ml
10m —fme———— e
] 11.0mS (des|gn: 11.0mS [ -
] I S So far, so good ...
8m T L
_ EPRPTL Lo et . |
] PR it i
&m R Fa2ms (deslgn: 7 31mS)
-30m -20m -10m o] 10m 20m 30m
V. [V]
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Verification: (3) Dynamic Range

III
density
I
""""""" 106U (farget: 106U
| a ."
} -"'—
e ,-"'
."“

- -

: d

g
>
—_ 1lu
N
I

=3
g
>
b
-

=3
g

c

g
> 7.15n{/vHz

______ [
|
N perfect!
1n ™1
im 10M 100M 1G 10G 100G
Frequency [Hz]
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Verification: (4) Settling Time

Settling error [ppm]

800 e ————
ll e
W [mv]
| S
i Vog'2 [mv]
|
600 1‘ 1
Ii 500
_______________________________________________ Lo
| e T "'—""1" '''' '1. '''' 7~1 <+ Dynamic settling error target met
400 i ¥
: s 53/ .
1 1|/ VT -« Large static error ~10%
: K | -
: ! i
P !
L t
200 4 ‘\
fof \
/ \
/| e=93.24pm @ 10ps, target] 100ppm =,
1 ™
n 'UH
0 ? e T
0 2n 4n en gn 10n 12n 14n

Time [s]
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Gain

Openloop Gain

[&]u] — — —
. |
o ST,
)d Ny i
s ATt N
| A N |
* J!I \\ - « Openloop gain only A, ~ 50
/ \ 5|
S N | .+ T, = =11
04— If \‘ ; To - ﬂAVO -
s ! \ '.
¢ / \ -
' / \
I \
/ \
/ \
45 fa—r L » Add cascodes to increase
/ \ - low frequency gain
i \ '
| \
I \
| \
40 T ‘.I T .‘.
-800m -600m -400m -200m 0 200m 400m 500m B00m
Vod [V]
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Generic g,/l -based Design Flow

1. Determine g,, from design objectives (dynamic range, bandwidth, ...)

2. Pick L
— Short channel = high f; (high speed)
— Long channel = high intrinsic gain, good matching, ...

3. Pickg,/I,orf,
— Large g,/I, = low power, large signal swing
— Small g,./l, = high £, (high speed)

4. Determine I (from g,, and g,/I,)
5. Determine W (from I,/W, current density chart)

« Adapt to design specifics
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