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EECS 140
ANALOG INTEGRATED CIRCUITS

Robert W. Brodersen, 2-1779, 402 Cory Hall, rb@eecs.berkeley.edu

This course will focus on the design of MOS analog integrated circuits with extensive use of Spice for the simulations.
In addition, some applications of analog integrated circuits will be covered which will include RF amplification and dis-
crete and continuous time filtering. Though the focus will be on MOS implementations, comparison with bipolar circuits
will be given.

Required Text

Analysis and Design of Analog Integrated Circuits, 4th Edition, P.R. Gray, P. Hurst, S. Lewis and R.G. Meyer, John Wiley
and Sons, 2001

Supplemental Texts

B. Razavi, Design of Analog CMOS Integrated Circuits, McGraw-Hill, 2001.
Thomas Lee, The Design of CMOS Radio Frequency Integrated Circuits, Cambridge University Press, 1998
The SPICE Book, Andre Vladimirescu, John Wiley and Sons, 1994

Prerequisites
EECS 105: Microelectronic Devices and Circuits
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| C Design Course Structure at Berkeley
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Assumed Knowledge

a) KCL, KVL - Kirchoff Laws
b) Voltage, Current Dividers

c) Thevenin, Norton Equivalents
d) 2-Port Equivalents

e) Phasors, Frequency Response
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g 2-Port Equivalent Circuit M-2)
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MQOS Large Signal Equations
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MQOS Large Signal Equations (Cont.)

Cutoff :

VGS < VT

Linear :

Vs>V,
VDS < VDSAT — VGS - VT

los = K = XVas = Vr = 70 Vo
Saturated :

Ves >V,

Vs> Voer = Ves—V;

oo = & (Ve =V (241 2,

M -4)
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a . . -5)
MQOS Large Signal Equations (Cont.) M-5

Vi = Vi + gx{(2  +Va) = (2 )]
(Ve > 0)

V., © Threshold Voltage @ Vs, = O
f.© Fermi Potential » 0.3

g° Body Effect Factor \\
'

| © Short Channel Effect

E=Vpg/L
W©° Width of Device A
L °© Length N
k' = mxC,,
f A Oxide Capacitance E
mobility
N /
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a . . -6)
MQOS Large Signal Equations (Cont.) M-6

Body Effect :

VTO‘l‘gXVéB S ++++|++++ D

e o\

1 © ©
= XJ2xgxexN, N/ 2 T/ T7777

9= /2x - o

To ¢ o ()

4 @
—>» ° e

Ves
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MQOS Large Signal Equations (Cont.) M-7
Short Channel Effect (1 ):
S (i D
[y
i J X3 =Junction Depth
S X Dl —{
> |-
Lp = Lateral Diffusion ~0.75 X
<—— Lgraun ——>
L = drawn ~ 2 ><I—D
LEFF =L _XD
Xo = 1(Vos)
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|(A) — K W

X

’ 2 LEFF
Modeled as

><(\/Gs — VT)2

19 = (Voo V) (L 41 XV,

(B)
Mo _

TVos >
LY K W » AL

= —5 X X VGS_VT =
ﬂVDS 2 LEFF ( ) dVDS

M5’ |, _dX
™Vos Lo, dV..
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MQOS Large Signal Equations (Cont.)
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MQOS Large Signal Equations (Cont.)
-1 68X 06, 1,a68X 6
LEFF dVDs'G I— edVDSg
Y Weak function of Vps
Xp » |:2 Xe X(VDS_VDSAT)jr
q XN,
Fixed ® e = Dielectric constant of silicon
N, = Substrate doping
dX, _1 &ZXEO 5B 1 o%
dVDS 2 eq XN, 9 e\/DS VDSATg
/
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MQOS Large Signal Equations (Cont.)

IDST %IDS s | \?v D

L |deal % Longer Channel | < L% |

(Increasing L)

v— WI/L isthe parameter of interest
DS

Ce U WXL xC,,

N /

ROBERT W. BRODERSEN LECTURE 3




LECTURES ON MOS DEVICE MODELS

EECS140 ANALOG CIRCUIT DESIGN

MVILQD)

/

MOS Small Signal Model (Low Freguency)

? IDS

Go—o
¥ Imigs
Vs (D
) Ombsi s

S
O Vgg 0—0B

IDS - d o= XNgs + d o3 XNy + d oS XNy
dVGS dVBS dVDS
f—— (— f—— (— ——
Om Ombs Ur,
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4 _ _19
MOS Small Signal Model (Cont.) M-12
|n Saturation :
On = gl\zs = Kk x\fv X(Vgs— Vi) X(L+1 xVy)
W W W, &
m kl X— X VGS_VT — kl X— ><VDSAT — @ Xk' X— XI DSO
G » K X7 ( ) ] &  Xlosy
What iSVDSAT ?
| s = K W X(Vgs—V,)? = K W xV:.. and from above,
+
gm - k' XW ><VDSAT S0,
S L
Veo = V, +V Vige = 82 00s 0
GS T DSAT DSAT ek, x\\/ QLg
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4 M-13)

MOS Small Signal Model (Cont.)

dmbs Calculation :

dios W dVv
e = Oy = = —kK' X— %X(Vee—V;) X(1+ ]| xV,) x=—T
g O = GV 1 ( ) X( ) e

dv, _ B g o
dVgs 2 X(2 xf +Vg)™

G = K x"f" x(Voe— Vi) X(1+1 XV, xc

On

Ors =C CcC = g
O 2 X(2 xf + Vg)*™
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- _
MOS Small Signal Model (Cont.) M-14

QChanneIduetovgs » C:ox ><ngs

Qchannel ;o » C; XNy,

C

c = <=
Co
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e
MQOS Small Signal Model (Cont.)

I, calculation :

1 _ dios _ d &' W ) 60
r, é%mds WDS_ dVDSéE xr ><(VGS_VT) X(1+| xVDS)gg
2= KW (Vem Vo)
. 2 L
Lo,
r
o
° I ><IDS

M-15
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4 _ 18
MOS Small Signal Model (Cont.) M-16
Comparison with Spice L evel 1.
VTO = V,,~05® 1.0V
PHI = 2xf, ~0.6
GAMMA = g~0.05® 0.5
LAMBDA = | ~0.01® 0.1
KP = k' = mxC,_, ~nmos® 50—100m$2
pMosS » %nmos
_ /
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MOS Small Signal Model (Cont.)

Sum y

1

\

gmbs = C ><gm
C = J -
2 X(2 xf + VSB)0-5 VDSAT - VGS_VT
-1 _ 4 &2Xles &

o = X, Vos = Vet e x\\ o2

IDS VGS_VT VDSAT kl W

— = —— = IDS: —><—><VGS—VT2

O 2 2 2 L ( )
V — %ﬂdé _ 2 :

N vy Vy = Vi, + gx[(24F ,+ Vg)* = (2 )]
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4 SP-1
Spice Transistor Model :

M11234nchL=1mW=10m

AD=() AS=() PD=() PS=() NRD=()

\ P .
parasitic resistors

G area of drain

|

J
s__ | Wil b 5|
- L% |
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SPICE

Initial Operationg Point
DC currents and Voltages

-~

Linearize
Around OP Point

'

Solve Eqn.

NO

N

SP-2 )
New Operating
Point _
FNo Analysis Types:
DC op point .op
DC Converge? DC sweeps
yYes AC & Transient
Increment Time
v
End of Yes
Time Interval STOP
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4 R
4 ®V A_» SP-3
R4 , l4 G = UR,
1 V'V WV— 3
() Ve Ry Ry R3
Nodel: (G,+G,) %V, ~G, XV, —G, XV, +1, =
Node 2 : —G, XV, + (G, + G, + G,) XV,— G, XV, =0
Node 3: —G, %V, + G, %V, i, =
Node 4 : -G, XV, +G,xV,+1,=0
Vi = Vg
-V, +V, =V,
\ Y,
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4 SP-4
| G+Gy -G, 0 G, 1 of [vq] |o
-G, G+G,+G; -G O 0 0| [V, 0
0 -G3 -Gz O O -1 |V3| _|0
-Gy 0 0 -G O 1| |Vy4 0
1 0 0O O 0 0| |1y Vg
0 0 -1 01 0 0| |[I4 Va
~ Current src -
c Fllv _C';_ Total # of EQNSN=n +n, +
— n = # of circuit nodes
BRI = n,= # of independent voltage srcs
- - = 4 - n=# of inductors
Votlage src J
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4 SP-5
Matrix Solution

Solve by Gaussian Elimination
ﬁ (0) denotes iteration step

0) o T [ o
€ |ay ap ap||X% b’
(0) -
a2 a | x| = |b
0)
& 'lay an ay| 1Xd b
Eliminate ay1,83; o
(1) (0) (1) (0) a(z(i) (0) (1) (0) a(sci) (0) N
e =€ € = & __(O)Xel € = & __(O)Xel O X X
all all
0 x X

N /

ROBERT W. BRODERSEN LECTURE 4




EECS140 ANALOG CIRCUIT DESIGN

LECTURES ON SPICE

/

SP-6
Then eliminate ag,"
@2 — A0 0 ]
e’ = € X X X Uomer tri el er e
2 — A er trranguiar matrix
€ = 6 0O xx - PP 9
NG can be solved
e? = @) — =2 xalV 00 x
(1) = -
a22
a? a2 ad[x] [b®
0 a2 al x| = |b
2) @)
| O O a33_ _Xi _bs_
b
X, = =
ass |
- (bY —al xx,) <«+—— Solution
2 a(l)
22
« = (b —aj, XX, —ay, XX,)
1 a(O)
11
J
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SP-7 )

Accuracy

Can’t divide by 0 or small numbers, so pivoting is used
to reorder egn’s (Basically renumbering nodes). Puts

maximum values on diagonal.
R{=1W
gl
—1 1.0001| |V, 0
Y= = G+G,

1A R,=10kW 1 10k
If the computer only has 4
digits of precision then we get,

Actually, [1 _H\ﬂ i} H V.-V, =1

V, = 10,001V -Laflv) Lo Y ‘¥°

V, = 10, 000V bt

N Y
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4 SP-8 )
To control accuracy

.options PIVTOL = <values> (10'5)

This sets the allowable range of conductance values.

*ERROR* : Maximum entry ......at
STEP....... Islessthan PIVTOL

-Probably means you have an incorrect element
or floating node

N /
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4 SP-9
Solution of the DC eguations with non-linear models
lo = 18" - 17
. = GxV
A Need to find
+ this point
\Y
A A G l D_Ll
IG ) ID ID,G
—— <>
N J
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4 SP-10)
Newton-Raphson Iteration :
- Make guess of next operation point in iteration
Start at initial guess and linearize diode egn.
i - i
A | V0 (y |
A<) ' Gpg D ) Ibo
NI )
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4 SP-11)
A
Current value Solution finds this point
I
20 4/ Slope of Gpg
—

Solve for V.

becomes VD
N %
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4 R
SP-12

Convergence

Keep iterating until all voltages and currents are within a
atolerance value.

V.’ = nodevoltage n at iteration i
e, = REL(V) xmax(|V5"Y], V) + ABS(V)

The convergence check is:
V(i+l) _ V(i)
REL(V) ~ 10 (Default 10°)

ABS(V) ~ 10° (Default 50mV)

ABS(V) should be at least two orders of magnitude below

required accuracy.
These values would give 1 part in 10* accuracy down to

S 100nV resolution D
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4 SP-13)

Current convergence is broken into two types, MOS and NOT MOS

ABSMOS~ ABSOLUTE(10®)

MOS[
RELMOS~ RELATIVE(0.5)

ABSI ~ ABSOLUTE(10")

NOTM os[
REL| ~ RELATIVE(0.01)

ITL =# of stepsin iteration (200)
When you get
*ERROR* no convergence in DC analysis and the last node voltages

Then it hasn’'t converged in 200 times - something is probably
wrong with your netlist
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