Topics

- Performance Characterization
— Interconnect Delay
— Gate Delay

— Switching Characteristics
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Interconnect delay

V VAL V *Lumped RC model

out

Charge V,, to V, .
-The transient output voltage is Vo (?) = VDD(I_e RC)

vV _Lamn
% = VDD(I—e RC

Tan _ —ln(l)
RC 2

t, ~.69RC
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Interconnect delay

*Distributed RC ladder model
R/N R/N R/N R/N

V, —— AN e e e Vo

——CI/N C/N ——CI/N ——CI/N

N N N

*More accurate than lumped RC model
*More difficult to solve for large N
*Need full-scale SPICE simulation
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Elmore Delay

. Single line model not useful for
generalized RC tree networks
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Elmore Delay

« First order calculation of time constant of
the circuit =S¢ Sk

j=1 kEpath

R4
—C,
<7 13 =RC +(R+R,)C,+(R +R,+R,)C,+RC,
R R R
v, MM AAL AN t,, =RC +RC,+RC,+(R +R,)C,
—¢C, —C, C,
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Elmore Delay
t, =§Cj YR,

j=1 kEpath

t;;=R(C,+C,+C,+C,)+R,(C, +C;)+ R,C,
=R(C,+C,+C,+C,)+R,C,
R4
N
R1 R2 R3
Vy —— AN A A ——
C, —C, —C;
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Elmore Delay

R/N R/N R/N R/N
V, —— AN e e e Vo

——CI/N C/N ——CI/N ——CI/N

N J
CxvR
f,= ) — ) —
2N 2N
N 1
_CR (N+)=RC(N+1)
NN 2 2N
d=E for N — oo
2
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Interconnect Delay

t, =8£2(20fF+10fF)+4£2(10jF)
= .28 ps

8Q 4Q
Vv VvV VA
— 10fF
20fF
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Interconnect Delay

, =89(20fF+10fF+lOfF+10fF)+49(10]‘F)
= .44 ps

4Q

Sy
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10fF
8Q 4Q
NN
— 10fF
20fF
7
4Q
— AN
10fF

d Simulation
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Interconnect Delay

« Fanout Effects

— Lines with multiple loads will have longer delays
« Clocks
- Data buses
« Control lines

— Solutions
- Wider and thicker lines for special signals
- Buffer drivers
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Interconnect Delay

R/N R/N R/N R/N
V, —— AN e e e Vo

——CI/N C/N ——CI/N ——CI/N

N J
C<R
l,=)— )—
2NN
N 1
_CR (N+)=RC(N+1)
N N 2 2N
d=E for N — oo
2
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Interconnect Delay

RC
1 1
= 5(r—)(calw + cp(l+ w))

w

L
~—rc,l

- Delay is proportional to the square of the
length

 Try to avoid long lines
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Interconnect Delay

; 5000u metal1 (0.5u wide) ;

*|[nterconnect resistance

R- .07200& — 700Q

Interconnect capacitance

C, .o =-03-5000u-0.5u+.044-2-(5000u + 0.5u) = 515 fF
*Intrinsic load capacitance
Ci, =5fF
*Propagation delay
t, =%+Rcm =w+700'5ﬂ7=184ps
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Interconnect Delay

 Avoid long interconnect delays using buffers

; 2500u metal1 (0.5u wide)| 2500u metal1 (0.5u wide) ;

*|[nterconnect resistance

R=0722%08 _ 3500
0.5

Interconnect capacitance

C,.=.03-2500u-0.5u+.044-2- (2500u+ O.SM) =258 fF

wire

*Intrinsic load capacitance
Cin = SfF
*Propagation delay

t =2-(%+RQJ=2-(W+ 3505 fF | =94 ps
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Interconnect Delay

- Avoid long interconnect delays using wider
lines

; 5000u metal1 (5u wide) ;

*|[nterconnect resistance

R= 0729008 _ 60

Interconnect capacitance

C,e = 035000+ 5+ .044 - 2+ (5000w + 5u) = 1190 fF

wire

*Intrinsic load capacitance
Cin = SfF

*Propagation delay

RC 70-1190 fF
2

t =Tw”e+RCin= +70-5fF =42ps

p
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Interconnect delay

 Interconnect sizing
— Adjust delays
— Prevent metal migration

— Power supply noise and signal integrity
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Interconnect Delay

« Directional Behavior

500u

500u R=.08 Q/[]
2u Tw C,=.02 fF/u?
20 40 20 40 v
V., VAVAV VAVAV — NN AN ——— Vin
20fF T 10fF 20fF T T 10fF
N N
t, =2Q(20fF +10fF)+4QU0fF)  t,=A4Q(0fF + 20 fF)+2Q(20 fF)
=.10ps =.16ps
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Switching Delay

- The intrinsic delay of a gate
- Transistor sizing can affect the delay

 Extrinsic capacitances can affect the
delay
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Delay Definitions

VOH
(VOH+ VOL)/ 2
Voo > time
. b t
VOH_\< > 4—»/
Vgo% :
(VOH+ VOL)/ 2
V <+_> )
10% T i tpLH

» time
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Switching Delay

- Fall time analysis

|
4—0 Vou’[>VDD-Vt
Saturated

VIN

VOUT

|
]

\
E
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Fall time analysis

- Saturated Mode
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Fall time analysis
- Linear Mode

IC = IDS

_CL% =k
dt

(Vop =V

n

i - L

n

-2C,

dt =
k(2(Von =V, )V,

out

2 out
VOMt )

26, dv,,
72 k. WVpp (ZVOMI(VDD — Vm) — Vomz)
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Fall time analysis

« Linear Mode

Voo =Vin
. CL h] Vout
12 kn (VDD - th 2(VDD B Vm) - Vom Vop
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Fall time analysis

ty=t,+1,,
G 2V = Wip) | ln(19VDD - 20Vm)
kn (VDD - th) VDD - Vm VDD
__ G (2(” ~), In(19 - 20n)) I
k Vo (1 — n) 1-n Voo
koL (2n=), In(19 - 20n)
(1 — n) 1-n
t, =K C,
anDD
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Fall time analysis

- Fall time is proportional to load capacitance and
inversely proportional to V5 and k,

- Decreasing the supply voltage will increase the
fall time

- Increasing the transistor width will increase k
which will reduce the fall time

- Changing these three parameters can cause
conflicting goals
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Rise time analysis

f -G (2(”_'1) +1n(19—20p))
kVppr(1-p)\ 1-p

2(p—.1) ) -V
K = +1In(19-20p =7
( - ( )| P ™

CL
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Rise time analysis

- For equal fall times and rise times
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Propagation Delay

- As with interconnect delay, find the
equivalent resistance and load
capacitance of the transistor

tu =-09R, C,

—[

— VOUT

BT - 2T
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Propagation Delay

R, = average(Ron(t)) = I f:z Vs (1)
fz - l‘1 I IDS(t)

- Propagation delay is the time for voltage to reach
half way point - so integrate from V,, to V,,/2

VDD/2
Req _ 1 f VDS(t) dVDS
VDD /2 - VDD IDS(t)

VDD

- For the output range we are interested in, the
transistor is always in saturation
_2 VDD/2 VDS

R =—= dV,s

- Vo Vop Ipsar (1 + )\“VDS)
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Propagatlon Delay

DD/2
dv
VDD V IDSAT (1 + }\’VDS) .
2 VDD
= AVps —In(1+ AV )
VDD)"ZIDSAT ( ” . )VDD/Z
2y72 3y73
= % AV o =| AV, — 2 Vs + A Vs
VDD)\’ IDSAT 2 3
2 3 Voo
2 (VDS_)LVDS+M)
VDDI DSAT 2 3 Vop /2
_ 2 3Von 1AV .
Vorlpsir | 8 24
3V 7
~ DD (1 —AVDD)
4 IDSAT 9
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Propagation Delay

- Load capacitance
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Propagation Delay

- Load capacitance

— Intrinsic capacitance - sum of capacitances
at drain - Cp+ Cpp

CGCB
GCS
[ Cos
CGD
CGD
CGCS
— Coe
C
SB
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Propagation Delay

- Intrinsic Capacitance

— C4p is composed solely of overlap capacitance

- The transistors are either in cutoff or in
saturation, so no channel capacitance exists

— The actual load capacitance relative to ground
Is 2C;po because of Miller efffect
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Propagation Delay

t pLH — 0'69Req (2CGD0n + 2CGD0p + CDBn + CDBp + Cext)

- Extrinsic capacitance is composed of wire capacitance
and input capacitance of fanout

 Input capacitance is composed of overlap capacitance
and channel capacitance

— Overlap capacitance is C5pn + Cggo- Miller effect is
ignored because V_, is assumed to be constant

— Channel capacitance is C_,,WL. Assume worst case
« All capacitances are roughly proportional to W

- Equivalent resistance is inversely proportional to W
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Next class

- Delay Analysis
« CMOS Logic Design
« Chapter 6.1 and 6.2
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