EE 560 MOS INVERTERS: DY NAMIC
CHARACTERISTICS

Kenneth R. Laker, University of Pennsylvania



om0 o CC,C,->OxideCaps °
Cgsp | ! ||_Csbp C b C -> Junction Caps
s | C.  -> Inteconnect Cap
G o| »> @
D Cdbp
Vin C T Vout
¢ gdp ®
| ngn J
— - D C |
dbn o —
S GI «—2— ¢ L L |
R C —_—
Int gb
= 5
L VARV,
CIoad - ngn + ngp + Cdbn + Cdbp + Cint + Cgb

Kenneth R. Laker, University of Pennsylvania



DD
S
c o‘ e |
= 'o5 Ipn
y Dl viy,
in Vout
- @
— L D *IDn IC¢
GI . |
Cload__
S

VAR V4 Y

C - ngn + ngp + Cdbn + Cdbp + Cint + Cgb

load

Kenneth R. Laker, University of Pennsylvania



v, DELAY DEFINITIONS )

A in
VOH
VOL .t
Lo =4 - G Ln=4- 1

A out <«—>» —> (€

vV, ,
\/ \ ‘ﬂvg Prop Delay

50%

‘ t :tPHL+tPLH
\K P 2
V

oL .t
to t1 tz t3
V50% = VOL +0.5 [VOH ) VOL] = 0.5 [VOL +VOH]

Kenneth R. Laker, University of Pennsylvania




OUTPUT VOLTAGE RISE & FALL TIMES

v AVout Efall - tB; tA _t>rise :}_D ) tC
V900/ " \
V 0 \\ /
10% -~
Ol > t
tA 1:B tc tD

V,, =V, +01[V,, -V,_]

10%

Voo = Vo 109 [VOH i VOL]

90%

Kenneth R. Laker, University of Pennsylvania



CALCULATION OF DELAY TII\/IES

A in

QUICK ESTIMATES: Von

t = Cload D\/HL — C:Ioad (VOH - VSO%) Voo .

i | | \% PHL & ST S

avg,HL avg,HL Voou:'A P
t — Cload DVLH — Cload (VSO%- VOL) V50% \\//—
PLH J, | avgLn V. -
| | L L t, 1

|, —> @pproximate average C,_, current during

high to low V__transition
avg HL

o1 > @PProximate average C,

low-to- high V__transition

avg LH

Kenneth R. Laker, UnlverS|ty of Pennsylvania

[' V VOL’Vout_VOL)+i (V = Vo, V.

OL?

[' V VOH’Vout = VOH) +i (V = Vous Vou = V50%)]

current during

= Veg)|



MORE ACCURATE CALCULATION OFt

pHL? UpLp-
Voo
S
G \ B
Vo D) *iDp = iDp' Ion
— ._VOUt
JL p|¥ by iV
ol [, S VU
| 5 Cload:: lc = CIoad? Ipp~ on
V YV V

Kenneth R. Laker, University of Pennsylvania



1) V. -RISING CASE: v AV ;

IC: Vout = VOH, V V > V OH
AMOS-ON  SATV_ >V V.
p-MOS OFF LINOL VOut < VDD -VTOn
- V
+IDp - O Vout o » t
o —
V. p|¥ Ton ic¢ vV t, =t -t
" G| < B VOH A out
I p—
g Cload VOH - VTOn \
NV N V50% \\
dVv .
Croa d’([)Ut =~ lor Vo
>
. to tl’ t1
NOTE THAT:
li, 1 <<[i,,| forall inverter types NMOS SAT
nMQOS LIN

Kenneth R. Laker, University of Pennsylvania



’. 9
V Avin t0<t<t1

OH —
K ,
lon = En(vin_ VTOn)
V L
° ! — &(V -V )2 =_-C d\/out
VOH Avout <> tpHL: tl _ to 2 OH TOnN |oad dt
VOH VTOn \
V5o% \ for VOH B VTOn < Vout 3 VOH
Vou >t t=ty Vour=VoH-VTin {1
] . ] t=1 vmut =vDH Din
Since I, I1s INDEP of V__
t=t,' V.=V -V
ldt . Clna d out OH Fl"[]n‘:_n'}r
f = kn 5 f out
t=tg ?(VDH _VTUII) UmutszH
2 V
t" —tg = load *T0On 5

kn(VoH - VTon)

Kenneth R. Laker, University of Pennsylvania



V. ; _ 10
VA Vi _ L'<t<t;:

= %[Z(Vin- VTOn)Vout_ VOZUt]
V

oL
»L k
— N — out
V AVir <> t, =t-t~ ?[Z(VOH ) VTO n) Vout out] Ioad

OH t
VOH ) VTOn \

V5O% \ for Vout £ V VTO n

VOL
Py >t t=tg Vot =Vson ge1 O
0 "1 Y Odt — Cload (\) % —dV
t=ty Vout =VoH - VTon €l pn @
t:(t)ld %o Vout=Vsowe 2 1 0] 9
00t = - 20y 0 77+ Vo
t=tg Vout =VOH'VTOngkn[2(VOH_ VTO n)Vout_ Vout 7]
t. - t = - ZCIoad 1 In& Vout Bvout =V500%
11 1 Vout =VOH - VT 0
kn Z(VOH_ VTO n) gz(VOH_ VTOn)_ Vout > "

Kenneth R. Laker, University of Pennsylvania



t-t, =- 2 Cong 1 & Vou %Vout =V50% N
' ' kn 2(VOH TOn 82(VOH TOn) ) Vout g rouroniTon
— Cload In 6@(VOH TO n) - Vso%?
Vo~ Vior) & Ve, 5

>ty —tg = — —load VTOn

>
kn{VoH - VTon)
t =t -t +t-t

PHL
t — Zqud TOn + Cload In @(VOH TOn)' \/50%(._j
LT (Vv 2 K (V )& Y P
(OH TOn) n\VOH "~ TOn 50% %
— Cload ? 2VTOn @(VOH TOn) 1—U
kn(VOH' VTOn)g\/OH_ VTOn % V50% ﬂU

Kenneth R. Laker, University of Pennsylvania



Cload & 2VTOn @(VOH_ VTOn)

oL
< +1n - 1.0
n(VOH' VTOn)g\/OH_ VTOn %

Vs 2]y

TpHL — K

SUBSTITUTING V,_, = 05[V, +V_]

50%

e - OU
t g Cload é\/ 2\/TOn + In%(VOH VTOn) _ 19[;1
kn(VOH_ VTOn)@ OH ~ VTOn % VOH-I_VOL ﬂg

WHERE for CMOS Inverters V,,=0,V_,=V_,

é _ ou
t oL — CIoad é\/ 2VTOn + Ina(VDD VTOn) _ 1—[;]
Ko(Moo= Vron) 8Yoo- Vron % Voo a0

Kenneth R. Laker, University of Pennsylvania



EXAMPLE 6.1

Consider a CMOS inverter with C,__ = 1.0 pF, where the IV
characteristics of the nMQOS transitor driver are specified as
follows:

Vi, =5VandV,_ >4V =>1_ =1 =5mA
Assume V. Is a step pulse that switches Instantaneously from
0 to 5 V. Calculate the delay time necessary for the inverter
output to fall from its initial value of 5V to 2.5 V.

13

V., = 05[V, +V_]1=05[0+5V]=25V

50%
FROM IV DATA: atSATV_ _=5V-V_ =4V =>V_ =1V

2|mt _10mA

k, = > = ~ =0.625x10°A/V?
(VGS VTO n) (4\/)

Kenneth R. Laker, University of Pennsylvania



t<t<t’ wherei_ =1 __ =5mA"
n nsat

D
t=t’ Vour=VoH-VYTon (1 VOH - VTOn =4V
fdt = -Cload f i [ Pout  \, _ gy
t=tg Vout=VoH D OH —
Vo =2V
& out ToF
t)' -tg = ——2ad gy o= - (C1V)= 0.2ns
IDnsat V=5V SmA
tl < t < tl .
t-t = Coa In@(VOH_ VTOn) ) Vso%(_)
1 1 -~
kn(VOH' VTOn) % Vso% 2
1pF 2(5- 1)V- 2.5V

= In
(0.625x10 °A/V?)(5- 1)V & 2.5V 2

12 .
1x107F Ina@—'59:1.26 ns

" (0.625x10°AV?)AV €258

toy, =0.2ns+1.26Nns=1.46nNS

Kenneth R. Laker, University of Pennsylvania



EXAMPLE 6.2 15
Consider a CMOS inverter withC,__ =1.0pFandV_ =5V,
where the IV characteristics of the nMOS transitor driver are
specified as follows:

k’=mC_=20mA/V? (W/L) =10,andV_, =10V
Use both the average-current method and the differential
equation method to calculate t_ (time elapased between the
timeV_ =V_, =45V tothetimeatwhichV =V  =05YV).

90%

average- current method

4.5\, 0.5V
Iavg fall — |n >/H’ out %/ +| >/H’Vout - VlO%)]
1¢él 1 )
Egﬁk (Vin_ VTOn) +2k (2(V|n VTOn) out c?ut)a

1
- zl kn[(VOH - V1o n)2 T (Z(VOH - V1o y Vo™ Vle%)]

= 21120x10'6(A/V2)(10)[(5— 1)*VZ+(2(5- 1)0.5- (0.5)2)v2] = 0.9875mA

Kenneth R. Laker, University of Pennsylvania



average-current method cont. 16

. C.,DV :1x1012 F(4.5- 0.5V B e
fal 0.9875x10° A ' '

avg.,fall
differential equation method V. A Vo < by
SAT for40V<V, <45V Lo - -
dvou 1 OH TON SAT—>
Coad dtt = - 2k (V V1o n) v._
V_, =5V t t‘»t
dvout _ kn (>f i )2 _ 20x10° A/V (10)( ) sat ’
dt 2C /" T 2(1x10* F)
=-1.6x10"°V/s
t=t55_t 1 Vﬂut=4.ﬂv
dt = - dv
tzﬂﬂ 1.6x107°V /sy _ 54_51; au
1 =4.0V 1
teat - to = - v =- 4.0 - 4.5)V
sat =10 = = Iy /s ot Vo=V = 0 )

£ -1, =0.3125ns

Kenneth R. Laker, University of Pennsylvania



; ; ; t, =t -t
differential equation method cont  v_ aVox <=—2 2 H
AV —

tsat — 03125 nS V - V 0 \ LIN

OH TOn

LINfor0.5V<V, <40V

10%

dVou _ 1 to =0 tsat t2
Cload dt t=- ékn(z(v VTO n)Vout out)
t=t2 Vout=0.5V dv
ot =-2Coy 0 a
t=tsat | adVout =40V (2( TOn)Vout_ Vozut)
vV, =5V
— Cload 1 8@(%' VTO n) - V10<V 0
t,-t, = In(é‘ ' 2+
kn (%' VTOn) V10% 2
V. =5V
-12
_ 1x_160 |:2 1 |n§(5 1) - 050 _ 4 age e
20x10°° A/V2(10) (5- 1)V 05 &

Tfall = {t2 = tsat ) + {tsat —to) = 3.385ns + 0.3125ns = 3.6975ns
=4.09ns |, method

Kenneth R. Laker, University of Pennsylvania
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2) Vin -FALLING CASE: AV
. _ _ V — V In
IC:V .=V, V, =V, >V, OH DD
NMOS - OFF SAT VOUIt < -VTOIO
p-MQOS ON LIN -VTOIO < VOut < VDD
VGS - Vin ) VDD VDS = Vout } VDD VOL =0 >
\V/ t tPLH - tl ) 1:o
V. > VOH - VDD?
j G\ »D
o E‘ *IDp = 'op V50%
oV
|, . 0 out RY;
v o i Top 7
= V. =0 t ) t >
dVout —_ | Cload o 0 tl 1
ot 7F \Va NMOS SAT
NMOS LIN

Kenneth R. Laker, University of Pennsylvania



Cload é 2|VTOp |

Pal

I =
"M ko (Von~ Vou = [Vrop ) &V - [ Viop |
_I_lnaQ(VOH B VOL - |VTOp |) i 198
Vo~ Vs au
V., =05[V, +V_ ], FORCMOSINV: V,, =0,V_,=V_,
tPLH — Cload Z\/zlvTOp | +|na;"‘|'(VDD_ |VTOp|)_ 195
Ko(Voo = [ V10, D) Voo - [Vrg,l Voo U
tp|-||_ Cload e\/ TOn + In@(VOH TOn) 1—U
Kn(Vou= V7on) 8Yon- Vron o ap

FORCMOSINV:V,_ =0,V_ =V __

C:Ioad é 2VTOn +|n@(VDD_ VTOn) 1—U
kn(VDD' VTOn)g\/DD_ VTOn % VDD ﬂg

Upy =

Kenneth R. Laker, University of Pennsylvania
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CONDITIONS FOR Balanced CMOS Inverter Propagation
Delays, 1.e.t,, =t

t — Cload é 2|VTOp | + In%(VDD ] |VTOp ) ) 195
o kp(VDD' |VTOp|) g\/DD_ |VTOp| g VDD aL
t — Cload & 2VTOn +|nael(VDD' VTOn) _ 128
PHL = = 7
kn(VDD' VTOn) gvDD' VTOn % VDD a0
W
Where kn = I«lncﬂxm & kp o Hpcﬂx _p
L Lp
FOR tPHL = tPLH
VTOn = I\/TOpI [_j
K, =k or L/n_Mp
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NOTE THAT:

- Calculation of t, , depends largely on NMOS driver, 1.e.

nearly same for all INV types.
- Calculation of t ., depends largely on the load device and its

operation, i.e. different for all INV types.

CONSIDER depletion NMQOS Load:
dv

out —
—ot = |

Cload dt D, L(Vout)

Vil = Voot g(\/' 20 [+Vo, - 2t |)
SAT: VDS,L = Voo~ Vou 20~ VT,L => Vou<$Vop * VT,L

out —
k

n. 2
ID,L = 2L[' VT,L (Vout)]
LIN: VDS,L = VDD ) Vout <0- VT,L == Vout > VDD + VT,L

K
ID,L = ;L[Z(_ VT,L (Vout))(VDD_ Vout) - (VDD_ out)z]

Kenneth R. Laker, University of Pennsylvania




eVout VoD - IVTL | ga dV o) Vout=Vioy, oe dV Ol:
toy = Cou€ 0 ++ 0 +L
€ Vout=VgL g D, L(Sat)ﬂ Vout=Vpp - |VTL|8 D, L(Im)ﬂb

C o §Z(VDD' [V, |- VOL) N |n3@|VT,L |- (Voo - 50%)0LJ

kn,L |VT,L|é |VT,L | Voo~ Ve au

t PLH

Kenneth R. Laker, University of Pennsylvania
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vi

Input Waveform Slope s

vi

Dn

out’ " in
Vout VVDD_|\ N/
o— in,90%
ICV
T Cloac Vb= 1 NN
i (€ T
\Y4 f

EMPERICAL DELAY
CORRECTIONS FOR INPUT t , t
=2

Uy (actual) = \/PHL (step- |npUt)+§Ero

o
2
ic;_ t o (actual) = \/ PLH (Step Input)+§2§

=C

load

\Y4

Kenneth R. Laker, University of Pennsylvania



INVERTER DELAY DESIGN FORMULAS “

e - OU
t —_ C:Ioad é\/ 2VTOn + Inm(VDD VTOn) _ lgl;l
Ko(Voo= Vron) Voo~ Vion (é Voo a0

W
where ky =punCox ——
L1"[

1Wrl 2 Clnad
Ln  TPHLUnCox{ VDD - YTon )

2VIon | ]Il(4(VDD - VIon) 1] ]
VDD — VTOn VDD

o — Cload Z\/ZlvTOpl + In%’(VDD_ |VTOp|) ) JEE
Ko(MVop = [ Vrop D) &Vop - Vg, Voo U
W

where kp = upCox L—p

P
Wp Cload 2Vrop|
Lp  tpLy Hpcnx(VDD N ‘VT[]pD it ‘VTU[J‘

+In

VDD

fon-fon]




EXAMPLE 6.3 25
Design a CMOS inverter by determining the W _and W _of the

NMQOS and PMQOS transistors to meet the followmg specs

->Vth:2VforVDD:5V
-> Delay time of 2 ns fora V__transition from4Vto 1V,
withC,__ =1.0 pF.
The process and device parameters are specified as follows:
k’=mC_ =30nmA/V?
k’—mC —1Om°\/v2

L —L —10rrm
V —1OV
V :—1.5V

TOp

W =2 mm (limited by design rules)

min

STEP #1: Satisfy the Delay Constraint:it ,, from4VitolV
HL => PULL-DOWN =>t_  determined by nMOS driver

NOTEV. =V_ and 1<V, <4V =>nMOSLIN

Kenneth R. Laker, University of Pennsylvania



dv, . C,, W.
Cload dt L= ”]12 [Z(VOH TO n) Vout V<32ut]

26

Vout =1
sy = 20X10°S=-2C,y— i 0 dVout

n]1 Cox % Vout=4 [Z(VOH TO n) Vout out]

n

1 : | né Vou avoutzl
m, C,, % 2(Von= Vron) SZ(VOH - V.,.)- V,, HVou=a

n

_ _Cload 1V 4V
- W o 200 -1V -1V =i 200 -1V -4V
n Cox L—H(VDD = VTUI‘I) B B - -

= - 2Cload

n

12
2.0x10 75 = ~1x10 mlj {]nlll_]n[%”
(30x107°a/ VA n5-v L D LA
n

W, _ 1x10™F In(7) = 1
L, (2.0x107°s)(30x10°°A/V?)(4) (2.0)(0.03)(4)

Kenneth R. Laker, University of Pennsylvania
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W 27
—£=8108,L,=1nm => W =8.108 (1 nm)=28.1 nm

n From t delay SPEC
STEP #2: Satisfy the V, constraint, where:

VTOn+\/kT(VDD+VTOp 1OV+\F(5+( 1)V
— R
Vth_ 1 oS 10
1+ 81+ —+
g \/7 K @
1ov+\r(35)v 9
=2v > Kg=(19 =2

& s

= m, Cox(W/L)n — 30Wn — 3W“ = 9 => Wp — ﬂ-(?’)Wn
I, Cox(VV/L)p 1OW|O WP 4 )
4

with L =1mm W, =-(3)81mm =10.8mm

Kenneth R. Laker, University of Pennsylvania



CMOS RING OSCILLATOR

N N N

CIoad 1 CIoad2 = Cload3 and INV1 =INV2 =

A
\%

N o VAl

oL

Kenneth R. Laker, University of Pennsylvania
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VA V1

OH
V N\ > t

oL 4—»4—»4—»4—»4—»4—»

tPHLZ PHLl PLHS
e Lo, Ton
< >
T
Croads = Cioadz = Croaaz  aNd INVI=INVZ = INV3
T=t e Pl F o Fh s F ey, = 6L
1 1

1
-~ = = Oscillation FRE
T 23)t, 6t, <

For n INVERTERS:
211 1
T 2nt,

Kenneth R. Laker, University of Pennsylvania




ESTIMATION OF INTERCONECT PARASITICS

PARASITIC RESISTANCE:

Kenneth R. Laker, University of Pennsylvania
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fringing fields t 31
/’\‘\ //W - y

FF=C__/C, -> FRINGING-FIELD FACTOR

total

FF > INC as t/h -> INC, W/h <- DEC, and WIL -> INC

(SEE PLOT FFin FIG. 6.18 of TEXT)
t y

L
e I In +—+\/2hgEZh 2Q9
e 8 %118
€ U
: P&1- 0.0543—- 0
Ciota = eg\ﬂ + § 2h? +1. 47U pPF/mm L

N\

@h |ng +_+\/_ _+2v+ U for W <1/2
é

Kenneth R. Laker, University of Pennsylvania



p-sub

Double-metal double-poly n- weII CMOS process

Cmm Cmetal to-metal _ 2 5 nFlcm2

Coxm Cmetal-to-substrate - 52 nFlcm2

C c = 6.5 nF/cm?
oXp poly-to-substrate

C C = 12.0 nF/cm?

mm metal-to-poly

Kenneth R. Laker, University of Pennsylvania



B C D E = 33
passivation

A m2 me G

m?2 me ¢ # m2
; ml
—— ml 1 m2
% 1 v mi | 4

field ox field ox —

substrate

G M mm©QO © >

Layer Cap Ox Thickness Typ Vaue

Poly-substrate  C, 3000 A 50aF/mm? 1 nmm CMOS
Metal2-sub C, 9000A  20armre  Capacitances
Poly-metal2  C,_ 6000A  30amme L, =200A

Metal 1-sub C., 6000 A 30armme  C = 1800 aF/mm?
Metal 1-poly o 3000 A 60 aF/mm? aF = 108 F
Metdl-metal2  C 6000 A 50 aF/mm?

Metal1-diffuson  C__ 3000 A 60 aF/mm?

Metal2-diffusion  Passivation 6000 A 30 aF/mm?

Kenneth R. Laker, University of Pennsylvania



A B 32
‘ >0ﬁNV' ﬁﬁ__ | VW DO—
z(l EC ——i p— % p— %
~ < VAV
RLCG Transmission Line C
W VWD {>%
"VA VAV \ VA v
J< delay g

»{
I [\ﬂvm— Z |<< [z
{

! buffer + 1:flight ! ris settle
- > 2 < g
» |

Kenneth R. Laker, University of Pennsylvania



ROUTE-LENGTH DESIGN GUIDE %

Node: aregion of connected paths where the delay associated with

signal prop is small compared to gate delays. )
rclyy

Toignore the RC delay of interconnect, t,, <<t__ . Tw= 0.7

L = length of route

I = sheet resistance
0.7(rc) ¢ = cap per unit length

EXAMPLE: Consider a minimum width metal 1 route to a node
with an associated gate delay of 200 ps.

2
rcl. W I 2t Poate
o< TPgate = W=

TW = 0.7

= GUIDELINES FOR IGNORING
i 2 v 2><(0-2:~:10 5) RC DELAYS (Weste, pp 205)
e =
W 0.7(rc) 0 7[0.[]552] (30}{ 1071 F] Layer Max Length (L)

\ .

A A metal3 10,000

<< 19,5184 metal2 8000
Conservatively, L, < 5000l metall 5000
silicide 600

| = design rule parameter
poly 200

Kenneth R. Laker, University of Pennsylvania diffusion 60



POWER DISSIPATION §

P_= Static power dissipation due to leakage current or other current
drawn continuously from the power supply.

P, = dynamic power dissipation due to charging and discharging load
capacitances (v, assumed to be square-like)

P_ = short circuit power dissipation due to charging and discharging
load capacitances during the inite rise and fall timesof v, .

Kenneth R. Laker, University of Pennsylvania



V DYNAMIC POWER DISSAPATION 37

DD Vm, V
S VOH
G\ , B
D) *i iC: IDp' o
il— Dp ._V V
i . out t
— o D TB Dn IC+ OLA I T/2 T >
In C,: AMOS nMOS
S o ON ON ¢
>
v v VY v OMOS \[
1T .. ON

P, = T ov(t)i(t)dt

1T/2

I:)d — ? Vv, out (t) lon (t) dt+ ? C(VDD ) Vout (t)) Dp(t) dt

T/ 2

. dv
M IDp(t) = Cload d_;ut

where 15,(t) =- C4 "

Kenneth R. Laker, University of Pennsylvania



1T/2

I:)d - ? OVout(t)g Cload }I;thd{_l_ T

T/2
A |n’
V.
V \ / \ ot
g T/2
nI\/IOS nMOS
ON ON
» 1
\[ pMOS \[
ON
1 O 1VDD
I:)d _TVO_ C:Ioad out (t)d out T c)Cload( out(t))
DD
1e Vozu = V02u 0
Tg Ioad t xgﬂi :S/DD IoadgvDD out 2t Vout =0

Kenneth R. Laker, University of Pennsylvania

Vo (1 2‘%

v U
Vout=VpD ,



2
1 e Vout Vout =0
T 8 |Oad

V 2 " 0 39
V Vout = Vout =VDpD
Vout :VDD Ioad g DD Out

2 ~ Vout =0 B
1
= ? CloadVSD

P, = Cloadvtz)Df

APPLIES TO GENERAL CMOS LOGIC CIRCUITS
V

DD

pMOS
Logic

i Vou
|i Dp —
i

oMos| > eY
Logic

Kenneth R. Laker, University of Pennsylvania
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POWER-DELAY PRODUCT

PDP'= 2P, 75 = 2(CiuiVip f

avg rmax )

Tp

where P*avg = average switching power dissipation at max
operating frequency f .

fmax_ =

TpyL + TpLy 2

1 T +T
PDP = z(clﬂadvmz( D ( PHL PLH) il
Tpyr + TpLy 2

& Tp= TpHL + TPLH

AVERAGE ENERGY required for a gate to switch its output
from LOW to HIGH and from HIGH to LOW

FUNDAMENTAL PARAMETER used to for measuring
guality and performance of a CMOS process and gate design

40



POWER METER SIMULATION 41

Voo
v oo
! +
I
' =—C. V
VS: 0] @>¢ iS bls %Ry y y
< _
Periodic Input DEVICE
P — or *~— Yy v
T="Period | cIRcUIT 1. Ny Cpi
] load Yo dt Ry
v [t—tj
V B.- TRl
T V()= pe
IFRC >>T VF(T)ﬁﬁf(lhDD( e s c 4 ipp(tid
y 'y }r[]
L;y
SET b=V, T i
Vy(T) = VDD To OIDD(t)dt == P

Kenneth R. Laker, University of Pennsylvania



	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

