Chap. 11 Energy and Power In
Digital Circuits

Average Power in an RC Circuit
Power Dissipation in Logic Gates
CMOS Logic
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RC Circuit with a Switch
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Find energy dissipated in each cycle
« T . Find the average power.
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Energy Computation

Total energy provided by the source during T1

t T
T - T V "RC o
E = | "Vgidt= "V, Ese Cdt=CVZ(1l—e *°)

1

~CV¢S if T,>>RC

1
Energy stored in the capacitor: E. = ECVSZ

Energy dissipated in the resistor: E, = %CVS2

Independent of R



During T2

-+

Ve == C §R2

Initially, vo=7V¢ (recall 7,>>R,()
If we assume T, >>R,C

Capacitor energy is fully discharged = 1
Energy dissipated by the resister: E, = ECVS2

- Independent of R



Putting Together

Energy dissipated in each cycle
E=FE +E,=CV?

assuming that Capacitor is fully charged and
discharged during the period.

Average power

E:E:CVSZf
T



Power Dissipation of Inverter
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During input is low

C ==V,




During input is high

W\
VS Ci) (== iR |




Easy way to solve

Average power = static power + dynamic power
Static power: independent of the frequency

Dynamic power: charging—and—-discharging of the
capacitor



Average Power

R >>
VS i Y 2 RL ) L RON :
+ ( VS f . > VS
2(R, + R,y ) (R, + Ry ) 2R,

} }
Static power + dynamic power

P=

+CV f

Static power: Independent of the switching frequency.
Dynamic power: related to switching capacitor

P

static
P

dynamic

_Ri+Royy T

R, 2RC,




Example II.1

Worst static power dissipation
R, =100kQ, R, =10kQ
VS

R

.
] 454



Some numbers

~ a chip with 10 gates clocking

. at 100 MHZ C=IfF
R, =10kQ
I:)static — RL + RON x T f =]00><]06
denamic RL 2RLCL tVS — 5V



Power Minimization

Dynamic power
Reduce the supply voltage (5V —=> 1.5V)
Change the voltage on need
Reduce the capacitance

Reduce the frequency
Turn off clock when not in use

Static power
CMOS logic



CMOS Logic o

S i
f0| 5 PU=pullup
VI vO

* D

_ 7| ¢ PD = pull down

1 1
PMOS

Ju.SF

on when v, < Vo
G 40' off when v, . > V.,
e.g8. Vip=-1V

a
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CMOS Inverter

v, = 51 (inpu.t high) V= 114 (inpu.t IOW)
TVS =JoV AV, =0V
/ § Rc:wp
o—o0 o oVo o—o o—— Vo
’ — OV * — 51V
vV, = 5K § RONH - Vv, = OK / —

No static power!
- No direct path from the supply to ground



Dynamic Power of CMOS
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Static Power of CMOS

Leakage power
Transient current




Some Examples

Example IT.6: Processor SA27E
# of gates = 3M, 25% activity
C, =30fF, V.=15V/, f =425MHz

P

dynamic

= (Fraction switching) x (# gates) x fC V¢



Exercise

Estimate the power of the following processor (~ P-IV)
# of gates = 25M, 25% activity

C, =1fF, V,=15V, f =3GHz



summary

Total power = static power + dynamic power
CMOS does not exhibit static loss
Dynamic power

Pynamic = (Fraction switching) x (# gates) x fC, V¢

Reduce the supply voltage
Reduce the switching activities

Turn off the logic not in use (clock gating)



Chap. 12 Transients in Second-
order Circuits

LC Circuit
RLC Circuits
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LC Circuit

b Jo.
C = V()
v, (1) _
1
2
LC Q +v=y,

time?2 v,i state variables



Solutions

Find the particular solution
Find the form of homogeneous solution
Use initial condition to obtain the total solution

< example >
v, (1),
VO

Zero initial condition:

V. =0,1, =0



Homogeneous Solution
General Form: v, (t) = Ae®

LCAs’e™ + Ae®* =0 = s=tjo,,



Total Solution

Total solution vt)=V, _V()(ejroor N e—jﬁ)of)
V(1) =v,(1)+ Vv, (1)
v(t)=V,+ e’ + 4,e '™ =Vy =V, cosa,t

Find A1 and A2 from initial conditions



Plot

Total Solution
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Undriven LC Circuit

l - +
L CZT: C v, ve(O) =V
- i(0)=0

v.(t)=Ae"™" + A,e "






Observations from undriven LC Circuit

1. LC circuits are capable of oscillation
2. Important time constant: JLC

3. Characteristic impedance \E




Example 12.1

C=1uF,L=100H, (i, =0.5A, v, =10V at somet)



RLC Circuits

Copyright © The McGraw-Hill Companies, Inc.
Permission required for reproduction or display.

Parallel case
(a)

Rt
ANV ®

(i) vr (1)

O
g

Series case

(b)




Series RLC Circuit: second order circuit

dve (1) , Rdve(t) |

a2 L dt | LC (t)_ V(t)



Homogeneous Solution
Ve (1) = Ke™ + Ke™ =

SZ-I-ZOlS-I—COs:O, o=—,0, =—F—

Overdamped case: real and distinct roots

B 2 2

(a>w,)
Critically damped case: real and repeated roots

S1,2 =~ (0[ — a)o)

0

Underdamped case: complex conjugate roots

s, =—atjo, o=\wj-a" (a<a,)



Natural Response: overdamped case

K.=K, =1 o,=1 a=15

Copyright © The McGraw-Hill Companies, Inc. Permission required for reproduction or display.

Natural response of overdamped second-order circuit
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Natural Response: Critically damped case

K.=K,=1 o,=1 a=1

Copyright © The McGraw-Hill Companies, Inc. Permission required for reproduction or display.

Natural response of critically damped second-order circuit
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Natural Response: Underdamped case
K=K, =1 o, =1 «a=0.2

Copyright © The McGraw-Hill Companies, Inc. Permission required for reproduction or display.

Natural response of underdamped second-order circuit
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Response to step input voltage

o, =1, a=02~4="/eta

Copyright © The McGraw-Hill Companies, Inc. Permission required for reproduction or display.
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Exercise: Parallel RLC Circuit

Copyright © The McGraw-Hill Companies, Inc.
Permission required for reproduction or display.

AWA—0 Find i (1)
N | assume zero initial state
(DVT(” %c:: éL R=5kQ, C=1uF,L=1H,V, =25V

Parallel case



Exercise
Find the range of L to make v.(t) to be overdamped

L vs(t) = u(t)

A

t Ler—
VoS KT wo !




Exercise

? Find the differential equation for capacitor voltage. Find
6 | the total response with the following initial condition.

i, (0) =4 mA, v (0) =0 (V)

@4mA
\__/
2kQ) 1H
M, (g
+
2 T4 v

(1) .

2kO N

12V



Example 12.4 Ideal Switched Power Supply

N > 1cycle

Jhe

V Lé .
* Ve S, 1

I

(1) S1 on, S2 off

(2) S1 off, S2 on until inductor VT
current becomes zero L

(3) S1 off, S2 of f Ve 4




summary

LC Circuit
RLC Circuit
Three kinds of transient responses
Over—damped

Critically damped
Under—-damped



Chap. 13 Sinusoidal Steady State:
Imdepance and Frequency
Response

Sinusoidal Steady-state Response
Impedance
Frequency Response
Filter
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Sinusoidal Response of RC Circuit

Wy i
R “+
VI — VC

v,(t)=V.coswt for 1t =0 (V, real)

=0 for 1 <0
v.(0)=0 for 1=0
eja)t _I_e—ja)t
V| (t) :Vi
2

Find the particular solution to Viej”t






Total solution

Ve :.-I— Vg

% _r
v = i cos(wt+¢ )+ Ae XK€
© JI+o’RCC ’ )
M;here ¢ =fan (_(UR(—T)

Given v.(0) =0 for t=20
SO,

y V, cos(9)

N+ o’RC?




Sinusoidal Steady State (SSS)

Particular solution for sinusoidal input after transients

have died
whei’e@j ( —(0@

‘ V. ‘ £V

All information of SSS is contained in the complex
amplitude V.

1+ JwRC




Magnitude Plot

transfer function

H(jo) £ g :
a)) = — —
/ V V.l 1+ RC?
AN
V.
log
scale

log
scale




Phase Plot

¢ =tan"'— wRC

> (D)
log scale

T I I I ey




Impedance Model

+ iiR
ngR

O

{ie
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Ve = C
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v |k

Vi & L

i,=1¢e"" v, = Ri,
VR — Vreja)r V}(’fﬁz R[re/j
Resistor V. =RI

=1.e’” ) de

v. =V’ I cf‘f (V](oq"f

Capacitor V, IC
Zc

. y di
i, =1e" v, =L—*%
dt

T 111
Inductor 7, : I



Impedance Model

Circuit corresponding to a complex exponential input

R ZRR

M IC
R 1

v, Ci) —C KC =) K(? -|V-@ 7 - .1

<|<




Series RLC Circuit

I
—
L ¢ +
. RZV
Vieja)f Vrejwf
V. cos ot V |cos(at+ £V))



Exercise 1

—IF

find v,



Exercise 2

? Find v(t) at steady state (time unit: msec)

1kQ  2kQ
M ——— M ——

+

sint () v(t) -~ 1MF @ cos2t




What we are doing? The Big Picture

V. cos ot \Vp ‘ cos[(or +Z Vp]

usuc.f :

L 4 , nightmare
circuit | $p:

r.odel ' 9

take
real
part

comp'ex
alozbra

impedance-based complex
circuit model algebra



Back to |
V JoRC 7 I

7

V T+ joRC -’ LC

=
"f‘w+

Vi @RC
a8 \/(J —&’LC) +(wRCY
Observe
Low @: =~ ®RC
High @: = r
wl

oNLC =1 ~]



Frequency Response

==

R i "Band Pass”
R

fﬂ

> ()

H-----

o~
®



Frequency Response of Basic Elements

+1Z(0)




RC and RL Circuits

O

t H (@)

HPF
High Pass Filter

> (1)

4 | H(o)

LPF
Low Pass Filter

> (1)



RLC Circuits
Check out:
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1 °
V, =Ry
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Resonance

Equivalent impedance = Resistor
Z +Z-.=0

Circuit response is maximum



What about:

B

Band Stop Filter
C open L open




Another Example




AM Radio Receiver

T

= I
antenna .é =

L
-

fR__J

WA

;.

Thévenin
antenna
model

demodulator

amplifier




“Signal fll'l'er' WRZ

strength /\/
10 KH7 News
«—> IR Radio

- ,f

I I I I .
540 ...1000 1010 1020 1030 ... 1600 KHz



Selectivity

V.
Recall, T 7

0
Define O=-=2 uality factor
¢ P quality f¢

high O = more selective



Quality Factor: Q

A -
Note that abs magnitude is T

h V. / /
wnen .

V. 1t 7l

I ]'l‘ }( J JT
ol | b
: — =+]/
i.e. when 2 oCR
R

Ao=w —w, =—

L



Quality Factor ,_2 _@l

~ =
=

Lower R, higher Q
Another interpretation

O=2r energy stored

energy lost per cycle

L
=2mr—=

1 I 2 }32_7r

2 @,

@ L
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€=k
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Exercise

? Find the resonance frequency and the equivalent
H impedance at resonance.

2kQ) 200mH

M — Ol

z ~— 0.2uF S 6000




summary

Sinusoidal Steady-state Response
Impedance

Frequency Response

Filter



