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Energy and Power Basics

Penn



Today

0 Power Sources
= Static power

= Switching power

= Dynamic switching power

= Short circuit power (if time)
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Power

aP=IX]"

0 Tricky part:
» Understanding [
= (pairing with correct )

Penn ESE 3700 Spring 2023 - Li




Inverter Current Simplification (preclass 1)

0 Whatis |

pwt, gnd
Y ()
140mV |
400mV

500mV 4
600mV > - >
860mV \

v \

From preclass — see next two slides —
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Preclass 1

Device Vs Iy
NMOS | Vio < Vi | (3 x 107) e~ it
Vos > Vinn | 1.8 X 104 (Vis = Vinn)
~( Vas—Vinp
PMOS | Vgs > Vinp | (3 x1077)e ( o )
Vs < Vinp | —1.8 X 107* (Vs — Vinp)

Consider an inverter:

mos
Toust

mos

1
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Ip
F —
In

Vout

CMOS Inverter DC Transfer
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Preclass 1

Device Vs I,

Vgs— V),

NMOS | Vo < Vipw | (3 % 10°7) e somv™
ths > V:‘,hn 1.8 x 10_4 (Vqs - ‘/thn)
Vgs-"u.e)

PMOS ‘/gs > ‘/thp (3 X 10—7) 6_( A0mV
Vis < Vanp | —1.8 X 107 (Vs — Viny)

1. V=1V, Vipn=300mV, Vi,=-300mV, assume steady-state operation at V;, given.

V; I pmos I nmos ~ I pwr.gnd
Y%
140mV
400mV
500mV
600mV
860mV
1V

Approximate Iy gna & Min(Lymoss Lpmos)-

QEH@moOQwE

Useful: e ' ~0.37, e 4~ 0.02, e 75~ 6 x 1074,
Penn ESE 3700 Spring 2023 - Li



: Preclass 1
Device Vo I,
NMOS | Vyy < Vigw | (3 x 10°7) e~ o™
Vs > Vinn | 1.8 X 107% (Vs — Vi)
PMOS | Vi > Vinp | (3 x 1077) o (Zi)
Vis < Vanp | —1.8 X 107 (Vs — Viny)
1. Vaa=1V, Vipn=300mV, Vip,=-300mV, assume steady-state operation &
V; Ipmos Inmos ~ Ipwr,gnd
i .U
140mV B e —
400mV C
500mV D | [_ 1
600mV E
860mV F L =
1V G -

Approximate Iy gna & Min(Lymoss Lpmos)-
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Preclass 2

Device Vs Vas 14
NMOS | Vys < Vinn any (3 x 1077) e “iom ™
%s > V:thn ‘/ds < %s - ‘/;hn 3.6 X 10_4 (‘/gs - V;thn) X Vds
‘/ds > ‘/gs — %hn 1.8 X 10_4 (‘/gs — V:‘,hn)
VQS_VthQ
PMOS | V5 > Vipy any (3 x 10_7)6_( 40mV )
%s < V;hp Vds > ‘/gs - V;fhp —3.6 X 10_4 (%s - V;;hp) X Vds
Vds < vas - ‘/thp —1.8 x 10_4 (‘/gs - V—thp)

Consider an inverter:

)

Ipmos

1——" Tout
. . Y —
] Inmos

A 4
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Vout

CMOS Inverter DC Transfer

08 b
0.7
0.6
05 | : : . : B
03
02
0.1 f

Vin




Preclass 2

Device Vs Vis I,
NMOS | Vys < Vinn any (3 x 1077) e Gomi™

‘/gs > ‘/thn Vds < ‘/gs — V;hn 3.6 X 10_4 (qus — ‘/thn) X Vds
Vds > V;]s - V;hn 1.8 x 10_4 (‘/gs — V;hn)

PMOS | V,, >V, an =7 _(%)
s > Vinp y B3x 107 e
Vs < Vinp | Vias > Vs — Vinp | —3.6 x 107* (Vs — Vinp) X Vs
Vis < Vgs — Vinp —1.8 X 10™* (Vs — Viinp)
2. V=1V, Vi, =300mV, V;,=-300mV, assume steady-state operation at V;, given.
V;Z Ipmos — Inmos — Lpwr,gnd Vout
Y% A
140mV B
400mV C
500mV D
600mV E
860mV F
IAY G

Approximate I pwr,gnd ~ min(Inmosa Ipmos)-

Penn ESE 3700 Spring 2023 - Li



Understanding Currents

Static Power

Penn



Operating Modes

a Steady-State: What modes are the transistors in?

m V.=V N
u Vin: Gnd \\:_//

0 What current flows

in steady state? (;‘
2 - >

|

|
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Operating Modes

a Steady-State: V,,.=V
s PMOS:; subthreshold
s NMOS: resistive
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Operating Modes

a Steady-State: V,,.=V
s PMOS:; subthreshold
s NMOS: resistive

Iy, = —IS’(%)e(V’ZfT/V;)[l - e("VTD/S q))(l — V)
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Operating Modes

a Steady-State: V,,.=V
s PMOS:; subthreshold
s NMOS: resistive

IDSp - _IS’(%)e(%)(l B e(k‘;D/Sq))(l - )"VDS)

w

I, =u,Cox (f)[(VGS - VT)VDS - LS}

Which current determines I ... ?

Penn ESE 3700 Spring 2023 - Li
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Static Power

a P=IX1"
a What |7 should we use? 7N

N

&

s Where is the static current flowing?

= %
\
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Data Dependent?

0 How does the binary value of the input impact 1

statlc
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Data Dependent?

0 How does the binary value of the input impact 1

I = Is(%)e(vqu)(l - e(kVTqu))(l + AVDS)

static*

[Fr—=
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Data Dependent Leakage Current

Table 1. Standard CMOS Gates Leakage Currents

Temp °C (0 25 50 75 100

Logic Lv.| Leakage Current (1°) [pA] @ 1,2 Vdd
{0 659 1639 3539 6829 12039

I 4,4 MON 235 490 933
A e O o0 [131,9[327,7\ 7079 13658 24057

] 0r | 44| 104 |235 481 90,
NOR
. o | 62| 118 [241 490 933
% 2 Iro| 23 \44/ 93 193 374
oo | 94 I35 575 1209 2312
| 0F | 659 1639 3539 6829 12028

NOT

NAND
o 520 1284 2797 5458 9728
11 88 20,7 47 98,0 1R6.6
oo 2587 6408 13887 26925 476K,1
i 1545 3834 8360 16338 29169
XOR
I 140,6 3479 7618 14967 26869

11 1356 3338 7278 14247 25490

ACM Great Lakes Symposium on VLSI Stresa, 1. (n.d.). Analysis of data dependence of leakage current
in CMOS cryptographic hardware. In GLSVLSI ‘07 proceedings of the 2007 ACM Great Lakes Symposium
on VLSI : Stresa - Lago Maggiore, Italy, March 11-13, 2007 /. New York, N.Y. :: Association for
Computing Machinery. https://doi.org/10.1145/1228784.1228808
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Data Dependent Leakage Current

Table 1. Standard CMOS Gates Leakage Currents

Temp °C (0 25 50 75 100

Logic Lv.| Leakage Current (1°) [pA] @ 1,2 Vdd
{0 659 1639 3539 6829 12039

NOT
! 4.4 104 235 490 933
00 | 1319 3277 707.9 13658 2405.7
vor U0 | %4 104 25 a1 s
—C ' 10 | 62 118 241 490 933
2, . 9, 93 374

A > 11 34N 93 193
| I ; 00 | 94 [2a5\ 575 1209 2312
01 | 659 1639|3539 6829 12028

| . NAND

B . 10 | s20| 1284|2797 s4s8 9728

i 1545 3834 8360 16338 29169
I 140,6 3479 7618 14967 26869
11 1356 3338 7278 14247 25490

1

]
i1 88 \ 207/ 471 980 1866
00 | 2587 WOA 13887 26925 4768.1

XOR

ACM Great Lakes Symposium on VLSI Stresa, 1. (n.d.). Analysis of data dependence of leakage current
in CMOS cryptographic hardware. In GLSVLSI ‘07 proceedings of the 2007 ACM Great Lakes Symposium
on VLSI : Stresa - Lago Maggiore, Italy, March 11-13, 2007 /. New York, N.Y. :: Association for
Computing Machinery. https://doi.org/10.1145/1228784.1228808
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Understanding Currents

Dynamic Switching Currents

Penn



Power: During Switching

a P=11"
0 Input switch: 120 .
0 Where does [ gor W

o Vin: Gnd
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Power: During Switching

o P=117
0 Input switch: 120 .
0 Where does [ gor ()

Liyn (Saturation/Linear)

o Vin — Gﬂd

y

Subtheshold [[.dakage
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Power: During Switching

a P=117
o Input switch 021

0 Where does [ gor
m V.=V

Penn ESE 3700 Spring 2023 - Li
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Power: During Switching

a P=117
o Input switch 021

0 Where does [ gor
m V.=V

Penn ESE 3700 Spring 2023 - Li

“' // :;x\‘
Subtheshold Leakage

D,

|

Ljyn (Saturation/Linear)




Switching Currents

a0 Dynamic current tlow:

2
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Understanding Currents

Short Circuit Currents

Penn



Power: During Switching

a P=11"
0 Where does [ gor

s Vii=Vaa/2
s And V>Vt | Vi |

Penn ESE 3700 Spring 2023 - Li
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//, |




Power: During Switching

a P=11"
0 Where does [ gor

s Vii=Vaa/2
s And V>Vt | Vi |

CMOS Inverter DC Transfer

“' // ':,Zx'l‘

Linear/Saturation

Vout

0 0.2 0.4 0.6 0.8 1
Vin

Penn ESE 3700 Spring 2023 - Li
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Switching Currents

a0 Dynamic current tlow:

2

o If both transistor on:

= Current path from Vg4
to Gnd

s Short circuit current
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Currents Summary

a Current (I) changes over time

0 At least two components
|
|

static — 1O switching

switch — When switching

| Idyn and ISC I

cw JUUUUUUUUUUUUUUUUUUUL
o I

— 5

Penn ESE 3700 Spring 2023 - Li



Switching

Dynamic Power

Penn



Switching Currents

ol ;Ofd/( l? ;z‘az‘zc( Zy +1 switch (Zy

m/zz‘c/y (17 c( 27 + 1 dyn (ly

Penn ESE 3700 Spring 2023 - Li



Charging

Q l,,(f)— why is it changing?

" L=Vl
= and V,,, V changing i
[, = VsatCOXW(VGS V- VD;AT ) +
: . L
Ips = 1, Cox (%) (VGS - Vi )VDS B %

Penn ESE 3700 Spring 2023 - Li



Switching Energy — focus on [,,(?)

7
‘ .
‘ Istatic
L.
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: Switching Energy — focus on [ dnl?)

s

E=[P(t)dt T

= [ 1)V, di =
=V, f 1(t)dt
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: Switching Energy

0 Do we know what this 1s?

[1,,(0)di

E = f P(r)dt
= [ 1)V, di
=V, [ 1(0)d
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. Switching Energy

0 Do we know what this 1s?

Q=f]dyn(t)dt

=CV -C B :
dyn
E=[P(t)dt T
2
- (10, iy F=CV,,
=V, [ 1(0)d

Capacitor charging energy
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Switching Power

0 Every time output switches 021 pay:
s BE=CV?

0 Py, = (# 021 trans) X CV*/ time
a0 # 021 trans = Y2 # of transitions

0 Py, = (# trans) X 2CV?* / time
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Charging Power

0 Py, = #021 trans) X CV? / time
0 Often like to think about switching frequency

0 Usetul to consider per clock cycle
s Frequency f = 1/clock-period = clock-cycles/time
0 Py, = (#021 trans/clock-cycle) CV> £
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Data Dependent Activity

0 Consider an 8b counter

= How often do each of the following switch?
= Low bit?
« High bit?

0 Assuming random inputs

= Activity at output of nand2r
= Activity at output of xor2?
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Gate Output Switching (random inputs)

Output states

P(out!=out,,,)=P(out,=0)*P(out,,,=1)+P(out,=1)*P(out,,,=0)

Probablity of output switch of nand2?
Probablity of output switch of xor2?
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Gate Output Switching (random inputs)

Output states

P(out,out,,;=0>1)=P(out,=0)*P(out;,,=1)
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Dynamic Power

0 Py, = (#021 trans/clock-cycle) CV> f
0 Leta = activity factor

a = average #trany;/clock

a = probability of #tran;s,

O den — ZICVZ f
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. Activity Factor

0 Leta = activity factor
= a = average #Htranys,/clock

= a = probability of #tran,s,

a = p(out,=0)p(out,,, =1)
N, N, _ NO(ZN—NO)

a= YN AN 22N
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Switching

Short Circuit Power

Penn



Short Circuit Power

0 Between Vi and V- Vip

= Both N and P devices conducting

—q

—— Vin

Vout

4|
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Vin

Isc /&

_______

f(Vr?)

f(Vr) \

K\"" TTTmmmmmmmmmEees

time



Short Circuit Power

a0 Between Vi and V- Vop
= Both N and P devices conducting W)

a0 Roughly:

Vin

- Vdd-Vthp

Vthn

Isc
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Peak Current

d Ipemé around Vdd/Z

s If |Vin|= | Vip| and sized equal rise/fall

V
IDS = VsatCOXW(VGS -Vr - %AT)

Vin

'\ !
W

vdd

Vdd-Vthp
Vthn

Isc

Penn ESE 3700 Spring 2023 - Li
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Peak Current

d Ipemé around Vdd/Z

s If |Vin|= | Vip| and sized equal rise/fall

V
IDS = VsatCOXW(VGS -Vr - %AT)

1
[1wdr=~1,, xt, (5)

Vin

Vdd-Vthp
W Vthn

Isc

Penn ESE 3700 Spring 2023 - Li
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Peak Current

d Ipemé around Vdd/Z
s If |Vin|= | Vip| and sized equal rise/fall

V
IDS zvsatCOXW(VGS -Vr - DgAT)

1
[1wdr=~1,, xt, (5)

1
E = Vdd X Ipeak X tsc X (5)

- Vin
Vdd-VthpL - N4 - - - - - By (E—
W Vthn N ___ S e e e = —
| Lo L time
Isc l/\l :/\:
b "' time

Penn ESE 3700 Spring 2023 - Li tsc tsc



Short Circuit Energy

a0 Make it look like switching an equivalent
capacitance, Cy

s O=]X¢
1
E = Vdd X (Ipeak X tsc X (E))

= O=Cl”
E=V,x0q
E=V, x(CyV,,)= Cchild
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Short Circuit Energy

a0 Make it look like switching an equivalent
capacitance, Cy

s O=]X¢
1
E = Vdd X (Ipeak X tsc X (E))

= O=Cl”
E=V,x0q
E=V, x(CyV,,)= Cchild

C =

peak” sc

SC

Penn ESE 3700 Spring 2023 - Li
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dd




Short Circuit Energy

0 Every time switch (021 and 1-20)
= Also dissipate short-circuit energy: E = C, V>

s C “fake” capacitance (for accounting)

Penn ESE 3700 Spring 2023 - Li



Total Power

d Ptot — Pstatic + Psc + den

A Py + Py = aCy g VA + 2aC, V2

0 P, = a(Cp,q+ 2C,)V?f + VI (W/L)eVV/@kT/q
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Switching Wavetorms

| I~ DD
> 0.54 & 0.5 i%’ E;Lneari Circuit 205 n Po=15(Vop - Vou)
> - 3 t Current & ™ ‘ *I
| 1 ]
1/ 1 | / \
0 T T f T 0 — | D 1 0 T T T T 1 V p VOUt
0 02 04 06 08 1 0 02 04 06 08 1 0 02 04 06 08 1 H
n I C
d 2 " I 1oy T CL
n C
30.5- \ —=0.5- 0.5 Po=1Vou /
J ' - | VZ
‘ vw=—f ldt
" C
0 T T T T 1 0 L T T T 1 0 T T T - T 1
02 04 06 08 1 0 02 04 06 08 1 0 02 04 06 08 1
t(ns)
1 1 (*)
05 le=1p- 14 054 Po=1Vou
.0 o’ 01 - — 75+ Eo-[Pect
-05 -0.5- o
_1 1 T T T I ‘ 1 _1 T T T T 1 0 T T T T 1
0 02 04 06 08 1 0 02 04 06 08 1 0 02 04 06 08 1
11 - 150
Pvdd'-"lpVDD
5 a
20.54 S 754
w / Evad =fpvda dt
0 “I P .} 1 0 T T T T 1
0 02 04 06 08 1 0 02 04 06 08 1
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Ideas

a0 Three components of power
= Static
= Dynamic
= Short-circuit

DPz‘oz‘: +quyﬁ+Pfc

static
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Admin

a HW 5 due Friday 2/24
s A lot of SPICE
= Start early

= Create your schematics, icons and test schematics with
care to minimize the time spent
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