a9 United States

US 20090204831A1

a2y Patent Application Publication (o) Pub. No.: US 2009/0204831 A1l

Cousson et al.

43) Pub. Date: Aug. 13,2009

(54) GLOBAL HARDWARE SUPERVISED POWER Publication Classification
TRANSITION MANAGEMENT CIRCUITS, (51) Int.Cl
PROCESSES AND SYSTEMS G0‘6F ‘1/08 (2006.01)
(75) Tnventors: Benoit Cousson, Saint Laurent du (52) US.Cl .ot 713/322
Var (FR); Patrick Titiano, Saint (57) ABSTRACT
Laurent du Var (FR) An electronic circuit including a bus (3521), a peripheral
(3510.i/3552.1) coupled to the bus (3521), the peripheral
Correspondence Address: having a storing circuit (3620.;, 3625.i) for a succession-
TEXAS INSTRUMENTS INCORPORATED presetting and a parameter setting currently-eftective for
P O BOX 655474, M/S 3999 peripheral operation on the bus (3521); and a power manage-
DALLAS, TX 75265 ment circuit (3570) operable in response to a power manage-
ment transition request (GO_bit) to send a first signal
(73) Assignee: TEXAS INSTRUMENTS (START_bit_i) to the peripheral, and to initiate a bus fre-
INCORPORATED, Dallas, TX quency transition, and to send a second signal (PER_EN-
(Us) ABLE_i) to the peripheral after the bus frequency transition;
and the peripheral is responsive to the first signal (START_
(21) Appl. No.: 12/354,351 bit_i) to stall peripheral operation on the bus (3521), the
peripheral operable to automatically promote the succession
(22) Filed: Jan. 15, 2009 pre-setting to currently-effective status for the peripheral
after peripheral operations on the bus (3521) are stalled and
(30) Foreign Application Priority Data responsive to the second signal (PER_ENABLE_i) to re-
enable peripheral operation on the bus (3521). Other circuits,
Feb.8,2008  (EP) oo 08209119.0 devices, systems, apparatus, and processes are disclosed.
4500 o 20/3D GRAPHICS
VA ~ 3510'4\-| DISPLAY V> AMP
3510.3
10 N CAMERA vrl{ oo
2610 mpy sUBSYSTEM 510
{0 mpU suBstS | DSP =
MPU 2;20 P VDD1 3515.1 DMA SUBSYSTEMS e°
CAM | 3538
05| (iemroet] || e [0 | e mess [ || o] 38
ENGINE
128 HANDLER <> DMA CHANNELS SETTING
_____________ 3512.1
I 3518.1 == | |-
! 35101~
[AsYNC | [ ASYNC et sSM | :
T T 2460 SEC.
3522.1 3522.2 3522.3 3522.4 3521 VIOLATION
AN ~N Vad yd L3 T
FIREWALL INTERCONNECT
FIREWALL MEM CTRL FIREWALL FIREWALL 2640 RESETS
] v v v v COLD/WARM T
UsB “ou o VIDEO FIREWALL  [-~39321
35201 ¢ CODEC L4 PRCM (WKUP)
: v ?AM —! | INTERGONNECT g%g
SMs 35202 | 3520.3 3520.4 354 | ConrRoLmonue |
3555~ FIREWALL | SADZD | DSP
SDRC WCDMA/ \_35208 _— AES, DES, SHA1, PKA,
35521 HSDPA 1100 | DsP DMA ™-3540

/
3550 35206

7 RNG, UARTS, GPIO
3520.7 T VDD
MODEM | 35288 1200 vDD2

Petitioner Samsung Ex-1025, 0001



US 2009/0204831 A1

Aug. 13,2009 Sheet1 of 18

Patent Application Publication

[ ‘DId COor ] oramod P00t w.wmmm W3dOW o.o\wmm (wwaas } 0558
7 ooﬂ | |zozse
0pSE~] OIdD ‘SIHvN ‘ONH |, L . vINd 430 / VdOSH g L~ +2ese
‘Wid ‘LYHS ‘S30 'SIV 80cSE~ o qzavs | | Awaom
L | — L1 L Tvmag |~ 995€
cgyz—| IINCONT0MINOD |«—sf  VESE vommm mO\Nmm No\mmm Hsvid [|_SNS J4 4
0458~ LOINNOOHILNI = e 1 s
] (dnim) N0y [ - 4 23409 dHD WOH 0c5t - mi
1 F zecg—]  Tvmauid 03dIA NO ONdD _ .
L WHYM/0T109 /. § A $ $ A ‘ ‘
S1353d Orde Tvmaud | | Tivmgur | | RO NIV o nauig
g les] LOINNODHIINI TIVMIHIH
€1 i o D 2
"03s 1 A A
09¥¢
: S wss ] onasv ONASY
1] -boise 5 5
— TZI6e oo === ———— |'81GE \
ONILLIS STANNVHI YN [ | 431aNVH $21
- ANIONT
\ — TYM3HdFr————————————] VNG 1dNdY3INI LdNYH3INI
gece | WVO («—> SHALSI93H TYNYHALNI 4/ 7 $11
ST SINILSASENS YING L5ise laan—4 | 0222 Nd
-1 [+ dSa _../N.Smm W3LSASENS NdIN o,wom
ad1 [ 4/1 = VHINYD _4/ |
€0LGE A
<] [ AL} AVIdSId _4/_\.o5m ~ I
o 00S¢
SOIHdYYD ag/az o

Petitioner Samsung Ex-1025, 0002



Patent Application Publication  Aug. 13, 2009 Sheet 2 of 18 US 2009/0204831 A1

1400 1200
r———-- 1
I I
— VDD1 vDD1 — SMPS 1+
I I
VDD2 I I
— VDD?2 : SMPS 2 :
WKUP VDDS : :
| |
vop3 Y [ pos3 [ P OMPS 31
L__ i _ EJ
VDD4 LDO4 | 1240
VDD5 LDOS |
10s -
CONTROL 1280
MEMORY 10s |« LDO 6
< BATTERY
0s LDO 7
VDDPLL LDO 8
VDDADAC LDO 9
s P;R
RESET
[o]
AVS é
T =TT
I I
- SR2 | > :
1 | PRM =+ 126 >
L {  sRi . : PS ||
. I CONTROL
CM |
I 2C |= >
I I
I |
FIG. 2

Petitioner Samsung Ex-1025, 0003



Patent Application Publication  Aug. 13, 2009 Sheet 3 of 18 US 2009/0204831 A1

[t 0SS VDD1 1
[|F===1- VA SS |
| Ll MPU | I
HEMUL[] '
: i : vDD1 V?D3 VDD3
B rink —=FH-———1
[ "Core ! A EMU
||} DOMAIN . |- I i
I VA | 1 ¥
1t I\/éPSU s | o WKUP
| |
i—_|_ | Y=, |
| i
| | IVA
: L_MEU_J 1 551]] : LDO3
| ——
_—— l< ]
1 L\:lr | VDDS .
COPR %)
| | | | 8
ll————-' | y— VDDPLL | o VDD1 o
> DPLL1 DPLL? |«
—— — — — e — — — - I T
> |
<t SR1 VDD2 &
1200 a
R i g PSP 5
O
EXTERNAL PRCM < -
POWER IC 3570 ] .
il DPLL4 o
- 2
LS |« B =
~ DO =
-
| |
vDD2 | CORE | M{PU -
r———n1 —r————" I | o
' ' ' [ I MEM, |1 sraM | S
1| GFx 1| PER || DvA, — |
= d B4 VA
-TT = e=—=u
vop2 | SRAM
‘ ;
O :
[ cam 1 ! [ DispLAY H 1| AoEn cAMm, | [ core
| | SRAM | | SRAM
| I | | F | — ; T
EMU VDD5
el LDO5
A 4 Y
FiG. 3 EMU | [ Grx
SRAM | | SRAM

Petitioner Samsung Ex-1025, 0004



US 2009/0204831 A1

Aug. 13,2009 Sheet 4 of 18

Patent Application Publication

¥ ‘DIA 0558~ AHOWIW TYNHILX3 YITIOHINOD JDYLTOA SAY
_.omfmm F.Nm/mm o | ¢/98 ommm
. STVHIHIYI . H3TIOHINOD o NS N4
_ m\mom YIHLO0 I m\mom AHOWAN l.WNwm
ogu - HA9E ogu P HAHOE WIad
~1'0¢9¢ u_\_ - 0198 0098 m_\_ - 1019 | e -d0198
'y ] / K3
@ @ d'0e9€ @
| 318VNT H3d owom
! IV 0 SNg LOINNOOHILNI ™\-069¢€
TG LHVLS
_ N
| MW MW 19 09 MW 1ZGE
Neozoe L3 Nogoige [ % N A L 2! Noorge
\ 2H Negioe N 2P Nrsioe G NORT
€'Ge9e =OTce ¥'Ge9e v'01GE 0192 00296
YITIOHINOD
VEIAVI AY1dSI iy N0'GZ9€

Petitioner Samsung Ex-1025, 0005



Patent Application Publication  Aug. 13, 2009 Sheet 5 of 18 US 2009/0204831 A1

4110~ NOTIFY ALL
sw| INTATORSTOSTOP | _ ..
ONGOING EXTERNAL 4210~ PROGRAM
MEMORY TRAFFIC SHADOW REGISTERS
15~ ' sw| - NEW FREQUENCY  |< 100 ns
W COPY CODE INTO s - ¥IEVIV\|/NI\(A3EMORY
INTERNAL RAM H
4120~ Y 4215~
SW|  DISABLEMEMORY | _ .o N m PROGRAM GOBIT |< 10ns
+ HW CONTROLLER
4125~ ! 4220~ !
SW|  WAIT FOR INTERNAL HW D'S(:%B,\ILTER“SEE”E%RY <10ns
+ HW FIFO EMPTY <2ps
4225 ‘
4130~ ! va WAIT FOR INTERNAL | _
SW REPROGRAM - 1001 FIFO EMPTY H
+ HW MEMORY CLOCK T
4230~
4140 ! HW APPLY NEW —50ms
SV} WATFORCLOCK | _ (o MEMORY CLOCK
STABILIZATION I
! WAIT FOR CLOCK
HW < 100 ns
ow| WATFORMEMORY | . | STABILIZATION
DLL RELOCK K 4240 I
4145~ T
e
SW RE-ENABLE THE —10ms 1245
+ HW| MEMORY CONTROLLER T
4150 T APPLY NEW MEMORY
~EPROGRAM MEMORY HW| TIMINGSFORTHE |<50ns
N m TIMINGS FOR THE NEW |< 100 ns 4250~ __NEW FREQUENCY
FREQUENCY !
4155 T RE-ENABLE
RETURN FROM INTERNAL HV} E%m";(m?g <10ns
SW| CODEANDRESUME |< 100ns 4255 )
11601 EXECUTION
I sw| RESUMEREGULAR | _ ..
NOTIFY ALL INITIATORS 42601 EXECUTION FLOW
SW | TO RE-ENABLE EXTERNAL [ < 1 ms T <15
4165 L—MEMORY TRAFFIC L
Bus < T <16ms FIG. 6
FIG. 5

Petitioner Samsung Ex-1025, 0006



Patent Application Publication

DECREASE FREQUENCY

4410~

PROGRAM

SHADOW REGISTERS

- NEW FREQUENCY

- NEW MEMORY TIMING
- NEW OPP

!

4415~

PROGRAM GO BIT

!

4420~

DISABLE MEMORY
CONTROLLER

!

4425~

WAIT FOR INTERNAL
FIFO EMPTY

!

4430~

APPLY NEW
MEMORY CLOCK

!

4435~

WAIT FOR CLOCK
STABILIZATION

!

4440~

WAIT FOR MEMORY
DLL RELOCK

!

44451

APPLY NEW MEMORY
TIMINGS FOR THE
NEW FREQUENCY

!

4450~

RE-ENABLE THE
MEMORY CONTROLLER

!

4455

DISABLE AVS

!

4460~

CHANGE VOLTAGE IN
VOLTAGE CONTROLLER

!

4465-"

ENABLE AVS

!

4470

RESUME REGULAR
EXECUTION FLOW

FIG. 7

Aug. 13,2009 Sheet 6 of 18

< 100 ns

< 10ns

< 10 ns

< 1us

< 50 ns

< 100 ns

~ 0 us

< 50 ns

< 10 ns

< 10 nns

INCREASE FREQUENCY

4510~

PROGRAM

SHADOW REGISTERS

- NEW FREQUENCY

- NEW MEMORY TIMING
- NEW OPP

!

4515~

PROGRAM GO BIT

!

4520~

DISABLE AVS

!

4525~

CHANGE VOLTAGE IN
VOLTAGE CONTROLLER

!

4530~

ENABLE AVS

!

4535+ |

DISABLE MEMORY
CONTROLLER

!

4540~ ]

WAIT FOR INTERNAL
FIFO EMPTY

!

4550

APPLY NEW
MEMORY CLOCK

!

45551

WAIT FOR CLOCK
STABILIZATION

!

4560~

WAIT FOR MEMORY
DLL RELOCK

!

4565

APPLY NEW MEMORY
TIMINGS FOR THE
NEW FREQUENCY

!

45701

RE-ENABLE THE
MEMORY CONTROLLER

!

45751

RESUME REGULAR
EXECUTION FLOW

FIG. 8

Petitioner Samsung Ex-1025, 0007

US 2009/0204831 A1

< 100 ns

< 10ns

< 10ns

< 1us

< 50 ns

< 100 ns

~ Qus

< 50 ns

< 10ns

< 10 ns



Patent Application Publication  Aug. 13, 2009 Sheet 7 of 18 US 2009/0204831 A1

481 0\\ MPU CONFIGURES CM SHADOW REGISTERS /

4815 MPU CONFIGURES PERIPHERAL
SHADOW REGISTERS

PRCM SM OUT OF IDLE
4825 PRCM SM SENDS START
BIT(S) TO PERIPHERAL(S)

PERIPHERAL CONTROL LOGIC COMPLETES
BURST TRAFFIC, SENDS OK_ACK TQO PRCM,
AND IDLES/DECOUPLES INTERFACE

!

4835~ | PERIPHERAL USES SHADOW INFO
AS ACTIVE CONTROL INFO

!

4840~ PERIPHERAL OPS CONTINUE
AND USE INTERFACE FIFO DATA

PRCM SCHEDULER LOGIC
4845 RESPONDS TO OK_ACK(s) TO SEND

START BIT TO ANOTHER PERIPHERAL

4820\\ MPU SENDS GO-BIT TO TRANSITION /

4830~

4850/< ALL PERIPHERALS IDLED ON INTERCONNECT )

PRCM SM GOES TO STATE THAT TRANSITIONS
4855 INTERCONNECT DPLL FREQUENCY

1860 /C DPLL TRANSITION STABILIZED )

)\ DPLL SENDS DONE SIGNAL TO PRCM SM /

!

PRCM SM SENDS ACTIVATION SIGNAL TO
4870 PERIPHERAL(S), INTERFACES RE-COUPLE

4865

PERIPHERAL FIFO(s) REFILL

FIG. 9

4875

Petitioner Samsung Ex-1025, 0008



Patent Application Publication  Aug. 13, 2009 Sheet 8 of 18 US 2009/0204831 A1
FREQUENCY f
(PERFORMANCE)
A
DVFS OPP4  AVS ONLY

F4 -

———————————————————————— THRESHOLD 4

DVFS OPP3

F3

———————————————————————— THRESHOLD 3 || AVS, DVFS

DVFS OPP2 AND DPS

F2 1

——————————————————————— THRESHOLD 2
: Dvisoppt  OFTARGET  |ppg '

1- }
ACTIVE AVS AND DPS
STAND BY THRESHOLD 1
| } SLM
1 T T T >
0 / V1 V2 V3 V4
SLM
FIG. 10

Petitioner Samsung Ex-1025, 0009



US 2009/0204831 A1

Aug. 13,2009 Sheet 9 of 18

Patent Application Publication

. |
Il mUNh IvH NdN _ VAl
[} J Y I
|
—
|
ﬁ 30HN0SIY I
|
1 |
| y3I9WNYIN I
304N0S3H “
| | — 1 ! 5018 dSQ
Heels i vl 3 “ | 4o101034d
_/\v/ HITANVH 4I1ONVH | -€10G | > WaMd <1 quommom
_ —|304n0s34 | | 30uN0OSTH I I I
— — _ |
—Sans . SThe _
V05 ) || Teeos | || Mees 205 |1 [oaws], | ouwon
HITANVH | || y3nMa ) I | dsa [
20405 HIAIMA 301A3Q SoIAIa 390149 4Sa | I
HIDVNYIN - HITANVH —| | v31anwH HITANVH I
AdIM0d —|  4Imod —{ 4Imod HIMOd 1106 !
_ S3AON QvO14HL
_|»J L HE0S “ _||__
ADI10d Aood |, I _ 7
JILV1S Sdd/S4Aa | I ! \
$ N3 HIDYNYI || HITIOHINOD _ (dSQ) YHOMIWVHA
HIMO HIMO 1| INaw3pvNvw ¥amod
e — r N (naw) seomanves
- | _ INIWIDYNYIA HIMOd
A2I10d I
INIWIDYNYIN |—> xm_w/_“,_z%m__\,_ T NOILVOIddY I
NIYWOQ “

Petitioner Samsung Ex-1025, 0010



Patent Application Publication

Aug. 13,2009 Sheet 10018  US 2009/0204831 Al

SOFTWARE : HARDWARE 1042
I /
5105 ~I" poWER ON RESET |« : POR
5110~]  INITIALIZE SR, |
VP, VCON :
- |
5115 . :
N APPLICATION RUNS I
|
! .
5120 I
™ LOAD PREDICTION L SEND 5130
| GO-BIT, p,
5125 OUTPUT TARGET [ TARGET
PERFORMANCE / , ADAPT VDD1 OPPs
I ADAPT VDD2 OPPs
5135 INPUT CURRENT | CURRENT | (FREQUENCY, VOLTS)
PERFORMANCE .
|
|
COMPUTE A !
5140 EQUALS CURRENT ,
N PERFORMANCE I
MINUS TARGET :
PERFORMANCE ,
|
|
|
|
THRESHOLD ASSESS > |
: 5155
' SWITCH DOM/AIN
|
SELECT | CPUIDLE POWER STATE
5150-"|  POWER MODE , AND ENTER
I SELECTED MODE
|
: ™
I MODE
I TRANSITION
: EVENT?
|
|
INPUT /1 INTERRUPT
[ I N
| 5165
FIG. 12

Petitioner Samsung Ex-1025, 0011



Patent Application Publication  Aug. 13, 2009 Sheet 11 of 18 US 2009/0204831 A1

GO_bit

!

OK_ACK 1

PER EN 1 5320.1
= PER1 |

START bit 1

A

y

OK_ACK 2

PER_EN_2 | ~5320.2

» PER?Z2
PRCM SM START _bit_2
5310

A

OK_ACK N
PER_EN_N

— = PERN |
START bit N 5320.N

A

Yy

Yy

DONE VTRANS FIG. 13

5340~

SEND
PERIPHERAL
ENABLE(S)
PER EN |

5560

DPLL_STABILIZED,
DONE

SEND TRANS,
INTERCONNECT
DPLL FREQ
TRANSITION

SEND
START_bit_i

TO PER 9530

5350

FIG. 14

Petitioner Samsung Ex-1025, 0012



Patent Application Publication

5670

ENABLE
FROM PRCM

FULL

REFILL/

BURST_CTRL

5650

GO_bit

—

SHADOW
INFO
ACTIVE

Aug. 13,2009 Sheet 12 0f18  US 2009/0204831 Al

START_bit

BURST
COMPLETE
FIFO
QUALIFIER

5620

COMPLETE_CTRL

PERIPHERAL
SM

5630

I/F
DECOUPLE

USE FIFO 5640

FIG. 15

START bit_1

A

57201

PER 1

\

OK_ACK_1

START bit_2

A4

PER_ENABLE | ~5720.2

PRCM SM
5710

Y

PER 2
OK_ACK_2

|

I -

: o
| START bit N

Y

Yy

PER N
OK_ACK_N -5720.N

A

DONE TRANS

5740

DPLL

FIG. 16

Petitioner Samsung Ex-1025, 0013



Patent Application Publication  Aug. 13,2009 Sheet 13 of 18

US 2009/0204831 A1

OK_ACK 1
5820.1
~ PeR1 [
GOID“ OK_ACK_2
PER ENABLE | -5820.2
= »| PER2
START bit
PRCM SM g
\
5810 R S| °
OK_ACK - °
—= COMBINER | . o
* . OK_ACK_N
TRANS| | DONE b
; / PER N
DPLL 5830 i -5820.N
/ -
5840
FIG. 17

5910

SEND
PER ENABLE

SEND
START _bit

5960 5930

DPLL_STABILIZED,
DONE

SEND TRANS, OK_ACK(N)
INTERCONNECT
DPLL FREQ

5950 TRANSITION

FIG. 18

Petitioner Samsung Ex-1025, 0014



US 2009/0204831 A1

Aug. 13,2009 Sheet 14 of 18

Patent Application Publication

6] DIH < dNINVM
SHILSI93Y TOHINOD IAILIF443-ATLNIHHND ANV MOAYHS < INOQ 'SNvdlL
ANV 7 S A 7 T L-sneom
0LL9 - —r
Y 2519 0519
A||o\o \ / _
I\ .
6519 ac19 %104 Hzoo_\,_xd! " 1 ynoseeonns o119
 ooto. y T T T o W12 °SAS | \
“W“ 8819~ > ! 9519~ s |2
_ MIDMZEND 1 ze
H3d |« mr‘ BION— “ —
~ W19°SASIND _
S10'SASIND <—— 08K “ 7
1819 9/19 _ ¥819
PN 5719 _ <H19'DA
00H < “ o_ote—|+ — “ 8719 » « Nv/_./@
| < e Q_-0
YN q— 2 A H+r6\c < T1d0 o o
L N V4 I A R i AN SN
1 6419 72919 — _ W99 ° gplg | 1219 Zelg
AV1dSIg«4+——Jo_o + I ° o / /
L el B S yof o e
. _ . ° o | _ Hid o o1 N+ o_-o113S0 =
b — I A enda [ [=7R N
ALMNOIS<1—o o + ] _ 0E19 cel9
| : A I ° | 129 VL9
_ £0919" ! : |
21140 YA <t——] o_o + N HS |6\oo o
| 209191 | — ~-gz19 ﬁ
17140 NN ~— s ot _ o _
<+—i -~ |
_ =T Togrg— _ asn o o N
e e e e e 2 ~- 9719 WHd

Petitioner Samsung Ex-1025, 0015



US 2009/0204831 A1

Aug. 13,2009 Sheet 15 of 18

Patent Application Publication

0C OIA £0QT dNM
A
YITIOHINOD Ol |« — ZN0293H 0012 nvs
} | ws4
104INOD 501 1= w " ol I NOO93H > 007} WvHS
L > ST
— = N0ODdD
5 X »| ST130 90TYNY
=
w)
< — i
JA0N440 SAS g
) ‘ 0IH0 SAS | | D
3INQON TOHLNOD —
0021 /
co7z . ansd |, |
J! 4IMOd ZAA0NA J9VII0A ] ZdA » Z4s >
BEZ I . HOHY3 400
L - . ‘ 2aaA t
“viva | | p cadA
NOOA K—— —— S NUd K——>
A .| 9! - " 400
A1) » !
0zl 1 < | >
\ ) . sS4 |, dA Houu3 us 100
13000 9VL10A } LOOA i
I I 1398Y1 LAAA LaaA
134 NINOd  WOHd
£aan

Petitioner Samsung Ex-1025, 0016



Patent Application Publication  Aug. 13, 2009 Sheet 16 of 18 US 2009/0204831 A1

6300
6305 BEGIN r/
v
6310~ RTL, NETLIST, PLACE/ROUTE
POWER MANAGEMENT
6315~ VERIFY
6320
o He
YES
6330~ SCAN/TEST
6335
e
YES
6340~ PWB
v
6345-|  LOAD PARAMETER(S)
\i
TEST POWER MANAGEMENT,
SEQUENCE, SWITCHING
63507  SPEED, AND SYSTEM
PERFORMANCE EFFICIENCY
ADJUST
PARAMETERS
AND SAFETY
MARGINS
N
6370~ ASSEMBLE TELECOM UNITS 6360
6375~ \_END
FIG. 21

Petitioner Samsung Ex-1025, 0017



Patent Application Publication  Aug. 13,2009 Sheet 17 of 18 US 2009/0204831 A1

2000 2055 Y
\‘
2010 WLAN AP DSL
720 e
POINT)
INTERNET © CEE&\%EAR ETHERNET
CELL NETWORK © /
STATION 2060 %
2020
1015
PDA/PEU
2096
1490 CELL PHONE PCB
1024 1020 1025
\ / .
SDRAM EXTERNAL FLASH j
1037 ~—1040 2092]" 518
) SECURE DEMAND PAGING (SDP) :;
\l_ SECURITY/ INTERNAL
ROM BITS FLASH
1032 | SECURITY LOGIC/ [ 1038 ~—1036 20941
— | CRYPTO CODEC
+ .| SERAL A
PRO100E3SOSOR IN;ERF,:(())Z : N\
RAM — 1026
USB
1034 PRCM | = Y 2380
1050 5 SECURE
WATCHDOG WLAN [« DSL
BOOT STORE 1044 GATEWAY 1o CABLE
A
1615 %22 2075
1028 % ZOTOY l‘@/
R " > DSL
DIGITAL VIDEQ o PERSONAL |
1610 [ Covputer [ CABLE
N - - 1) - ETHERNET
FIG. 22

Petitioner Samsung Ex-1025, 0018



US 2009/0204831 A1

Aug. 13,2009 Sheet 18 of 18

Patent Application Publication

. GEY 1 i[548
£C 'DIA _Hu 0871 \ )
- _H| @ S 7 |msvid| asn |2 [Lame Sd9 | 1d399n8-30 owi
_ _ _ _ _ _ _
oSt ogst 005k gzgy oist _ .?. VEANvD
| das |[wou|[gzpL —
Ux NN szaaan taaoa 0 | aunoas || mval|| e 2ey) verl vt 03AIVTILS
i el 329 | ava | ov f«{ [ || 318vEN91NO ol S S | [me] 2 p
. 0SvL gppy| [WaW| | IS | | 4SO Yau)
J0VAHALNI |
>3 T ™-0l¥l| WOYd - - 1HYN
SvS} 082} o2} Vool X007}
\ SNOILYOITdd¥
G9l~4 AdALLYE | |43LHIANOD -08L1
‘ AYILLVE | — oL4 950 SIMOd VINGOM | | 30ov4uaLINI 1 WiIsn
9QV/44/4HN Gl C 092 w5, 02l 7L 05h ~ 2
HALTI4 /L9338 — o 09¢k TNt ovel Y% o9kt 05 G811~ WOHd CBLL
ANNL YNNILNY
— J0V4HALNI
99z} I0V4H3LNI SHdD |
G191 Emr X NS || ommoo | e | o || VO Ny 549
09€EL 0zl ozzt | 7eeH| oz geoL  owol N
N N ) S \ J 0641
0SEl v H | xu 5¢01
N SANVEISYE olany oany | | wss | das \
7 ~0ckHL
MS 0/€1L o\rm_ - . ocL 08 | vy HSV14
| Wd/aay
N va M > 01111 S0 | o ool _\,_én_m
/| vwaomso dad ™
00t1 VeOl
0ees L NV ooMﬂ

Petitioner Samsung Ex-1025, 0019



US 2009/0204831 Al

GLOBAL HARDWARE SUPERVISED POWER
TRANSITION MANAGEMENT CIRCUITS,
PROCESSES AND SYSTEMS

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application is related to European Patent Appli-
cation Number 08209119.0 (TI-64540EP PS) filed Feb. 8,
2008, titled “Global HW Supervised DVFS Transition” and
priority is claimed under the Paris Convention and 35 U.S.C.
119 and all other applicable law.

[0002] This application is related to US patent application
publication 2008-0307240, dated Dec. 11, 2008, and U.S.
patent application Ser. No. 11/760,263 (TI-60478) filed Jun.
8, 2007, titled “Power Management Electronic Circuits, Sys-
tems And Methods And Processes Of Manufacture” and said
U.S. patent application documents are incorporated herein by
reference.

[0003] This application is related to US patent application
publication 2008-0162770, dated Jul. 3, 2008, and U.S.
patent application Ser. No. 11/953,999 (T1-60832) filed Dec.
11, 2007, titled “Power Management Electronic Circuits,
Systems And Methods And Processes Of Manufacture” and
said U.S. patent application documents are incorporated
herein by reference.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMENT

[0004] Not applicable.

COPYRIGHT NOTIFICATION

[0005] Portions of this patent application contain materials
that are subject to copyright protection. The copyright owner
has no objection to the facsimile reproduction by anyone of
the patent document, or the patent disclosure, as it appears in
the United States Patent and Trademark Office and the Euro-
pean Patent Office, but otherwise reserves all copyright rights
whatsoever.

BACKGROUND OF THE INVENTION

[0006] This invention is in the field of electronic computing
hardware and software and communications, and is more
specifically directed to improved circuits, devices, and sys-
tems for power management and information and communi-
cation processing, and processes of operating and making
them. Without limitation, the background is further described
in connection with communications processing.

[0007] Mobile telephony can communicate video and digi-
tal data, and voice over packet (VoP or VoIP), in addition to
cellular voice. Streams of information such as video, voice,
audio content, images of all kinds, and data should be flexibly
handled by such mobile devices and platforms. But power
dissipation can limit time between battery recharges and limit
the features and number of applications running. And system
latency can cause various kinds of delays and lapses in desir-
able application operation.

[0008] Security technology can improve the security of
electronic retail and other commercial transactions, and of
medical and other communications where privacy is impor-
tant. Security may impose still further demands on computing
power and hardware and compatible power management and
user experience. Wireless mesh networks offer wideband
multi-media transmission and reception that call for substan-

Aug. 13,2009

tial computing power and hardware. Numerous other wireless
technologies exist and are emerging about which various
burdens and demands for power management exist and will
arise.

[0009] Processors of various types, including DSP (digital
signal processing) chips, RISC (reduced instruction set com-
puting), information storage memories and/or other inte-
grated circuit blocks and devices are important to these sys-
tems and applications. Containing or reducing energy
dissipation, system latency and the cost of manufacture while
providing a variety of circuit and system products with per-
formance features for different market segments are impor-
tant goals in integrated circuits generally and system-on-a-
chip (SOC) design.

[0010] Further advantageous solutions and alternative
solutions would, accordingly, be desirable

SUMMARY OF THE INVENTION

[0011] Generally and in one form of the invention, an elec-
tronic circuit includes a bus, a peripheral coupled to the bus,
the peripheral having a storing circuit for a succession-pre-
setting and a parameter setting currently-effective for periph-
eral operation on the bus; and a power management circuit
operable in response to a power management transition
request to send a first signal to the peripheral, and to initiate a
bus frequency transition, and to send a second signal to the
peripheral after the bus frequency transition; and the periph-
eral is responsive to the first signal to stall peripheral opera-
tion on the bus, the peripheral operable to automatically pro-
mote the succession pre-setting to currently-effective status
for the peripheral after peripheral operations on the bus are
stalled and responsive to the second signal to re-enable
peripheral operation on the bus.

[0012] Generally, and in another form of the invention, a
power management article includes an input for a power
management transition request, an output for a transition
initiation signal, an input for a transition initiation acknowl-
edgment, an output for a frequency control, an input for a
frequency stabilization signal, an output for a transition
completion signal, and a state machine responsive to the input
for the power management transition request to activate the
output for a transition initiation signal and then responsive to
the input for the transition initiation acknowledgment to acti-
vate the output for the frequency control and then responsive
to the input for the frequency stabilization signal to activate
the output for the transition completion signal.

[0013] Generally, and in a further form of the invention, an
electronic peripheral includes a functional circuit for estab-
lishing peripheral functionality, a bus interface circuit
coupled to said storage circuit, a storage circuitry coupled to
said functional circuit and to said bus interface circuit, said
storage circuit having a data buffer and a space for succes-
sively applicable power management related control param-
eter values, and a peripheral controller responsive to a tran-
sition initiation signal to disable at least part of the bus
interface circuit, and to transfer current effectiveness between
the least two of the successively applicable power manage-
ment related control parameter values, and responsive to a
re-enabling signal to re-enable the disabled part of the bus
interface circuit.

[0014] Generally, and in an additional form of the inven-
tion, an electronic image processing system includes process-
ing circuitry operable for image processing, a bus coupled to
said processing circuitry, an image peripheral coupled to said
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bus, the image peripheral having a storing circuit for a suc-
cession-presetting and a parameter setting currently-effective
for image peripheral operation on said bus, said processor
operable to pre-program the succession presetting in the
image peripheral and to generate a power management tran-
sition request, and a power management circuit operable in
response to the power management transition request to send
a first signal to said image peripheral, and to initiate a bus
frequency transition, and to send a second signal to the image
peripheral after the bus frequency transition, and said image
peripheral is responsive to the first signal to stall image
peripheral operation on said bus, said image peripheral oper-
able to automatically promote the succession pre-setting to
currently-effective status for the image peripheral after image
peripheral operations on said bus are stalled and responsive to
the second signal to re-enable image peripheral operation on
said bus.

[0015] Generally, a manufacturing process form of the
invention includes preparing design code representing a
peripheral having a bus interface and a register field for a
current setting related to power management and a register
field for a shadow setting related to power management and a
power management circuit coupled to the peripheral to stall
the bus interface and promote a shadow setting to the current
setting, and re-enable the bus interface, and making at least
one integrated circuit by wafer fabrication responsive to said
design code.

[0016] These and other circuit, device, system, apparatus,
process, and other forms of the invention are disclosed and
claimed.

BRIEF DESCRIPTION OF THE DRAWINGS

[0017] FIG. 1 is a block diagram of an electronic system
such as for a system on a chip (SoC) inventively improved as
shown in the other Figures, and the electronic system includ-
ing a Power, Resets, and Control Manager (PRCM), proces-
sors, interconnect bus, and peripherals.

[0018] FIG. 2 is a block diagram of an integrated circuit
combination of an applications processor and a power IC
(integrated circuit) for FIGS. 1 and 23.

[0019] FIG. 3 is a partially schematic, partially block dia-
gram of an integrated circuit for use in FIGS. 1, 2, 4, 22, 23
with voltage domains and power domains.

[0020] FIG.4 is ablock diagram of the electronic system of
FIG. 1 inventively improved for hardware-based supervision,
global to the system, of power management transitions for the
inventive system.

[0021] FIG. 5 is a flow diagram of a time consuming pro-
cess for software control of memory operations and a power
management transition.

[0022] FIG. 6 is a flow diagram of an inventive process for
fast hardware-based frequency transition operations.

[0023] FIG. 7 is a flow diagram of an inventive process for
decreasing both voltage and frequency in a power transition
including fast transition operations.

[0024] FIG. 8 is a flow diagram of an inventive process for
increasing both voltage and frequency in a power transition
including fast transition operations.

[0025] FIG. 9 is a flow diagram of an inventive process for
global system power management.

[0026] FIG. 10 is a graph of frequency versus voltage and
showing Operating Performance

[0027] FIG. 11 is a block diagram of power management
related software for both an image, video, and audio (IVA)
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digital signal processor (DSP) and a microprocessor unit
(MPU) such as in FIGS. 1 and 3, and simplified as taught
therein.

[0028] FIG. 12 is a combined flow diagram of power man-
agement operations for use with the processes of the other
Figures, showing software operations at left and hardware
operations at right.

[0029] FIG. 13 is a block diagram of an inventive hardware
based power management embodiment showing an inventive
supervisory state machine PRCM SM and control paths
coupled to various peripherals in the system of FIGS.1-4 ina
hub-and-spoke power management arrangement.

[0030] FIG. 141is a state transition diagram for the inventive
supervisory state machine PRCM SM of FIG. 13.

[0031] FIG. 15 s a state transition diagram for an inventive
peripheral state machine SM in each of the supervised periph-
erals of FIGS. 13,16, and 17.

[0032] FIG. 16 is a block diagram of another inventive
hardware based power management embodiment showing
another inventive state machine PRCM SM and peripherals
coupled in an inventive Daisy Chain power management
arrangement.

[0033] FIG. 17 is a block diagram of another inventive
hardware based power management embodiment showing an
inventive state machine PRCM SM, peripherals, and com-
biner block coupled in a combined power management
arrangement.

[0034] FIG. 181is a state transition diagram for the inventive
state machine PRCM SM of FIG. 16 and FIG. 17.

[0035] FIG. 19 is partially schematic, partially block dia-
gram of a power management clock management unit (CM)
for a PRCM in FIGS. 1-4.

[0036] FIG. 20 is a block diagram of adaptive voltage scal-
ing structures and processes for power management in FIGS.
1,2 and 4.

[0037] FIG. 21 is a flow diagram of an inventive process of
manufacturing various embodiments of the invention.
[0038] FIG. 22 is a pictorial diagram of a communications
system embodiment including system blocks, for example a
cellular base station, a DVB video station, a WLAN AP
(wireless local area network access point), a WLAN gateway,
apersonal computer, a set top box and television unit, and two
cellular telephone handsets, any one, some or all of the fore-
going inventively improved as in the other Figures.

[0039] FIG. 23 is a block diagram of integrated circuits for
use in the blocks of the communications system of FIG. 22
and including circuits of a cellular telephone handset inven-
tively improved as in the other Figures.

[0040] Corresponding numerals in different figures indi-
cate corresponding parts except where the context indicates
otherwise.

DETAILED DESCRIPTION OF EMBODIMENTS

[0041] InFIG.1,asystem 3500 has an MPU subsystem, an
IVA subsystem, and DMA (Direct Memory Access) sub-
systems 3510.;. The MPU subsystem suitably has one or
more processors with CPUs such as RISC or CISC processors
2610, and having superscalar processor pipeline(s) with .1
and L2 caches. The IVA subsystem has one or more program-
mable digital signal processors (DSPs), such as processors
having single cycle multiply-accumulates for image process-
ing, video processing, and audio processing. IVA provides
multi-standard (MPEG4, WMV9, RealVideo®, H.263,
H.264) encode/decode at D1 (720x480 pixels), and 720 p
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MPEG4 decode, for some examples. Also integrated are a
2D/3D graphics engine, a Mobile DDR Interface, and numer-
ous integrated peripherals as selected for a particular system
solution. The IVA subsystem has [.1 and [.2 caches, RAM and
ROM, and hardware accelerators as desired such as for
motion estimation, variable length codec, and other process-
ing. DMA (direct memory access) performs target accesses
via target firewalls 3522.i and 3512.i of FIG. 1 connected on
interconnects 2640. A target is a circuit block targeted or
accessed by another circuit block operating as an initiator. In
order to perform such accesses the DMA channels in DMA
subsystems 3510.; are programmed. Each DMA channel
specifies the source location of the Data to be transferred from
an initiator and the destination location of the Data for a
target.

[0042] Data exchange between a peripheral subsystem and
a memory subsystem and general system transactions from
memory to memory are handled by the System SDMA 3510.
1. Data exchanges within a DSP subsystem 3510.2 are
handled by the DSP DMA 3518.2. Data exchange to store
camera capture is handled using a Camera DMA 3518.3 in
camera subsystem CAM 3510.3. The CAM subsystem
3510.3 suitably handles one or two camera inputs of either
serial or parallel data transfer types, and provides image cap-
ture hardware image pipeline and preview. Data exchange to
refresh a display is handled in a display subsystem 3510.4
using a DISP DMA 3518.4. This subsystem 3510.4, for
instance, includes a dual output three layer display processor
for 1xGraphics and 2xVideo, temporal dithering (turning
pixels on and off to produce grays or intermediate colors) and
SDTV to QCIF video format and translation between other
video format pairs. The Display block 3510.4 feeds an LCD
panel using either a serial or parallel interface. Also television
output TV and Amp provide CVBS or S-Video output and
other television output types.

[0043] InFIG. 1, ahardware security architecture including
SSM 2460 propagates qualifiers on the interconnect 3521 and
3534. The MPU 2610 issues bus transactions and sets some
qualifiers on Interconnect 3521. SSM 2460 also provides one
or more MreqSystem qualifiers. The bus transactions propa-
gate through the L4 Interconnect 3534 and then reach a DMA
Access Properties Firewall 3512.1. Transactions are coupled
to a DMA engine 3518.i in each subsystem 3510.; which
supplies a subsystem-specific interrupt to the Interrupt Han-
dler 2720. Interrupt Handler 2720 is also fed one or more
interrupts from Secure State Machine SSM 2460 that per-
forms security protection functions. Interrupt Handler 2720
outputs interrupts for MPU 2610. In FIG. 1, firewall protec-
tion by firewalls 3522.i is provided for various system blocks
3520.i, such as GPMC (General Purpose Memory Controller)
to Flash memory 3520.1, ROM 3520.2, on-chip RAM 3520.
3,Video Codec 3520.4, WCDMA/HSDPA 3520.6, device-to-
device SAD2D 3520.7 to Modem chip 1100, and a DSP
3520.8 and DSP DMA 3528.8. A System Memory Interface
SMS with SMS Firewall 3555 is coupled to SDRC 3552.1
(External Memory Interface EMIF with SDRAM Refresh
Controller) and to system SDRAM 3550 (Synchronous
Dynamic Random Access Memory).

[0044] Various initiators in the system are assigned multi-
bit identifying codes designated ConnlD. Each initiator gen-
erates its particular ConnlD code on a bus in operation. Some
Initiators are MPU 2610, DSP DMA 3510.2, SDMA 3510.1,
Universal Serial Bus USB HS, virtual processor data read/
write and instruction access, virtual system direct memory
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access, display 3510.4 such as LCD (liquid crystal display),
memory management for digital signal processor DSP MMU
(memory management unit), camera 3510.3, and a secure
debug access port to emulation block EMU.

[0045] The DMA channels support interconnect qualifiers
collectively designated Mreqlnfo, such as MreqSecure,
MreqPrivilege, MreqSystem in order to regulate access to
different protected memory spaces. The system configures
and generates these different access qualifiers in a security
robust way and delivers them to hardware firewalls 3512.1,
3512.2, etc. via lines 3538 as well as to firewalls 3522.1,
3522.2, etc. associated with some or all of the targets. The
hardware firewalls protect the targets according to different
access rights of initiators. The DMA channels 3515.1, .2, etc.
are configurable through the L4 Interconnect 3534 by the
MPU 2610. A circuitry example provides a Firewall configu-
ration on a DMA L4 Interconnect interface that restricts dif-
ferent DMA channels according to the configuration previ-
ously written to configuration register fields. This Firewall
configuration implements hardware security architecture
rules in place to allow and restrict usage of the DMA channel
qualifiers used in attempted accesses to various targets. When
an attempt to configure access for DMA channels in a disal-
lowed way is detected, in-band errors are sent back to the
initiator that made the accesses and out-band errors are gen-
erated to a Control Module 2765 and converted into an MPU
Interrupt for security attack detection and neutralization.
[0046] InFIG.1, interconnect 3534 is also coupled to Con-
trol Module 2765 and cryptographic accelerators block 3540
and PRCM 3570. Power, Reset and Clock Manager PCRM
3570 is coupled via L4 interconnect 3534 to Power IC cir-
cuitry in chip 1200 of FIGS. 1-3, which supplies controllable
supply voltages VDD1, VDD2, etc. PRCM 3570 is coupled to
L4 Interconnect 3534 and coupled to Control Module 2765.
PRCM 3570 is coupled to a DMA Firewall 3512.1 to receive
a Security Violation signal, if a security violation occurs, and
to respond with a Cold or Warm Reset output. Also PRCM
3570 is coupled to the SSM 2460.

[0047] InFIG.1, some embodiments have symmetric mul-
tiprocessing (SMP) core(s) such as RISC processor cores in
the MPU subsystem. One of the cores is called the SMP core.
A hardware (HW) supported secure hypervisor runs at least
on the SMP core. Linux SMP HLOS (high-level operating
system) is symmetric across all cores and is chosen as the
master HLOS in some embodiments.

[0048] InFIG. 2, an application processor block 1400 uses
software control of FIG. 11 and a serial 12C interface, coupled
to PRCM (Power Resets and Control Manager) section PRM,
to program external power IC 1200. Software can use the 12C
interface to program operational VDD1/VDD2 voltage val-
ues for Dynamic Voltage and Frequency Scaling DVFS.
DVFS establishes an Operating Performance Point or volt-
age, frequency pair (V,F) for a circuit such as a processor or a
bus or a peripheral. The controls carried by the 12C interface
permit and

[0049] InFIGS. 2-3, an embedded Low DropOut regulator
LDO3 supplies voltage for both Wake-Up domain and Emu-
lation domain. This L.DO3 is continually active feeding the
Wakeup domain that includes PRCM 3570. PRM controls
power of the Emulation domain and closes a switch in LDO3
upon software request when a debug session starts, or auto-
matically upon JTAG plug detection. LDO4 and L.DOS5 sup-
ply regulated voltage (VDD4 or VDDS5) to memory banks
such as SRAM. LDO3, LDO4 and LDO5 each have three
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reference voltages—a normal voltage reference used in
device active mode, a VDD1 overdrive voltage reference used
when emulation is activated and MPU emulation trace is
required, and a third voltage set when the device is in low
power mode (OFF mode), in order to optimize leakage power
savings. All these modes are automatically managed by hard-
ware. PRM reduces Wake-up LDO3 voltage VDD3 when the
device enters OFF mode (Wake-up domain leakage reduc-
tion). PRM increases Wake-up L.DO3 voltage when emula-
tion is active to support high performance tracing, enables
active isolation of level shifters LS during VDD1 and VDD2
removal, and makes a sleep mode active in analog cells when
the device enters OFF mode.

[0050] In FIGS. 2-3, power IC 1200 PS CONTROL gov-
erns LDOs 6, 7, 8, 9 that are respectively coupled to applica-
tions processor 1400 Memory [/Os, Other I/Os, VDDPLL for
DLLs/DPLLs, and VDDADAC for digital/analog converters.
[0051] InFIG. 3, PRCM 3570 (1470 in FIG. 23) provides
control signals for a PRCM Clock Manager section CM, the
signals specifying various configurable and adjustable clock
rates to DPLL1, DPLL2, DPLL3, DPLIL4 so that they deliver
independently controllable clocks to the system. (DPLL
herein refers to a Digital Phase Locked Loop, and DLL herein
refers to a Delay Lock Loop, either or both of which are
suitably applied to the system.) Notice that FIG. 3 illustrates
how DPLLs (DLLs) are supplied with voltages. See FIG. 19
for an example of a clock tree including the DPLLs (DLLs)
for supplying the various frequencies F to constitute OPPs (V,
B).

[0052] Types of power modes are Active power modes and
the Standby power modes. An Active power mode is any valid
combination of domain power states in which one or more
power domains are still in a fully powered and functional
(active) power state whether some software is still running or
not. A Standby power mode is any valid combination of
domain power states in which all the domains are either in
inactive, retention or off power state.

[0053] In FIGS. 2 and 3, power domains are groups of
modules on-chip that are independently supplied with power
through embedded power switches. A power domain can be a
subset of a voltage domain, or a power domain can be func-
tionally split over two or more voltage domains. By turning a
power domain switch off and on, power is removed and
restored to a power domain without affecting a regulator
supplying the voltage domain(s). Large power saving with
relatively short wakeup latency results, since switching tran-
sitions are faster than regulator voltage ramps. Power
domains are physically defined by the power rail that actually
supplies the circuitry in a module. Power domains are func-
tionally defined by the signal(s) that actually controls the
switch. A single functional power domain can be composed
of two physical power domains with their switch control
inputs tied or connected together. A physical power domain is
a subset of a voltage domain while a functional power domain
can be split over two or more voltage domains.

[0054] In FIGS. 2 and 3, PRCM 3570 (1470) also delivers
respective control signals to turn respective power switch
transistors off or on to power various power domains, taking
account of any dependencies between them. A VDD 1 voltage
domain has plural power domains for each of MPU and IVA.
Respective LDOs in power IC 1200 are connected to and
supply their voltages to corresponding voltage rails for volt-
ages VDD1and VDD2 in FIGS. 2-3. A so-called Core domain
(MPU core not included) has various power domains with
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respective power switch transistors that couple in voltage
VDD2 under control of PRCM 3570 (1470). In most of the
power domain instances, a power domain is supplied by a
single power supply as in FIGS. 2 and 3. In one example
system, however, the Core power domain includes intercon-
nect 3521 and some other modules as in FIG. 3 and thus is
spread over two voltage domains and plural sub-systems.
PRCM 3570 (1470) controls various Level Shifters LS. Volt-
age VDDPLL from power IC 1200 supplies voltage for
DPLL1 and DPLL2. The voltages VDD2 and VDDPLL are
supplied for DPLL3, and the voltages VDD2 and VDDADAC
are supplied for DPLLA4.

[0055] On chip 1400, a pair of sensor error units SR1 and
SR2 for adaptive voltage scaling AVS are respectively sup-
plied with voltages VDD1 and VDD2 and described further in
connection with FIG. 20. Sensor error units SR1 and SR2
provide respective sensor error outputs to PRCM 3570
(1470).

[0056] In FIGS. 2-3, voltage VDDS is coupled to LDOs
which respectively provide voltages VDD3,VDD4, VDD5. A
VDD3 voltage domain has power domains for Emulator and
Wakeup WKUP. A VDD4 voltage domain has power domains
for MPU SRAM and IVA SRAM. A VDDS5 voltage domain
has power domains for Core SRAM, GFX SRAM, CAM
SRAM, EMU SRAM, and other SRAM. (GFX is Graphics
Engine, EMU is Emulation circuit.) Voltage switching tran-
sistors are provided for the respective power domains in the
VDD3, VDD4, and VDDS5 voltage domains and are not
shown in the drawings for conciseness.

[0057] Description now turns to FIG. 4. Multimedia plat-
forms have a power management methodology in FIG. 10
called DVFS (Dynamic Frequency Voltage Scaling) by which
the frequency F and voltage V for microprocessors and for
other system blocks in, e.g., FIGS. 1-4 are transitioned from
one OPP (frequency/voltage operating performance point) to
another OPP.

[0058] InFIG. 4, HW control of DVFS as taught herein for
low latency power management transitions is compatible
with and benefits power management in systems with DVFS,
DPS Dynamic Power Switching, AVS Adaptive Voltage Scal-
ing, and SLM Static L.eakage Management, described later
hereinbelow. Some background regarding power manage-
ment in systems is in incorporated patent application
TI-60478, which is hereby incorporated herein by reference.
HW control as taught herein in FIG. 4 and other Figures
herein for low latency power management transitions is also
compatible with the voltage request arbitration or voting cir-
cuitry described in the incorporated patent application
TI-60832, which is hereby incorporated herein by reference.
[0059] When the DVFS transitions are comprehensively
managed by software (SW), the software problematically can
involve complex SW code that necessitates high system
latency and introduces and occupies one or more long latency
intervals during each ofthose transitions. The systems of FIG.
4 include a microprocessor MPU 2610 and one or more
peripherals 3552.1 and 3510.i that are discussed, for example
here in regard to a memory controller peripheral 3552.1.
[0060] Suppose a DDR SDRAM memory 3550 is coupled
to an application microprocessor MPU 2610 with a memory
controller 3552.1 in the system. During a DVFS transition
involving interconnect bus clock, the whole system is stalled
because the memory controller 3552.1 is inaccessible when
the source of memory controller clock is interconnect bus
3521 clock itself. Lack of access to the memory controller
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3552.1 also prevents dynamic modification of memory con-
troller settings (i.e., parameters). Moreover, memory usage
3550 is sub-optimal as long as the power managed voltage V
and frequency F are not at their most efficient (nominal)
operating point. If the memory controller settings are thereby
not dynamically changeable, the memory usage is then sub-
optimal unless the power management is fortuitously at the
right operating point OPP already, which is unlikely.

[0061] Dynamic modification of the memory controller
settings perhaps might somehow be accomplished by SW
operating to guarantee that every source of ongoing traffic is
stopped in the system. But even if this were feasible, the
concomitant latencies are believed to be unacceptable and
excessive.

[0062] To solve these and other problems, dedicated power
management embodiments such as in FIG. 4 and the other
Figures are provided to comprehensively manage the power
management transition of frequency and/or voltage. Special
power management hardware is provided and responds to a
simple SW-generated request. The SW-generated request is
delivered from MPU to the power management hardware on
aline 3650 and is called a Go-bit or Go command. The power
management hardware needs no extensive management by
complex software code. New settings, parameters or configu-
ration for the memory controller 3552.1, and other peripher-
als 3510.7, and DLL/DPLL are provided in advance. The new
settings are called shadow settings, or succession pre-set-
tings, and are entered into shadow register fields 3620.;. The
shadow settings thus obviate the problem of how to dynami-
cally modify peripheral settings. The currently-effective
peripheral parameter settings that are pertinent to the power
management transition are not disturbed by the shadow set-
tings until the shadow settings become applicable, as
described herein.

[0063] Thenthe power management hardware 3570 sends a
signal designated START_bit_i on path 3660 to initiate a
process that de-couples the memory controller 3552.1 and
other peripherals 3510.i to avoid or prevent further bus 3521
access. The peripherals respond to PRCM 3570 with a hand-
shake signal OK_ACK_i. Then PRCM 3570 using clock
manager CM transitions or changes the bus frequency to the
new frequency. During the power management transition
interval, and with buffers 3615.; of sufficient capacity pro-
vided in the peripherals 3552.1 and 3510.i, the peripherals
continue to run so that system latency is substantially reduced
or eliminated. This solves the problem of stalling the system
because the system runs on a buffered basis while the inter-
connect bus 3521 is transitioning on its Core domain fre-
quency F and/or voltage V.

[0064] The shadow settings, also called succession pre-
settings herein, are established by the hardware pre-program-
ming the peripheral memory controller, voltage controller
and DLL (delay lock loop or DPLL digital phase lock loop)
frequency with the shadow settings pertinent to the next
DVFS OPP, called OPPnew. The shadow settings become
effective as currently-effective settings for DLL/DPLL and
the voltage controller 3680 when the power management
hardware 3570 sends them a signal TRANS to initiate the
DVFES transition. A handshake signal DONE is returned.
Power management circuit 3570 sends a re-enable signal
PER_ENABLE_i on path 3660 to the peripherals after the
transition is completed (DONE). Each peripheral responds to
the re-enable signal to use the shadow setting in place of the
currently-effective setting for the peripheral and re-enables
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peripheral operation on the bus 3521 with the new settings.
These frequency and/or voltage shadow settings are effective
as currently-effective settings in the peripherals with the
DVFS transition completed. The re-enabling operation
involves, e.g., memory traffic between memory and the
peripheral, and/or between the processor and peripheral(s) or
otherwise, which speedily equilibrates the information as
between the buffers in the system.

[0065] Theterm “shadow” involves separately pre-setting a
successor value while a currently-effective setting in a physi-
cally distinct register or register field continues to be effective
for a while. Shadowing as taught herein involves more than
simply maintaining a copy of a currently-effective setting,
such as for diagnostic purposes, as the term shadowing may
be sometimes used hitherto. Accordingly, the phrase succes-
sion pre-setting is here and there used along with, or instead
of, the word shadowing herein to help emphasize that the
shadow value is a new, different value from the currently-
effective value at some moment in the operational cycle of the
improved power management process.

[0066] Originally at system startup, boot code configures
the shadow registers 3620.; with parameters applicable to
PRCM 3570 power management circuitry and peripheral
operation at system startup time. The peripherals have regis-
ter field space(s) 3625./ for a currently-effective setting and
register field space(s) 3620.; for the shadow setting. A power
management control state machine or scheduler designated
PRCM SM rapidly changes the information in the shadow
registers 3620.i by pre-programming the new settings, param-
eters, and configuration that will be applicable upon the next
subsequent power management transition to OPPnew.
[0067] Alternatively, a codebook or inventory of such set-
tings is pre-programmed into each peripheral at boot time or
early run time, and then the processor core or power manage-
ment circuit sends a short codebook index or shadow activa-
tion code. Each target peripheral responds to the codebook
index or shadow activation code such by loading the shadow
register from the peripheral’s own codebook with a given
choice of pre-programmed settings, parameters, or configu-
ration held in the particular codebook entry to which the index
points. In some embodiments the codebook in the peripheral
is provided with a Shadow Activation bit for each codebook
entry. The target peripheral responds to the codebook index or
shadow activation code by resetting all Shadow Activation
bits therein and setting the particular Shadow Activation bit
for the particular codebook entry to which the index or
shadow activation code points. That particular codebook
entry with its Shadow Activation bit in the set-state is the
shadow information in this section of the codebook and that
portion of the codebook holding the entry constitutes or is
regarded as the shadow register itself. Analogously, some
embodiments have a Currently-effective Activation bit asso-
ciated with each codebook. When an entry is advanced from
shadow status to currently-effective status, the Currently-
Effective Status bits are reset, and that Currently-Effective
Status bit is set which corresponds to the particular codebook
entry that has its Shadow Activation bit in the set-state, where-
upon the just-mentioned Shadow Activation bit is reset (inac-
tive).

[0068] Multimedia system embodiments and other elec-
tronic system embodiments provided with the power man-
agement embodiments permit or confer dramatically reduced
latency e.g., on the order of a few microseconds, instead of
waiting for up to 16 milliseconds or more, such as for a frame
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boundary. Power consumption is reduced in SoC (system-on-
a-chip) blocks by providing more-fully-optimal DVFS tran-
sitions. Because the hardware approach dramatically reduces
latency and power, it allows more frequent DVFS transitions
without suffering degradation in streaming continuity, exter-
nal memory latency, and internal system data transfer latency.
These issues are important in processing content streams,
such as in image signal processing (ISP) for example. The
desirable latency reduction is thus accompanied by a benefi-
cial reduction in power. Moreover, such embodiments
remarkably not only modify the memory controller and other
peripheral settings dynamically but also keep latency desir-
ably reduced.

[0069] Suppose a video telephone camera (VIC) of FIGS.
1, 22 and 23 uses a high frequency/voltage OPP and substan-
tial power could be saved by transitioning to lower OPP. The
latency sensitivity involved in the image signal processing
ISP by CAM peripheral 3510.3 and/or IVA in FIG. 1 in the
VTC can effectively prevent prior power management from
transitioning to the lower OPP, meaning that power and
energy are wasted. In other words, a substantial fraction of the
power dissipated by the high OPP could potentially be saved
going to a lower OPP, but such savings have likely not been
possible due to ISP latency sensitivity in a power manage-
ment approach that has high latency. By contrast, in the hard-
ware embodiments such as in FIG. 4 used to improve the
systems of FIGS. 1, 22 and 23 herein to deliver new system
embodiments, the ISP latency issue is avoided or a much-
reduced ISP system latency is enjoyed. And system power
and energy are saved, thereby increasing battery life while
maintaining and improving a favorable user experience.

[0070] Moreover, providing the power management
embodiments herein greatly simplifies the software. SW
implementation complexity is considerably reduced or obvi-
ated, with benefits of hardware-managing a full or more com-
plete set of OPP transitions more frequently, because 1) com-
plex policies that check every module usage before every
power management transition are avoided, 2) software no
longer needs to manage the DVFS transition comprehen-
sively, and 3) complicated software interlocks, to determine
that an application or use case cannot tolerate more than a
predicted amount of latency and then prevent the DVFS tran-
sition in such case, either become unnecessary or less signifi-
cant. Additionally, software development and validation time
and expense that would otherwise be involved are eliminated.

[0071] InFIG. 4, memory controller 3552.1 has parameter
register 3625.1 values such as latency expressed in terms of
clock cycles that depend on the clock frequency F. When the
clock frequency F is to be changed, the clock cycles of latency
for the new clock frequency are pre-programmed into a
shadow register 3620./ that is electrically coupled to back up
the latency parameter register 3625.1 holding a parameter
value related to the current clock frequency F in the memory
controller 3552.1.

[0072] In other words, the information is pre-programmed,
such as by microprocessor MPU 2610 into the shadow regis-
ter 3620., but that information is not immediately applied to
the parameter register 3625.1 that holds a currently-effective
setting for controlling operation of the peripheral 3552.1 or
3510.i. Subsequently, a transition initiation signal is sent to
the peripheral from the PRCM 3570 scheduling state machine
(see any of FIGS. 4, 13, 14, 16, 17, 18) to actually transition
peripheral 3510.; operation to the new clock frequency.
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[0073] Whenthe transition initiation signal is sent, one type
of embodiment clocks the contents of each shadow register
3620.i in a given peripheral 3510.; or 3552.1 into the corre-
sponding parameter register 3625.i that the shadow register
3620.i backs up in that peripheral 3510./ or 3552.i, or MPU
2610. Each such parameter register 3625./ in the peripheral
controls the actual operation of the peripheral in some way,
such as controlling the latency of the memory controller
3552.1. Clocking the contents of the shadow register 3620./
into the parameter register 3625./ changes the contents of the
parameter register 3625.; and correspondingly changes the
actual operation of the peripheral 3510.; or 3552.1 in the
applicable way.

[0074] Note thatin some embodiments a peripheral register
circuitry is designed to respond to, or put a new setting into,
one register or register field in a fixed role of being the
succession pre-setting register field. The peripheral register
circuitry is correspondingly designed to respond to, or pro-
mote a value into, another one register or register field in a
fixed role of being the currently-effective setting register
field. Such an embodiment may, at some moments, hold the
same value in both the registers after promotion for some time
until a subsequent Go-bit event causes the PRCM to cause a
new, different value to be entered in the succession pre-setting
(shadow) register field for supporting a subsequent power
management transition. Upon occurrence of the Go-bit event,
the succession pre-setting register field becomes updated
with different contents that are different from the contents of
the currently-effective setting register field.

[0075] Note that in some other embodiments, a pair of
registers or register fields may alternate roles such that the
peripheral register circuitry is designed to respond to the
registers for purposes of one transition as succession pre-
setting and the currently-effective setting, then promote the
succession pre-setting value simply by responding to its reg-
ister field as a currently-effective setting, and then on a sub-
sequent Go-bit event the circuitry receives and enters a new,
different value into the register field that had previously held
the earlier currently-effective setting but then acts in the role
of'holding a succession pre-setting value, thus alternating the
roles.

[0076] In some embodiments, the MPU 2610 indepen-
dently updates a parameter register 3625.0 that controls an
interface 3610.0 to which is coupled to a FIFO (First In First
Outcircuit or queue) 3615.0. In some other embodiments, the
MPU is architected in a symmetric manner to peripherals so
that a similar pair of registers are suitably provided in the
MPU 2610 as MPU shadow register 3620.0 and parameter
register 3625.0.

[0077] Alternatively, when various possible clock frequen-
cies F, are available for selection, plural shadow registers
3620.i% or frequency related bit fields k in a single shadow
register 3620.; in each peripheral i, are suitably provided in
each peripheral 3510.i or 3552.1, or MPU 2610. Each of the
plural shadow registers 3620.ik, or frequency related bit
fields, is preprogrammed with the frequency F, or with a
parameter value P, associated therewith. A multiplexer circuit
(mux) in each particular peripheral 3510.7 has respective mux
inputs coupled to the plural shadow registers 3620.ik (or
frequency related bit fields k). The mux has a mux output
coupled to each parameter register 3625.i that is shadowed.
PRCM SM sends a transition initiation signal START_bit_i
and a frequency selection control signal representing k to
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couple contents P, of particular shadow register 3620.i% into
the corresponding parameter register 3625.; that the shadow
register backs up.

[0078] Some embodiments have separate buses from a
main processor coupled to different peripherals. For example,
a first bus couples the main processor to a memory controller
peripheral (e.g., a north bridge chip) coupled to memory, and
a second bus couples the main processor to input/output
peripherals, imaging peripherals, etc. (e.g., with a south
bridge chip) In such embodiments, distinct power manage-
ment processes each of a type described herein are suitably
implemented. One PRCM, or two PRCMs, control(s) a first
operating frequency of the first bus and a second operating
frequency of the second bus independently and the PRCM
communication goes to peripheral register fields and circuitry
as taught herein for the various peripherals.

[0079] InFIG. 1and FIG. 4, each of the peripherals 3510./
is provided with respectively sufficient storage capacity in its
FIFO 3615.i to handle the stream buffering involved herein
during the time interval of a frequency change on the inter-
connect bus 3521. A peripheral 3510.; is an initiator when it
acts as a master or requester for service from another periph-
eral 3510.7' such as the memory controller 3552.1. For
example the memory controller 3552.1 can be a slave for the
display peripheral 3510.4 acting as Master or initiator. At the
same time, the memory 3550 and memory controller 3552.1
act as the source for a stream of data which is transferred from
the memory controller 3552.1 along the interconnect 3521 to
the display peripheral 3510.4. Also, the camera peripheral
3510.3 can be a master or initiator relative to the memory
controller 3552. 1. Camera peripheral 3510.3 generates large
amounts of data in the image capture process, which in some
embodiments is transferred from the camera peripheral
3510.3 along the interconnect 3521 to the memory controller
3552.1 and the SDRAM memory 3550.

[0080] An I/O interface FIFO 3615.1 sized with appropri-
ate capacity (e.g., on the order of kilobytes kB or more in
some embodiments and peripherals) is provided in the
memory controller 3552.1 and has capacity to store requests
for service from a plurality of initiator peripherals 3510./
simultaneously. Also this FIFO 3615.1 supports parallel ser-
vice by the memory controller 3552.1 to the initiator periph-
erals 3510.i. External memory 3550 is distributed or allocated
in memory pages or blocks. Requests directed to the same
page or block at about the same time are efficiently serviced
by opening the one page, servicing the requests, and then
closing that page. In terms of FIFO size, the FIFO 3615.4 is
sized to support the display peripheral 3510.4 and its capacity
may acceptably be on the order of tens of kilobytes (10 kB).
The display controller in the display peripheral 3510.4 uses
this FIFO 3615.4 to hold requests, screen refresh, and video
data to continually support the display for satisfactory user
experience.

[0081] AnHDTYV display controller has a FIFO that may be
somewhat larger so that the HDTV display can be continually
supported even during a latency (e.g., 5 pus or less) when the
frequency is being changed over in the interconnect 3521.
When image capture is in progress in camera peripheral 3510.
3, support during such a frequency change-over latency inter-
val might call for either local RAM in the camera peripheral
3510.3 or a FIFO appropriately sized. Because the different
FIFOs 3615.i have different effects on system architecture,
real estate and cost, a variety of embodiments here can satisfy
different cost and real estate requirements for a given product.
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[0082] A simple numerical rule of thumb here suggests
some of the important benefits conferred by at least some of
the embodiments. Let a reference bandwidth be 10 Megapix-
els/frame times 16 bits/pixel times 60 frames/second. This
bandwidth is 9.6 Kbits/microsecond. This means that every
100 nanoseconds (0.1 ps) of latency that can be saved
amounts to almost 1 Kbits of FIFO real estate savings. Mov-
ing to hardware-based embodiments as taught herein and
using shadow registers and automatic shadow promotion cir-
cuitry in each peripheral represents an excellent way to pro-
vide net savings of FIFO-plus-shadow circuitry real estate.
Moreover, the shadow hardware plus FIFOs enables power
saving power management transitions that simply would not
be feasible in terms of FIFO real estate required under a
software-supervised approach, e.g., of FIG. 5.

[0083] InFIGS. 4and 6 and/or7-8,a hardware embodiment
controls DVFS power management for Core domain (which
in some systems refers to interconnect 3521 and may include
a peripheral 3510.7) and external memory interface EMIF as
described next. Shadow registers 3620.; in the PRCM 3570
provide controls for setting interconnect clock frequency F
(e.g., for L3 interconnect 3521). One register is for intercon-
nect clock frequency update and takes each shadow register
value as a current value. A process of operation involves an
automatic sequence upon interconnect clock frequency
update. The automatic sequence puts the two EMIFs into idle,
then promotes shadow register 3620.; shadow settings to cur-
rently-effective settings and waits for a new interconnect
clock frequency F to stabilize, whereupon the sequence puts
the two EMIFs back into function. Reset values of timing
parameter in EMIF are compatible with BOOT mode. Note
that some roughly illustrative time periods are legended on
FIGS. 5, 6, 7 and 8 merely for informational indications and
comparisons and are not by way of limitation of possible
embodiments.

[0084] In FIG. 5, a software-controlled process is unas-
sisted by the embodiment of hardware and registers and state
machines of FIG. 4. Software (SW) operations in a step 4110
notify all initiators to stop ongoing external memory traffic.
Latency conditions must be satisfied, such as waiting up to 16
ms or more for a camera end-of-frame event. Next a step 4115
copies software code into an internal RAM to support this
software-based process. Another step 4120 disables the
memory controller 3552.1. Then a step 4125 waits for an
internal FIFO empty signal from the memory controller indi-
cating to MPU 2610 SW that bus transactions are completed.
A further step 4130 reprograms memory clock, and a step
4140 has software wait for clock stabilization, and a step 4145
has software further wait for memory controller DLL relock
because software supervises DLL relock. Then software at a
step 4150 re-enables the memory controller, and at a step
4155 software reprograms memory timings over the intercon-
nect bus 3521 for the new frequency. In a step 4160 software
returns from internal code and resumes application execution.
Then software, in a step 4165, notifies all initiators to re-
enable external memory traffic, in this software-supervised
power management transition. The total latency of the pro-
cess of FIG. 5 is believed to be unpredictable and too long in
duration for use herein.

[0085] Instead, different process embodiments called auto-
matic sequences herein are used to comprehensively perform
interconnect clock frequency or Core domain voltage
changes. One automatic sequence changes the interconnect
clock frequency F without voltage change, compare with
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FIG. 6. Another automatic sequence decreases both the volt-
age and frequency for the interconnect, compare with FIG. 7
and FIG. 10. An additional automatic sequence increases both
the voltage and frequency for the interconnect, compare with
FIG. 8 and FIG. 10. A process embodiment of FIG. 6 changes
interconnect clock frequency F without voltage change. (To
include voltage change, processes of FIGS. 7 and/or 8 are
combined with the process of FIG. 6.)

[0086] FIG. 6 depicts a hardware-based process embodi-
ment that much more rapidly performs power management
transition than in FIG. 5. Legended time periods are illustra-
tive and not by way of limitation of possible embodiments.
Software-related steps 4110 and 4115 of FIG. 5 are elimi-
nated. Instead, in FIG. 6, a step 4210 swiftly programs
shadow registers 3620.; with a new frequency and new
memory timing. Then at a step 4215, software at MPU 2610
issues the Go-bit in a brief interval on the order of nanosec-
onds. A very rapid sequence of operations ensues, wherein the
special hardware in FIG. 4 sends a decoupling request to
disable the bus interface 3610.1 of memory controller 3552.1
in a step 4220, hardware waits less than a microsecond for
internal FIFO to empty at a step 4225, and hardware applies
anew memory clock at step 4230. Clock stabilization at a step
4240 occurs in tens of nanoseconds, and memory DLL
relocks at a step 4245. Notice in FIG. 6 that DLL relock of
step 4245 is a fast hardware-based step that substantially
reduces time-consuming software supervision process 4145
of FIG. 5 waiting for DLL relock.

[0087] Peripheral hardware applies new memory timings
for the new frequency in a step 4250 by promoting the shadow
values to currently-effective parameters. Hardware re-en-
ables the memory controller in a step 4255, whereupon the
transition process is completed. Software resumes regular
execution flow at a step 4260. In FIG. 6, software notification
step 4165 of FIG. 5 is eliminated. Notice further in FIG. 6 that
the memory timings by shadow register promotion in step
4250 desirably occur internally in the memory controller
before re-enabling the memory controller at step 4255. Cor-
responding promotion occurs in the other peripherals 3510.i.
By contrast, in FIG. 5 a step 4155 has software and hardware
tediously reprogram memory timings for the new frequency
over the bus into the parameter registers without benefit of the
shadow registers and after step 4150, to reenable the memory
controller. The total latency in FI1G. 6 in some embodiments is
in a range less than five (5) microseconds, and some embodi-
ments are in a range less than 1.5 microseconds, although
some other embodiments can provide effective operation out-
side such range. The total latency is predictable and short.

[0088] In FIG. 6, at step 4210 improved SW (FIG. 11)
writes new interconnect clock settings in shadow registers
3620.; for those clock settings. SW writes new external
memory interface (EMIF) timing parameters in shadow reg-
isters 3620.; for the EMIF timing parameters. SW writes to an
interconnect clock frequency update register. Then the
PRCM 3570 requests an idle to EMIF. EMIF requests discon-
nection of two slave ports associated with EMIF. Or EMIF
stops accepting requests at its transaction boundary and com-
pletes all outstanding requests in a step 4225. Then EMIF
acknowledges back to PRCM 3570 the idle request of PRCM
3570. PRCM 3570 takes the interconnect clock frequency
shadow register values as current values. In a step 4245,
PRCM 3570 waits for stabilization of interconnect frequency
according to the new settings. When stabilization has
occurred, PRCM 3570 requests EMIF to exit Idle. Then in a
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step 4250, EMIF takes the timing parameter shadow register
values as current values. EMIF waits for DLL relock. EMIF
acknowledges that EMIF is now functional, and requests for
EMIF accesses to SDRAM are serviced again at step 4260.
SW execution can even be stalled during the frequency
change without harm as the important hardware sequence is
performed without SW intervention.

[0089] InFIG.7, voltageV and frequency F are decreased.
Legended time periods are illustrative and not by way of
limitation of possible embodiments. The automatic sequence
first commences and performs a sequence 4420-4450 for
changing the interconnect clock frequency F analogous to
that of FIG. 6 steps 4220-4255. Next, the automatic sequence
commences and completes a voltage scale down sequence
4455-4465 as follows. Adaptive voltage scaling AVS (e.g.,
SmartReflex™ voltage scaling) is disabled for Core domain
(e.g., interconnect) voltage. VDD_CORE voltage setting is
updated to new non-corrected value (for weak silicon) such as
by shadow register promotion. Adaptive voltage scaling cir-
cuit of FIGS. 4 and 20 establishes the corresponding OPP
involving decreased voltage. The adaptive voltage scaling
circuit is re-enabled for scaling the Core domain (e.g., inter-
connect) voltage.

[0090] FIG. 7 depicts this hardware-based process embodi-
ment that much more rapidly performs power management
transition to decrease both voltage V and frequency F. Again,
step 4110 of FIG. 5 is eliminated. Instead, in FIG. 7, opera-
tions of a step 4410 program shadow registers 3620.; with a
new lower frequency F and new memory timing, and new
OPP lower voltage V. Then at a step 4415, software at MPU
2610 issues the Go-bit in a brief interval on the order of
nanoseconds. A very rapid sequence of operations ensues,
wherein the special hardware in FIG. 4 sends a decouple/
disable request to the memory controller 3552.1 in a step
4420, hardware waits less than a microsecond for internal
FIFO to empty at a step 4425, and hardware applies a new
memory clock at step 4430. Clock stabilization at a step 4435
occurs in tens of nanoseconds, and memory DLL relocks at a
step 4440. Peripheral hardware applies new memory timings
for the new frequency in a step 4445 by promoting the shadow
values to currently-effective parameters. Hardware re-en-
ables the memory controller in a step 4450. The transition
process proceeds to disable AVS (adaptive voltage scaling) at
a step 4455, and change the DVFS voltage V to a lower
voltage value at a voltage controller (FIG. 20) in a step 4460.
Then AVS is enabled in a step 4465, and the transition process
is completed. Notice that the voltage lowering sequence
4455-4465 in FIG. 7 occurs after the frequency lowering
sequence 4420-4450. Software resumes regular execution
flow at a step 4470. Indeed, regular SW execution flow 4470
in some embodiments is resumed as soon as step 4450 re-
enables the memory controller, e.g., at step 4455 to optimize
software performance even further. SW execution can occur
during voltage scale-down and there also no need to wait for
AVS completion. The total latency in FIG. 7 embodiments is
desirably reduced and more predictable compared to that of
FIG. 5.

[0091] InFIG. 8, voltage V and frequency F are increased.
Legended time periods are illustrative and not by way of
limitation of possible embodiments. The automatic sequence
first commences and completes a voltage scale up sequence
4520-4530 as follows. Adaptive voltage scaling AVS (e.g.,
SmartReflex™ voltage scaling) for Core domain voltage is
disabled. VDD_CORE voltage setting is updated to new
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increased non-corrected value (for weak silicon). Adaptive
voltage scaling circuit of FIGS. 4 and 20 is updated for the
corresponding OPP involving increased voltage. Adaptive
voltage scaling circuit is re-enabled for scaling the Core
domain voltage. Next, the automatic sequence 4535-4570 of
FIG. 8 commences and completes a sequence analogous to
steps 4420-4450 of FIG. 7 and steps 4220-4255 of F1G. 6 for
changing the interconnect clock frequency F by increasing
that frequency in FIG. 8.

[0092] FIG. 8 depicts this hardware-based process embodi-
ment that much more rapidly performs power management
transition to increase both voltage V and frequency F. Again,
step 4110 of FIG. 5 is eliminated. Instead, in FIG. 8, opera-
tions of a step 4510 program shadow registers 3620.; with a
new higher frequency F and new memory timing, and new
OPP higher voltage V. Then at a step 4515, software at MPU
2610 issues the Go-bit in a brief interval on the order of
nanoseconds. A very rapid sequence of operations ensues
wherein the special hardware in FIG. 4 disables AVS (adap-
tive voltage scaling) at a step 4520, and raises the DVFS
voltage V in voltage controller (FIG. 20) in a step 4525. Then
AVS is enabled in a step 4530. Notice in FIG. 8 that the
voltage increase operations 4520-4530 are occurring prior to
the frequency increase operations 4535-4570, i.e., earlier in
the rapid-fire hardware operational sequence. By contrast, the
voltage decrease operations 4455-4465 in FIG. 7 occur sub-
sequent to the frequency decrease operations 4420-4450 in
FIG. 7. A successive step 4535 in FIG. 8 disables the memory
controller 3552.1, hardware waits less than a microsecond for
internal FIFO to empty at a step 4540, and hardware applies
anew memory clock at step 4550. Clock stabilization at a step
4555 occurs in tens of nanoseconds, and memory DLL
relocks at a step 4560. Peripheral hardware applies new
memory timings for the new frequency in a step 4565 by
promoting the shadow values to currently-effective param-
eters. Hardware re-enables the memory controller and other
peripherals in a step 4570, and the transition process is com-
pleted. Software resumes regular execution flow at a step
4575. AVS is not a blocking step for SW execution. The total
latency in FIG. 8 embodiments is much reduced compared to
that of FIG. 5.

[0093] FIG. 9 depicts system operations with emphasis on
operations in a given peripheral 3510.i. This process and the
various architectural embodiments are used for instance,
when the interconnect bus and a memory controller 3552.1 or
other peripherals 3510./ are run from the same clock DPLL.
In some system embodiments, the MPU 2610 is run from a
different DPLL than the DPLL that is used to run the inter-
connect 3521, and the MPU 2610 is connected to the inter-
connect bus by an asynchronous interface. The interconnect
and one or more of the peripherals 3510.i can run on the same
clock or are derived from the same clock by clock division as
in FIG. 19 and are conveniently clock controlled with a clock
frequency F that is changed by the PRCM 3570.

[0094] In a step 4810 the MPU 2610 programs or config-
ures shadow registers 3620.P in the clock manager CM which
prepare the clock manager CM for control operations which
will only commence in a subsequent step 4820 when the MPU
2610 sends Go_bit. Also, in a step 4815 the MPU 2610
programs shadow registers 3620./ in each peripheral 3510.i.
The shadow settings information in the shadow registers
3620.; is used when the power management control state
machine PRCM SM (scheduler) sends an initiation command
START_bit_i or PER_EN_i to the peripheral 3510.i.
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[0095] Inastep 4820, the MPU 2610 sends the Go bit to the
power management control state machine which transitions
out of Idle state and commences the control sequence
depicted in FIG. 9.

[0096] Ina FIG. 9 step 4825, the power management con-
trol state machine sends a Start bit to a given peripheral
3552.1,3510.i. Depending on the relationships of peripherals
to each other, a sequence of Start bits is sent to peripherals that
are to be controlled in sequence. In case of peripherals which
have substantial independence of peripheral operations from
each other, a plurality of Start bits is simultaneously or con-
currently sent to such peripherals.

[0097] Ina succeeding step 4830, a control logic circuit in
a given peripheral 3510.i responds to the Start bit by com-
pleting any burst traffic on the interconnect bus 3521 that is in
the middle of a burst. Thus the control logic for peripheral
handshake OK_ACK _i is qualified by the peripheral reaching
a state wherein its interface FIFO 3615.; is sufficiently
depleted to support either storage of new data during the
upcoming frequency transition, or wherein FIFO 3615.; is
sufficiently full of received data from an initiator elsewhere to
support sourcing of data for use (e.g., display) by the periph-
eral during the upcoming frequency transition. Any other
preparations for decoupling of peripheral interface 3610.i
from the interconnect bus 3521 are executed in any suitable
way. In step 4830, the control logic circuit in the given periph-
eral 3510.; completes its response to the Start bit by returning
an OK_ACK acknowledgment to scheduler logic in the
power management control state machine PRCM SM.
[0098] In a step 4835 the control logic circuit in a given
peripheral 3510.; transfers information in the shadow regis-
ters 3620.i to the active control registers of the peripheral
3510.i to modify the operation of the peripheral 3510.; in the
manner that has been preestablished for the peripheral 3510.7
by the MPU 2610 when the MPU 2610 programmed the
shadow registers 3620.i. (Alternatively, activation of registers
goes from one set of currently active control registers to
another set of control registers that have acted as shadow
registers 3620.i.) Even though the bus interface 3610.7 goes
idle in the peripheral, the operations of the peripheral 3510./
continue and use the interface FIFO 3615.7 in a step 4840 for
storing or supplying data respectively, depending on whether
peripheral 3610.i is sourcing or consuming data.

[0099] In a step 4845, the PRCM SM logic responds to
OK_ACK acknowledgment as a state transition signal to
enable the power management control state machine to send
a Start bit to any other peripheral 3510.7 that is then to be
idled. Alternatively, the scheduler logic receives some or all
of'the OK_ACK acknowledgment signals from a plurality of
peripherals 3510.7 and responds to them collectively.

[0100] Ina step 4850, the peripheral interface 3610.i to the
interconnect bus 3521 has in the meantime gone idle and
become electrically decoupled from interconnect bus 3521.
[0101] Ina FIG. 9 step 4855, the power management con-
trol state machine PRCM SM transitions to a state that directs
the frequency transition by the DPLL that controls the clock
for the interconnect bus 3521. This frequency transition has a
time interval or latency that is recognized and handled in
advance as described above by the combination of the power
management control state machine PRCM SM in the PRCM
3570 cooperating with the control logic circuits in all the
peripherals 3552.1, 3510.i. During the latency, the peripher-
als that were or became decoupled from the interconnect bus
remain decoupled from the interconnect bus. In some
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embodiments where in the power management control state
machine PRCM SM sends the command for Start over the
interconnect, then the power management control state
machine, even though it directs the interconnect DPLL clock
transition process, is decoupled from communicating over the
interconnect during this time. The peripherals 3552.1, 3510./
seamlessly maintain the peripheral operations during the
latency interval while the frequency of the clock on the inter-
connect bus is being changed.

[0102] Ina step 4860, the DPLL clock transition process is
completed and stabilized. In a step 4865 a DONE signal from
the DPLL is coupled to the PRCM SM. PRCM SM then sends
a signal PER_EN_i in step 4870 to each peripheral control
logic circuit (e.g., peripheral state machine SM) to enable
each peripheral interface 3610.i to again become coupled and
available for activity on the interconnect 3521. Alternatively,
the signal from the DPLL is coupled directly to the peripheral
control logic circuits for this purpose. In a given peripheral
3510.i the FIFO 3615.i, which has become partially depleted
during the latency of the DPLL clock transition process, now
is refilled at a step 4875 and continues to be maintained by
data transfers over the interconnect 3521 in the usual manner
now that the DPLL clock transition process has been com-
pleted.

[0103] Processor engines for battery powered devices such
as PDA or smart cell phone have increased requirements in
term of feature complexity and performance. To address these
requirements advanced power management processes are
provided herein, such as any one, some, or all of Dynamic
Voltage and Frequency Scaling (DVFS), Dynamic Power
Switching (DPS) and Adaptive Voltage Scaling (AVS) as
described herein. All these processes have their respective
advantages and are often more efficient for a given source of
power consumption (active/standby).

[0104] In DVEFS, supply voltage V is scaled to a lowest
adequate voltage sufficient to deliver various operation
modes and frequencies currently predicted as needed for pro-
cessing and system bandwidth at different moments in opera-
tion. For each operating point, reduced active power and
reduced leakage power are sought. Power savings associated
with adjusting the supply voltage are combined with both
changes in the performance requirements and AVS (adaptive
voltage scaling) to handle changes in environmental vari-
ables, such as temperature and wafer fabrication process.
Each OPP voltage value is dynamically and optimally
selected using DVFS and is respectively scaled by AVS adap-
tive voltage scaling herein in response to the respective sen-
sors SR1, SR2 in steps of approximately 1% of the voltage
delivered. The steps are suitably made a constant incremental
voltage value on the order 0 0.1% to 5% of the actual voltage
delivered at any given OPP.

[0105] Dynamic voltage frequency scaling (DVFES),
Dynamic Power Switching (DPS), and adaptive voltage scal-
ing (AVS, e.g., SmartReflex™ power management from
Texas Instruments Incorporated) are combined in some
embodiments to minimize the power consumption of a device
in plural, many, most, or all operating modes. Some embodi-
ments, utilizing all three of DVFS, DPS, and AVS achieve
greater power reduction than any one of DVFS, DPS, and
AVS alone.

[0106] The system includes a processor and/or any collec-
tion of modules that can be characterized by a performance
requirement. The performance is defined, for instance, as a
percentage (%) of maximum performance or maximum band-
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width and is translated into a target frequency of operation
{,urger The system is characterized for a given number of
OPPn (operating performance point), each indexed by a value
of an index n. Each OPPn corresponds to a pair (Fn, Vn)
representing its frequency Fn and supply voltage Vn.

[0107] When DPS is started, a given domain is switched
dynamically between its Active state and a low power state
(OFF, Retention, inactive). In some embodiments of DPS
herein, supply voltage V is scaled to a) a lowest adequate
DVFS voltage in operation and b) a substantially lower leak-
age-reducing voltage or to zero in deep-sleep. Adaptive volt-
age scaling (AVS) is used to adjust and set an actual minimum
appropriate voltage in the vicinity of a voltage Vn defined by
DVFES for a current OPPn.

[0108] Dynamic Power Switching (DPS) improves active
time. Based on to the hardware resources activity, as indicated
by FIFO buffer status, for instance, DPS switches the device
dynamically from any of several medium power modes to a
lower power mode during application execution or to a low
power Standby mode. DPS predicts system load and switches
the module clocks dynamically between On and Off modes.
DPS switches one or more power domains dynamically
between On and Retention, or between On and Off. DPS
provides automatic hardware detection of conditions (e.g.
FIFO fill status or 1O hardware signals) for sleep and wakeup
transition for clock and power. DPS performs hardware man-
agement of sleep and wakeup dependency between the power
domain, and hardware handshaking with modules.

[0109] DPS is a power-management technique, like DVFS
that can reduce active power consumption by the device.
Whereas DVFS reduces both dynamic and leakage power
consumption, DPS reduces leakage power consumption at the
cost of a slight overhead in dynamic power consumption and
temporarily shuts down one or more parts of the system. With
DPS, the system switches dynamically between high and low
consumption system power modes during system active time.
When DPS is applied, a processor or a system runs at a given
DVFS OPP (full OPP frequency Fn) even when the OPP
frequency exceeds a target performance frequency f,,,..,.
DPS thus combined with DVFES operates to complete tasks as
fast as possible, given a currently established DVFS OPP,
followed by an automatic switch to a low-power mode, for
minimum leakage power consumption. DPS is also useful,
for example, in situations herein where a real-time applica-
tion is waiting for an event. The system can switch into a
low-power system mode if the wake-up latency conditions
allow it. This technique involves maximizing the idle period
of'the system to reduce its power consumption.

[0110] When combining DVFS and DPS, the operating
frequency is not scaled to exactly match the minimum per-
formance requirement f,,,,..,. Unless DPS cannot be applied
for other reasons, then for a given operating point OPP of
DVFS the operating frequency is set to the OPP frequency Fn
that is the maximum frequency allowed at a given voltage Vn
for that OPP. This facilitates optimal process completion time
and application of DPS.

[0111] Scaling the frequency while keeping the voltage
constant reduces peak power consumption. See FIG. 6 for an
improved approach that can have a positive effect on tempera-
ture, dissipation and on battery life. In other situations where
no applications are running and the performance requirement
becomes negligible or drops to zero, SLM is suitably used.
[0112] SLM switches the device into ultra-low power
modes when no applications are running. SLM switches the
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module clocks between On and Off and switches one or more
power domains between On and Off. SLM lowers the voltage
substantially or shuts down applicable external and/or inter-
nal voltage regulators. SLM reduces standby power con-
sumption, or leakage power consumption. Applying SLM
puts the system into an ultra-low power mode called Off mode
having very low total chip current and wherein the Wakeup
domain on the chip can still be activated. The wakeup clock
(e.g., 32 kHz) remains on and a wakeup power voltage
remains applied to the Wakeup domain. A system and security
timer and watchdog timer 1044 of FIG. 22 are functional and
can wake up the device. Also, a level transition can be
detected, logged from any pad and thereby wakeup the
device. Also, a small backup memory is retained in the Off
mode. Thus, the SLM circuit still wakes up autonomously
from Off mode in response to a timer interrupt or detection of
any pad transition. SLM trades off static power consumption
and wakeup latency (time interval consumed by a wakeup
process). For SLM, domain state transitions are controlled in
sequence according to their sleep and wakeup dependencies.
[0113] When a given task is started, DPS is applicable to it.
The DPS transitions are related to system performance
requirements or processor load. DPS transition latency is
generally small compared to applications time constraints or
deadlines so that DPS does not degrade application perfor-
mance. For DPS, transitions latencies can be in a range of one
(1) microsecond to one hundred (100) microseconds, for
instance, and latencies outside this illustrative range are also
usable. DPS is supported by performance prediction imple-
mented, in some embodiments herein, by substantially sim-
plified software of FIG. 11 and comprehensive power man-
agement control hardware.

[0114] DPS and SLM can differ by the type of wakeup
event that triggers wakeup transitions. For DPS, wakeup
events are application related (timer, DMA request, FIFO fill
signal, peripheral interrupt, key pressed). In case of SLM,
wakeup events are more user related, such as from touch
screen, key-press, peripheral connections, etc., and SLM
latencies are likely to lie in a range of one millisecond (1 ms)
to ten milliseconds (10 ms) depending of available device
mode, and SLM is feasible for longer or shorter latencies as
well.

[0115] Active power consumption refers to the power con-
sumption of the system during the active time, namely when
some processing is on-going. The active power consumption
is composed of dynamic power consumption (transistor
switching) and leakage power consumption. Standby power
consumption refers to the power consumption of the system
during standby time, namely when no processing (or very
limited processing) is ongoing and the system is waiting for a
wakeup event. The standby current consumption is composed
mostly of leakage consumption and very limited amount of
dynamic power consumption. DVFS substantially minimizes
the idle time of the system. DVFS saves active power con-
sumption, where power consumption is proportional to the
multiplicative product CVF of capacitance C, square of volt-
age V, and clock rate or frequency F, compare FIG. 10. Cut-
ting frequency and running the application process longer
may cancel out in a DVFS power managed processor energy
consumption calculation, leaving the net benefit of the volt-
age-squared factor to reduce net energy consumption (power
times time equals energy).

[0116] InFIG. 3, programmable DPLLs are provided in an
example and allow fully independent DVFS/AVS scaling of
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microprocessor MPU frequency and IVA (imaging, video and
audio) processor frequency and Core domain interconnect
frequency. A selection of clock dividers on the DPLL output
in FIG. 19 provide a wide range of clock rate division ratios
and support dynamic frequency scaling without incurring
DPLL re-lock time. One or more asynchronous interfaces
ASYNC of FIG. 1 are provided to couple the processors MPU
and IVA to the Core domain interconnect bus 3521 such that
the frequency of the processors MPU and IVA can be set
freely and scaled while keeping interconnect bus and memory
interfaces at another frequency determined for them. This
avoids software overhead of re-configuring a memory inter-
face when MPU and/or IVA processor frequency is changed
by DVFS/AVS.

[0117] In FIG. 10, four Operating/Performance Points
(OPPs) are tailored to an MPU domain and an analogous set
of four OPPs to an IVA domain. In one embodiment of FIG.
3, the MPU and IVA have the same voltage VDD1 and can be
operated at different frequencies using the respective DPLL1
and DPLL2 for them. In another embodiment, independent
different voltages are provided for each of MPU and IVA as
well. Another two DVFS OPPs are provided for voltage
VDD2 to the Core domain in one example. The voltage
domains are decoupled so that, for example, high bandwidth
autonomous DMA transactions are run off a higher voltage
VDD2 while the low frequency MPU can be run off a lower
voltage VDDI1 to optimize SoC power. The processor cores
are designed with multiple discrete OPPs such as at 125%,
100%, 50%, and 25% of a nominal design frequency, and
application OPPs are software programmable to a coarser or
finer resolution. Some fixed function peripherals (e.g. MMC/
SD interface) are synthesized to allow operation across OPPs,
while others, (e.g. Mobile DDR SDRAM) are scaled in clock
frequency at lower OPPs. A wakeup domain WKUP has an
operating voltage VDD3 and a sleep voltage that is lower than
the operating voltage. MPU and IVA caches are supplied with
a voltage VDD4 in a manner that generally tracks the voltage
VDDI1 provided to the processor logic.

[0118] In FIG. 10, DVFS has a frequency scaling step
wherein clock frequency is changed by re-configuring control
register(s) to reach the frequency corresponding to the
selected OPP. The configuration sets new values for clock
divider or sets new M, N multiply, divide values for the
DPLL. DVFS voltage scaling software or hardware config-
ures a new count value in the AVS sensor module SR1 and/or
SR2 corresponding to the selected OPPn.

[0119] In FIG. 10, power managed clock frequency F,
which affects application performance, is graphed versus
power managed voltage V. On standby, the voltage is kept low
or zero and the frequency is zero. A horizontal line SLM in the
frequency-voltage region represents that Standby Leakage
Management (SLM) is employed.

[0120] For low performance applications, a low voltage V1
is established and the frequency is established at frequency
F1, represented by operating performance point OPP1 in FIG.
10, by power management processes. As more applications
and/or applications performance are required, beyond the
maximum performance available at OPP1, then DVFS power
management makes a discrete transition of operating voltage
from voltage V1 to voltage V2 and increases the frequency
from F1 to F2. As even more applications and applications
performance are required, beyond the maximum perfor-
mance available at OPP2, then DVFS power management
makes a discrete transition of operating voltage from voltage
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V2 to voltage V3 and increases the frequency from F2 to F3,
and so forth. At each OPP point, AVS power management
manages the voltage depending on the parameters of the
integrated circuit. DPS power management is activated if the
target frequency F,,,.., for a given process is below a thresh-
old frequency THRESHOLD 1, 2, 3, 4 so that DPS energy
savings are sufficient to justify activating DPS at the given
OPP,,. For example, in FIG. 10 the currently-selected DVFS
OPP is OPP2, target frequency ., is sufficiently below the
frequency of OPP2 to be lower than THRESHOLD2, and
DPS activation is justified.

[0121] The process operates in reverse as fewer applica-
tions and/or less applications performance are required.
When performance needed can be managed at a lower OPP,
then power management process DVFS makes a discrete
transition of operating voltage downward by one voltage step
to reach the next lower operating point OPP, ;.

[0122] Integrated circuit voltage domain and power domain
partitioning enables very efficient DPS for audio play back
and screen refresh, which are subject to leakage power dissi-
pation. During screen refresh or audio playback, the rest of
the integrated circuit remains most of the time in an Off or
Retention low leakage mode wherein only the display domain
is On or audio playback circuit is on. The screen or audio
circuit is refreshed from its respective internal FIFO which is
sized sufficiently large (e.g. in range 1 Kbytes to 10 Kbytes or
larger) to feed the screen or audio circuit independently of the
rest of the integrated circuit and thus permit most of the
integrated circuit to be in low leakage mode. When that inter-
nal FIFO needs to be refilled, a FIFO-fill signal is generated
from the internal FIFO and is fed to and automatically wakes
up the Core domain.

[0123] FIFO 3615.i size for operations in FIGS. 4-8 here is
beneficially coordinated with power management by DVFS
and DPS in some embodiments. The display controller 3510.
4, for example, refreshes the screen from its internal FIFO
3615.4 while the Core domain is in retention. The frame
buffer in SDRAM 3550 may be inaccessible in low power
screen refresh mode. During the frequency scaling step of
DVFS, the External Memory Interface EMIF with SDRAM
Refresh Controller 3552.1 is momentarily not accessible
from bus 3521 for a time interval having a duration on the
order of microseconds. Therefore, the display FIFO 3615.4 is
made large enough to absorb this time interval when the
frame buffer is not accessible. The FIFO size is made large
enough to cover this period while the Core domain is in
retention and also during the Retention to ON and ON to
Retention transition time. Increasing the length of time the
Core domain can stay in retention increases the power saving
and the efficiency of DPS.

[0124] Analogousto the display FIFO, an audio process has
a larger audio buffer size (e.g. in McBSP™ multi-channel
buffered serial port interface to an external audio codec) that
increases the efficiency of the DPS strategy for audio low
power use case. The longer the integrated circuit 1400 is in
Data Send Out power mode the larger the power saving by
DPS.

[0125] A formula for estimating a buffer size S for audio is
given by S=2 W £, T, where W is bus width (e.g. 32 bits), ft is
transfer rate (e.g. 48 KHz for audio), and T, is transfer time,
and the factor 2 is a Nyquist sampling factor. One buffer size
rule of thumb herein accordingly calls for about 3.2 Kbits per
buffered-millisecond of streaming audio. Buffer size depends
on application as for audio, camera, display and other appli-
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cations, and on the latency to be buffered. Buffers 3615.; on
the order of e.g., kilobytes capacity are suitably operated
according to the hardware-based power management pro-
cesses taught herein. Such buffers on the order of kilobytes
capacity handle power managed transitions of an intercon-
nect 3521 voltage and frequency as in any of FIGS. 6-8 while
a streaming audio application is running. Also, such buffers
on the order of kilobytes capacity handle interconnect bus
3521 frequency transitions as in FIG. 6 even when a camera
image capture operation, or display image or other image
transfer, is in progress and pouring image data into the buffer
3615.i.

[0126] When thecamera3510.3 is enabled, a period of time
of several microseconds elapses between capture operations
on successive frames. During this time period, the Camera
interface 3610.3 accesses interconnect 3521 and empties a
FIFO such as FIFO 3615.3 that was almost filled during a
power management transition. Consider the example of an
interconnect frequency transition to a lower bus frequency
early in a camera frame before end-of-frame. Interconnect
bus is decoupled and the interface FIFO fills almost full with
image data. Then the frequency transition is completed and
the camera interface is again coupled to the interconnect bus.
The interface FIFO desirably becomes less filled over time
again, provided the bus bandwidth exceeds the bandwidth
involved while image data is still pouring into the interface
FIFO and onto the bus, and the bus frequency has now been
lowered. The interface FIFO need not be totally empty, but
desirably becomes less filled so that another DVFS transition
can be accommodated after some minimum recovery period.
Whether an interface FIFO gets empty again in an interval
between camera frames, for instance, depends on bus speed
and camera rates. Complete emptying is possible, but is not
essential.

[0127] When the interconnect frequency is lowered, it is
still maintained sufficient to sustain the data rate or bandwidth
occupied by activated peripherals and MPU. DVFS adapts the
bus frequency to its real usage instead of having it running at
maximum speed all the time. In the case of the camera periph-
eral, the interval between camera frames is camera dependent
and is called vertical blanking time. In one example with a 16
MPixel camera, the vertical blanking interval can last up to
30% of the frame duration. Thus at 30 fps, the vertical blank-
ing interval is equal to Y30 second divided by about 3, and the
interval is about 11 milliseconds. This 16 MPix camera sensor
generates about 90 Mbytes-per-second average bandwidth on
the bus interconnect. Note that a different camera can have
different characteristics. The bus bandwidth is made greater
than or at least equal than the camera utilizes to generate
image data. But embodiments need not have a very fine
granularity on bus speed scaling, and may divide speed by
power of 2 (divide-by-2, divide-by-4, etc) for instance. The
bus bandwidth is scaled accordingly to use the immediately
available interconnect clock frequency that exceeds but
comes most nearly to

[0128] Notice a difference between power management
transition latency, which is kept short to keep the system
running, and a different subject called initiation pendency
herein. Initiation pendency is a less-constraining interval of
time after the GO-bit but before a peripheral decouples its
interface 3610.; from the interconnect bus 3521. Suppose the
peripheral circuit FIFO is partially filled from a prior DVFS
transition and then PRCM subsequently sends a signal to
Start another DVFS transition before the FIFO has sent out
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enough data to have enough unfilled capacity to support the
second DVFS transition. The peripheral FIFO 3615.i does not
qualify peripheral logic to produce OK_ACK_i. Peripheral
SM does not send OK_ACK in FIG. 14 or FIG. 18 until bus
interface 3610.; has serviced peripheral FIFO 3615.i so that
the peripheral logic does produce OK_ACK_i. This rapidly
occurs and initiation pendency of the START _bit_i is brief.

[0129] In FIG. 11 software-based processes of operation
are shown. MPU power management related software pro-
vides a HLOS Power Management framework that supports
DVFS and DPS power management processes and a predic-
tion software process to predict the MPU load. Based on
MPU and IVA DSP load predictions, the power management
policies adapt dynamically frequency/voltage and enable or
disable domain DPS in OS idle thread. A device driver imple-
ments on-demand power ON/OFF mechanism (clock gating).
Device drivers are notified of device mode changes and infer
frequency/voltage changes to program hardware including
shadow registers of FIG. 4. IVA power management related
software includes a DSP/BIOS Power Management frame-
work that supports DVFS and DPS power management strat-
egy as well. DSP BIOS (Basic Input Output System) has a
Workload Monitor which receives loading information from
a thread loading Thrload block. The Workload Monitor pro-
vides input to a Workload Predictor as well as to a DSP Bridge
that is coupled to a counterpart DSP bridge 5012 software
block on the MPU. The DSP has a Power Management soft-
ware PWRM which receives input from the Workload Pre-
dictor and controls the Workload Monitor. PWRM receives
information from system nodes as shown and outputs infor-
mation to the DSP Bridge.

[0130] InFIG.11, MPU software has a User layer, a Kernel
layer, and a Hardware Abstraction Layer (HAL). In the User
layer, Applications software is monitored by a Domain Man-
ager according to a stored Domain Management Policy. A
Power Manager bi-directionally communicates with the
Domain Manager and with a Power Controller and with
Power Handlers 5011,5021.1,.2, etc., and 5031.1, .2, etc. The
Power Handlers 5021.7, 5031./ configure and control through
Device Drivers 5022.1,.2, etc., and 5032.1, .2, etc., the hard-
ware PRCM and Control Module 2765 for chip 1400 (FIG.
23) and any other configurable power management hardware
in the system such as for chip 1100 and other system chips and
units. One of the Device Drivers sends the Go-bit of FIG. 4 to
initiate a hardware-controlled power management transition.

[0131] A Resource Manager module manages resources
that couple to the HAL. The Resource Manager is bi-direc-
tionally coupled with Resource Handler 5013 associated with
DSP Bridge 5012. Resource Manager is bi-directionally
coupled with Resource Handlers 5023./ respectively associ-
ated with Device Drivers 5022.i. A DVFS/DPS Policy Mod-
ule and a Static Policy (e.g., SLM policy) block are coupled to
a Policy Manager and Resource Handler 5043. The DVFS/
DPS Policy Module receives information from the Power
Controller and uses it to determine whether DVFS should
make an OPP transition and whether DPS should be started or
stopped in FIG. 12. The DVFS/DPS Policy Module receives
information from an Energy Management Interface (EMI)
pertaining to thermal environment and other energy manage-
ment and power management information. The Policy Man-
ager and Resource Handler 5043 feed information to the
Resource Manager. In this way, DPS context save/restore
operations are initiated, for instance.
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[0132] The performance prediction process, for example,
delivers a prediction of target frequency related to instruc-
tions per second of performance and delivers a prediction that
is responsive to and increases with a current number of appli-
cations running under the operating system plus a number of
applications being launched by the operating system, and
responds to any other pertinent factors as discussed in the next
three paragraphs. When the target frequency exceeds the
DVFS OPP frequency, any DCFS transition is triggered for
affected processor(s). When this transition involves DVFS
OPP transition of interconnect, the Go-bit of FIG. 4 is issued.

[0133] InFIGS. 1 and 4, MPU 2610 is not the only traffic
and processing generator pertinent to prediction in FIG. 11.
SoC have multiple initiators (MPU, DSP, DSS, DMA, GFX),
and embeds multiple peripherals (UART, USB, GPMC, etc).
(GFX is Graphics Engine. UART is a Universal Asynchro-
nous Receiver Transmitter or 2-way serial interface to a par-
allel bus. GPMC is a General Purpose Memory Controller.)
SoC power management and QoS are improved by having a
global SoC approach, taking into account SoC specificities.
Some global power management embodiments monitor pro-
cessor cores, interconnect and peripherals activities, includ-
ing processing requirements and memory requirements
(bandwidth, latencies). Middleware (multimedia frame-
works, drivers) activities are monitored. Monitoring is
applied to power-aware applications, and measures Power IC
efficiency, and monitors external IC activity (Modem, Blue-
tooth, Memory). By including the monitoring of other traffic
and processing generators besides MPU 2610, Power Man-
agement Policies software in FIG. 11 or hardware implemen-
tations thereof provide a better prediction, which in turn pro-
vides better power savings and better QoS.

[0134] Some embodiments monitor DMA and provide
DMA 3510.1 load prediction improves QoS in DVFS predic-
tion system embodiment herein. Much interconnect band-
width is generated by DMA transfer between peripherals and
memory 3550. CPU cores such as MPU 2610 and IVA are
scaled under DVFS independently of interconnect DVFS.
Power consumption herein is reduced by correctly adjusting
interconnect 3521 clock frequency, and thus its maximum
bandwidth, to application requirements. QoS (Quality of Ser-
vice) is improved by ensuring that SoC provides just enough
performance to meet application requirements. DMA 3510.1
load is monitored and the improved process predicts DMA
bandwidth requirements as well as CPU-centric monitoring
of CPU idle time and CPU cache statistics. Interconnect
scaling is done more dynamically herein by going beyond
merely increasing the interconnect OPP as some function of
increasing CPU OPP. When DMA 3510.1 is using substantial
bandwidth, a control herein allocates a higher interconnect
OPP even if the CPU is operating at a relatively low OPP, to
provide enhanced performance while reducing SoC power
consumption. When the DVFS prediction calls for a transition
from one DVFS Interconnect OPP to another Interconnect
OPP, the Go-bit is issued by the circuit that is executing the
prediction, such as MPU 2610 or a hardware based form of
DVFS prediction. Battery life is favorable and SoC perfor-
mance is increased.

[0135] In some embodiments, external memory usage
monitoring policy for interconnect DVFS provides efficient
interconnect scaling, reduces power consumption of SoC,
and minimizes impact of Interconnect DVFS on SoC perfor-
mance and QoS. SoC integrated circuits, such as applications
processors herein combine interconnect scaling with dedi-
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cated HW circuitry, such as in memory controller 3552.1, to
monitor interconnect 3521 activity and more intelligently
control power management. Even when SoCs have several
peripherals generating multiple simultaneous memory trans-
fers, most of this traffic is coming from or going to the exter-
nal RAM 3550. Optimum device interconnect scaling is
achieved herein by dynamically adjusting interconnect per-
formance level (i.e. frequency) using external RAM usage
statistics (e.g. SDRAM occupancy, efficiency, min/average/
max read/write latencies) and scaling the interconnect DVFS
voltage and frequency accordingly. If usage statistics go
below a configurable lower threshold parameter, the power
management circuitry scales down the interconnect OPP. If
usage statistics go above a configurable higher threshold
parameter the interconnect OPP scaled up. In this way the
power management circuitry goes beyond monitoring CPU
Idle time (workload) and using power-aware device drivers
and applications. Here, memory usage statistics can be eco-
nomically collected at a single point such as external RAM
controller 3552.1, instead of multiple applications or device
drivers. Statistics are fully computed by HW. SW is only in
charge of performance prediction, minimizing CPU over-
head.

[0136] A shadow process approach using shadow register
3620.4 is applied relative to display frames and shadow reg-
ister 3620.3 and camera image frames in a process and struc-
ture of power management. In FIG. 3 and FIG. 19, DLLs or
DPLLs are coupled to the shadow registers 3620.i. Resource
Manager software of FIG. 11 commands a frequency change
in an uncomplicated way using Go-bit, and the high-level
power management state machine PRCM SM takes care of
the power management controls and sequencing comprehen-
sively. Synchronizing hardware including Peripheral SM of
FIG. 15 is architecturally situated on top of the shadow reg-
isters 3620.i to synchronize all the system modules 3510.7,
3552.1, MPU 2610 that are subject to power management.
Preparation of modules is done in parallel in the processes
being synchronized. The high level power management state
machine PRCM SM triggers a sequence of power manage-
ment controls as discussed elsewhere herein in connection
with FIGS. 4, 6-9, 13-14, 16-18, and other Figures.

[0137] Software in FIG. 11 no longer needs to wait for a
condition such as a 16 ms Camera end-of-frame event prior to
initiating a power management transition. Also, in FIG. 11
software no longer is stymied or blocked by system latency
issues that have otherwise precluded some power manage-
ment transitions to more nearly optimal states. Instead,
PRCM hardware 3570 in FIGS. 1 and 4 comprehensively
manages the frequency and/or voltage transition.

[0138] InFIG. 11, the DVFS efficiency is improved using
any comprehensive hardware power management embodi-
ment as described herein, and is verified on test by relatively
short duration of a power management transition on the
memory bus 3521. Also, very short intervals of CPU stall
cycles, or none, associated with DVFS transitions are a desir-
able result of the use of such hardware power management
processes and structures. Software source code may need to
include a complicated synchronization mechanism between
SW components unless comprehensive hardware-based
DVFS power management control circuitry is provided as
described herein. Complicated SW support like pre/post noti-
fications and suspend/resume mechanisms are obviated by
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using the HW controlled power management embodiments
herein. Such complicated software support thus need not be
provided in FIG. 11.

[0139] In FIG. 12, power management strategies are com-
bined. Software operations are shown by way of example in a
column SW and hardware operations are shown for example
in a column HW. Power On Reset POR 1042 resets the chip
1400 ata step 5105 and commences the mixed process. A step
5110 initializes the AVS Sensor modules SR1 and SR2, and
initializes the Voltage Processor VP and the Voltage Control-
ler VCON of FIG. 20. In a succeeding step 5115, an applica-
tion or peripheral runs or completes on the system and inter-
connect bus 3521 needs to be power managed.

[0140] In a step 5120 a load or performance prediction is
made for the interconnect bus based on peripheral operations.
Then a step 5125 outputs the target performance to the PRCM
and sends Go-bit through a Device Driver to PRCM. APRCM
hardware operation 5130 adapts the DVFS OPPs for the
VDD1 voltage domain, adapts the DVFS OPPs for the VDD2
voltage domain, and adapts the DVFS OPPs for any other
DVFS controlled VDDx voltage domain. See also FIGS. 4-8
and FIGS. 13-18 for further embodiments herein. This adap-
tation or adjustment of an OPP involves a change of fre-
quency F and/or a change of voltage V. The PRCM reports
back that the adaptation is completed.

[0141] The clock scaling in step 5130 of FIG. 12 involves
relocking a delay lock loop DLL inside the SDRAM Refresh
Controller of External Memory Interface EMIF. During the
DLL relock time on the order of microseconds, the DDR
SDRAM memory access is not stalled but instead continues
desirably to run using suitably sized FIFO 3615.1 in memory
controller 3552.1. This constraint is handled in some of the
modules as follows. The Camera module 3510.3 continues to
run, using suitably-sized FIFO 3615.3, instead of being
paused or stopped during interconnect clock scaling steps.
The DMA 3510.1 request latency is increased and can affect
operation of some peripherals serviced by DMA. The proces-
sors 2610, IVA are arranged to either execute from internal
memory caches or on-chip memory. The display controller
3510.4 relies on its internal FIFO during this time.

[0142] A software step 5135 inputs, confirms, or updates
the current OPP. A succeeding DPS step 5140 computes a
metric representing an amount of difference A, discrepancy,
disparity or gap between the current performance and the
target performance of step 5125. Then a decision step 5145
assesses the gap by comparing the metric with a configured or
predetermined threshold value THRESHOLDi (FIG. 10) for
assessing DPS margin to determine whether DPS power man-
agement should be activated or stopped. In FIG. 16, if step
5145 determines that the threshold is not exceeded or the gap
is otherwise insignificant, then operations loop back to step
5115 to continue to run the application under the present
conditions.

[0143] If step 5145 determines that the DPS threshold is
exceeded or the gap is otherwise significant, then a step 5150
selects a power mode to either deliver less power as appro-
priate. Step 5150 activates a hardware operation 5155 to
switch one or more domain power states and enter the
selected power mode such as SLM when the application or
peripheral completes. Then hardware determines at a step
5160 whether the selected domain power states are now
established and monitors until the switching is fully com-
pleted. Also at step 5160 hardware determines whether any
hardware based mode transition event has occurred, such as a
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wakeup signal coming from a peripheral. Upon such comple-
tion or event, a succeeding step 5165 represents exit from the
previous power mode, whereupon an interrupt of step 5170 is
fed to the MPU and an application may run at step 5115 in the
selected power mode.

[0144] In some other embodiments, external memory
usage monitoring policy for interconnect DVES provides effi-
cient interconnect scaling, reduces power consumption of
SoC, and minimizes impact of Interconnect DVFS on SoC
performance and QoS. SoC integrated circuits, such as appli-
cations processors herein combine interconnect scaling with
dedicated HW circuitry, such as in memory controller 3552.1,
to monitor interconnect 3521 activity and more intelligently
control power management. Even when SoCs have several
peripherals generating multiple simultaneous memory trans-
fers, most of this traffic is coming from or going to the exter-
nal RAM 3550. Optimum device interconnect scaling is
achieved herein by dynamically adjusting interconnect per-
formance level (i.e. frequency) using external RAM usage
statistics (e.g. SDRAM occupancy, efficiency, min/average/
max read/write latencies) and scaling the interconnect DVFS
voltage and frequency accordingly. If usage statistics go
below a configurable lower threshold parameter, the power
management circuitry scales down the interconnect OPP. If
usage statistics go above a configurable higher threshold
parameter the interconnect OPP scaled up. In this way the
power management circuitry goes beyond monitoring CPU
Idle time (workload) and using power-aware device drivers
and applications. Here, memory usage statistics can be eco-
nomically collected at a single point such as external RAM
controller 3552.1, instead of multiple applications or device
drivers. Statistics are fully computed by HW. SW is only in
charge of performance prediction, minimizing CPU over-
head.

[0145] InFIG. 13, DVFS logic in the PRCM 3570 of FIG.
4 includes a high-level power management transition sched-
uling state machine PRCM SM 5310 coupled to the clock
manager. The power management transition scheduling state
machine 5310 in some embodiments has logic centrally
located and concentrated in the PRCM 3570 and couples
control signals as outputs from the state machine 5310 dis-
tributed hub-and-spoke to the shadow register control circuits
in the various peripherals 3552.1, 3510.i or 5320.i as in FIG.
13. This type of embodiment centralizes power management
control over the peripherals 5320.7 using the power manage-
ment control state machine PRCM SM 5310 for centralized
interconnect clock management in a hub-and-spoke struc-
ture. The power management transition scheduling state
machine PRCM SM suitably has a state transition diagram
with state bubbles or nodes of the diagram corresponding to
the process steps of FIG. 14.

[0146] InFIG. 14, state transition operations of an embodi-
ment of PRCM SM commence with an IDLE state 5510.
When the GO_bit from the MPU 2610 is received, operations
transition to a step 5520 that initializes an index i to zero.
Then operations go to a state 5530 and send a starting signal
START_bit_i to the various peripherals i in FIG. 13 sequen-
tially using an incrementing state 5540 as well. A given
peripheral i of FIG. 13 in due course responds with acknowl-
edgment signal OK_ACK_i (i=1, 2, ... N) and PRCM SM in
FIG. 14 alternates between states 5530 and 5540 until all N of
the peripherals have acknowledged. Then operations in
PRCM SM transition from state 5540 to a state 5550 that
sends transition initiation signal TRANS to initiate and/or
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control a frequency transition by the interconnect DPLL
5340. DPLL 5340 completes its frequency transition and
returns a DONE signal DPLL,_STABILIZED to PRCM SM.
Then PRCM SM goes from state 5550 to a state 5560 and
sends out the re-enabling signal Peripheral Enable i PER _
EN_ito all the peripherals i, whereupon operations go back to
IDLE 5510.

[0147] In an augmented embodiment, the scheduling state
machine PRCM SM is augmented to provide states and state
transitions as described in connection with FIGS. 7 and 8 to
control and effectuate voltage changes as well as frequency
changes to various parts of the system. Briefly, for example as
in FIG. 8, an increase of voltage is completed before the
frequency change, if the frequency is to be increased. The
increase of voltage is suitably driven by circuitry under con-
trol of PRCM SM that increases the voltage along an upward
slope versus time, while maintaining the not-yet-increased
frequency unchanged during the voltage increase ramp. Con-
versely, as in FIG. 7, a decrease of frequency is completed
before a decrease of voltage is performed. The latter decrease
of voltage is suitably driven by circuitry that reduces the
voltage along a constant downward slope versus time, while
maintaining the newly decreased frequency during the inter-
val of voltage reduction.

[0148] Microprocessor MPU 2610 is provided with simpli-
fied Resource Manager software in FIG. 11 that determines
the new frequency and voltage and pre-programs the shadow
registers 3620.7 accordingly. In some other embodiments, the
system instead boots up and loads the PRCM 3570 with
configurations, and the PRCM 3570 itself pre-programs the
shadow registers of the peripherals. Then MPU 2610 sends a
signal in either case, called a Go-bit herein and shown in FIG.
4, to the power management transition scheduling state
machine PRCM SM (FIGS. 13, 14, 16, 17, 18) in the PRCM
3570, whereupon that state machine PRCM SM operates
according to a respective state transition diagram shown in
FIGS. 14 and 18. PRCM SM goes out of idle and transitions
through the states represented by the process diagram of
FIGS. 9,14, and 18. The state machine PRCM SM sequences
the clock manager CM part of the PRCM 3570, as well as
delivering the transition initiation signal START_bit_i to the
peripherals 3510./ (and a frequency selection signal k if it is
used to select preprogrammed parameters Pk in the peripher-
als 3510.7).

[0149] In FIG. 15, the operations of a peripheral state
machine SM are described according to its state transition
diagram. Suppose the peripheral 3510.7, 3552.1 is generating
data or is the target for a data transfer, either operation acti-
vating a first control signal BURST_CTRL that transitions
operations to a first transfer state BURST 5610. When PRCM
3570 issues a START_bit_i, the Peripheral SM responds to
START _bit_i by a state 5620 completing the burst

[0150] In FIG. 4 and FIG. 15 in the transition process,
synchronization of the peripherals 3510.7, 3552.1 desirably
happens fast. A camera peripheral 3510.3 has changes made
to its settings, performance level, and/or frame size. The MPU
2610 suitably configures a latency parameter(s) of memory
controller 3552.1 according to respective memory controller
3552.1 functions.

[0151] A display peripheral 3510.4 may have 16 ms (milli-
seconds) per frame. Before changing a clock frequency, a
complicated software approach might stop all peripheral con-
trollers and all bus traffic for a latency interval or period of
time. This latency interval might last up to 16 ms from the
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instant in time the microprocessor MPU 2610 determines to
order a change of clock frequency and then waits for the
latency interval to elapse until a frame interval completes at
the display peripheral 3510.4. The up-to-16 milliseconds
long and variable latency interval is dramatically reduced
down to an order of magnitude of a few microseconds or less
by hardware control using the power management transition
state machine PRCM SM and shadow registers 3620.; herein.
A buffer FIFO 3615.4 in the display controller 3510.4 is
appropriately sized to accommodate an amount of display
information for use by the display controller 3510.4 during a
latency interval of the hardware control process, e.g., a few
microseconds or five (5) microseconds or less for video and/
or audio in FIG. 6, or a millisecond or so for audio in FIGS.
7-8.

[0152] InFIG. 4, MPU 2610 sends the Go-bit on line 3650
and starts the power management transition state machine
PRCM SM operation. See PRCM SM 5310 in FIG. 13, 5710
in FIG. 16 and 5810 in FIG. 17, and applicable PRCM SM
operational processes in FIGS. 14 and 18. During this opera-
tion, the display controller 3510.4 is effectively and accept-
ably disconnected from bus 3521 that might otherwise deliver
display information to the display peripheral 3510.4. This is
no problem because the display controller buffer FIFO
3615.4 has enough backlog of this display information in
order for the display controller 3510.4 to continue to operate
independently of the system bus 3521. Notice that the FIFO
3615.4 capacity is here provided free of the latency interval
(up-to-16 ms as in FIG. 5), but instead readily accommodates
the hardware controlled frequency transition latency of FIG.
6 that is only on the order of a few microseconds.

[0153] The power management transition state machine
PRCM SM of FIG. 14 or FIG. 18 is a system client and owner
of'the centralized frequency transition hardware mechanism.
That state machine operates by cycling through the process of
FIG. 6 during such a short frequency transition latency (mi-
croseconds) that the display controller buffer FIFO 3615.4,
for example, is beneficially used and not emptied. Thereupon,
the transition initiation signal START_bit_4 from state
machine PRCM SM is provided to the display controller
shadow register circuitry 3620.4. That shadow register cir-
cuitry 3620.4 has a Peripheral State Machine SM of FIG. 15
and responds with a handshake completion signal OK_ACK_
4. PRCM SM then sends the reenable signal PER_EN_4. In
response to PER_EN_4, the display controller 3510.4 is
swiftly synchronized to the system bus 3521, which is now
active at a new clock frequency F. Display information is
rapidly transferred over the system bus 3521 to refill the
display controller buffer FIFO 3615 4.

[0154] In the process just described, the display controller
3510.4 seamlessly runs off the bus 3521 that de-couples from
the bus 3521 in response to START_bit_4, and then runs the
display using FIFO 3615.4 independently of the bus 3521
throughout the frequency transition process of FIG. 6. Then in
response to re-enable signal PER_EN_4, display controller
3510.4 synchronizes and is again coupled to the system bus
3521 for information transfer, with the overall result that the
user experience is continually satisfactory. Moreover, the
improved architecture of power management transition state
machine PRCM SM, together with shadow register circuitry
and associated logic 3620./ in the peripherals 3510.;, now
provides such reduced frequency transition latency in the
power management process that frequency transitions can be
made more frequently and dynamically in response to actual
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system needs for power management and the overall power
and energy consumption of the system are consequently
decreased.

[0155] InFIG. 16, another alternative category of embodi-
ments provides a power management transition control archi-
tecture that distributes functions of the power management
transition state machine described above into less centralized
hardware control blocks in the peripherals 3510.; and has a
somewhat less extensive block in the PRCM 3570, see FIG.
18. Instead of the hub-and-spoke category of embodiments of
FIG. 13, this alternative category of embodiments of FIG. 16
provides a more decentralized and peer-networked type of
architecture. In some of these alternative embodiments, the
process flow in the hardware roughly corresponds to a set of
hardware blocks ABCDE handing control off to each either in
an order A->B->C->D->E->A, or some approximation
thereto, wherein the order of control handoff is established
either by hardwiring in FIG. 16 or according to configured
signaling. Put another way, the power management transition
state machine is distributed over the PRCM 3570 and the
peripherals 3510.; so that blocks of circuitry that handle some
of the respective states is situated in the corresponding
peripherals 3510.i, whereby the amount of the circuitry con-
centrated in the PRCM 3570 is significantly reduced, corre-
sponding to the simpler PRCM SM of FIG. 18, and any
benefits in timing of the various controls are enjoyed.
[0156] In FIG. 16 this alternative type of embodiment,
called a Daisy Chain embodiment herein, somewhat decen-
tralizes the power management control as between the PRCM
5710 clock manager CM and the peripherals 5720.; (PER
1-PER N). In one such type of embodiment, the FIG. 4 MPU
2610 supplies the Go bit to the FIG. 16 power management
control state machine PRCM SM 5710, which sends the Start
command START bit_1 to a first peripheral control logic
circuit SM 5720.1 of FIG. 15. First peripheral control logic
circuit SM 5720.1 then issues OK_ACK_1, which so to
speak, relays the Start command to a second peripheral con-
trol logic circuit SM 5720.2, which issues OK_ACK_2 and
thus relays the Start command to a succeeding peripheral
control logic circuit SM 5720.i, whereupon an acknowledg-
ment signal OK_ACK_N is returned to the power manage-
ment control state machine by a last peripheral 5720.N in this
example of a Daisy Chain embodiment.

[0157] The relaying of the Start command between periph-
erals 5720.i to take account of sequential or parallel starting is
accomplished according to each respective configuration
established by the MPU 2610 in a peripheral configuration
register in each peripheral. When a given Start command is
received by a given peripheral 5720., then that peripheral
responds as in F1G. 9 steps 4830 and 4835, and the given Start
command is relayed as a Start signal for each peripheral to
which that Start signal is coupled.

[0158] As each peripheral 5720.i responds to its Start signal
asin FIG. 9 steps 4830 and 4835, a small Start latency occurs
and is distinct from the subsequent latency involved in chang-
ing the frequency on the interconnect. In peripherals that
operate independently, none of them wait for the Start latency
to be completed before handing or relaying the Start com-
mand itself to the next peripherals. In FIG. 16, for peripherals
5720.i that operate in succession, the OK_ACK i signal is
obtained from the given peripheral 5720.; and coupled the
next peripheral 5720.(i+1) in succession as the Start signal
START _bit_(i+1) to that next peripheral 5720.(i+1). In the
FIG. 16 case of peripherals 5720.i that operate in succession,
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the Start latencies may add to each other, but the cost and
latency and increased FIFO 3615.i size needed to accommo-
date the increase in latency is believed to be acceptable for at
least some systems since the Start latencies are small. A
re-enabling signal PER_ENABLE is coupled on a shared line
from PRCM SM to all the peripherals 5720.i when the power
transition completes.

[0159] InFIG.17, PRCM 3570 has a PRCM SM 5810 that
in response to Go_bit sends a single START bit signal con-
currently to a set of peripherals 5820.i. The FIG. 4 peripheral
interfaces 3610.i then decouple from the bus 3521. InFIG. 17,
peripherals 5820.; then handshake in general at different
times with their respective reply signals OK_ACK_i. A com-
biner circuit 5830 receives the handshakes, and when all the
handshakes have occurred, a single combiner output signal
OK_ACK is delivered to PRCM SM 5810. Combiner circuit
5830 is suitably implemented with a set of RS flip-flops
responsive to the reply signals OK_ACK_i, and a flip-flops
feeding respective inputs of a shared NAND-gate that sup-
plies the single combiner output signal OK_ACK. The
peripherals continue to run using their FIFO buffers while
decoupled from the bus 3521. PRCM SM responds to
OK_ACK by sending signal TRANS to DPLL 5840 to
change frequency F. DPLL 5840 responds with a DONE
signal to PRCM SM 5810. PRCM SM 5810 then re-enables
the interfaces of peripherals 5820.; by sending a single signal
PER_ENABLE to all of the peripherals 5820.i. Each of the
peripherals 5820.; automatically converts or promotes its
shadow settings to currently-effective settings applicable to
making bus interface operations of that particular peripheral
compatible with the new bus 3521 frequency F so that bus
operations resume.

[0160] InFIG. 18, state transition operations of an alterna-
tive form of PRCM SM commence with an IDLE state 5910.
When the GO_bit from the MPU is received, operations tran-
sition to a state 5930 and send a START_bit, or multiple
signals START_bit_i, to the various peripherals. The periph-
erals in due course respond with acknowledgments and signal
OK_ACK_N of FIG. 16 or combiner acknowledgment signal
OK_ACK of FIG. 17 is received at PRCM SM of FIG. 18.
Then operations in PRCM SM transition from state 5930 to a
state 5950 that sends the signal TRANS to initiate and/or
control a frequency transition by the interconnect DPLL 5740
or 5840. The DPLL completes its frequency transition and
returns a DONE signal DPLL,_STABILIZED to PRCM SM.
Then PRCM SM goes from state 5950 to a state 5960 and
sends out the re-enabling signal Peripheral Enable PER_
ENABLE to the peripherals, whereupon operations go back
to IDLE 5910.

[0161] In FIG. 19, the MPU DPLL and IVA DPLL each
receive two inputs clocks: 1) the system clock which is used
by the DPLLs to produce their synthesized clock, and 2) a
high speed bypass clock, which is interconnect 3521 divided
clock programmably divided by 1 or 2. The high speed bypass
clock is used or can optionally be used when the DPLLs are
set in bypass mode either statically, or dynamically during
re-lock time. The high speed bypass clock allows saving
processors DPLL power consumption when the processors
do not need to run faster than at interconnect 3521 clock
speed, or optimizing performance during frequency scaling.
As soon as a processor DPLL enters bypass, high speed
bypass clock (and not system clock) is output.

[0162] Many embodiments are likely to have interconnect
clock frequency F and system clock frequency SysClk each in

Aug. 13,2009

a range of 10 MHz to 10 GHz. Many embodiments are also
likely to have interconnect clock frequency F and system
clock frequency SysClk each in the hundreds of megahertz,
such as in the range 100 MHz to 1 GHz or more. Other
frequency values F and SysClk outside the aforementioned
ranges are also feasible.

[0163] InFIG. 19, in response to configuration via register
bus REG BUS of Control Registers 6110 fields, system clock
SYS_CLK is multiplied by M and divided by N+1 to establish
aparticular clock output frequency CLKOUT of Clock Man-
ager CM. DPLL is illustrated with collateral arrows repre-
senting signal lines for TRANS and DONE. DPLL provides
an output frequency ramping feature when switching from
the bypass clock to the synthesized clock during lock and
relock period. The frequency ramping is executed in steps in
frequency. Then a signal DONE (DPLL_STABILIZED) is
asserted when DPLL output frequency becomes stable. A
field RAMPTIME]:] in a PRCM register in control registers
6110 specifies the total duration of the ramp, or specifies that
frequency ramping is omitted. Control of DPLLs supports
several power modes. Each DPLL power mode establishes a
different trade-off between power saving and DPLL re-lock
time period. The PRCM hardware also introduces sequencing
in the transitions between the DPLL power modes. Each next
power mode is configurable.

[0164] Crystal oscillator 6114 of FIG. 19 has a clock output
coupled by a controlled switch 6121 to a controlled divider
6122. Switch 6121 also couples oscillator clock via a con-
trolled switch 6126 to a USB serial interface block, and via
another controlled switch 6128 to one or more Sensor Mod-
ules SR. Controlled divider 6122 has an output coupled via a
controlled switch 6124 to an input controlled switches 6132,
6142, 6184, and to an input of a clock divider 6150, and via a
system clock line SYS.CLK to a first input of a Mux 6158.
[0165] Switch 6132 passes system clock SYSCLK to the
controllable DPLL3 6130 for the Core domain. DPLL3 pro-
vides a clock output to the Clock Manager CM. Switch 6142
is an example of replicated circuitry that provides system
clock to a DPLL such as DPLL4 or DPLLS5. The respective
DPLI4 or DPLL5 provides DPLL clock to a controlled
switch 6144 that in turn supplies each of controlled switches
6146 and 6148. Switch 6146 supplies a mux for clock a
Peripheral domain. Switch 6148 provides another clock to
Clock Manager CM. System clock from switch 6124 is also
coupled by switch 6184 by a CM System Clock line CMSY'S.
CLK to the CM. Divided system clock from divider 6150 is
fed via a controlled switch 6152 to a Mux 6154, that in turn
provides an output Module.FCLK. The circuitry of one, some
or all of divider 6150, switch 6152, and/or Mux 6154 is
suitably replicated and rearranged or modified as appropriate
to controllably deliver module functional clocks to many
respective power modules.

[0166] InFIG. 19,32 KHz oscillator 6118 is coupled via a
controlled switch 6156 to a line CM32K.CLK to the Clock
Manager CM. An unswitched line FUNC32K.CLK couples
the 32 KHz oscillator 6118 to the second input of the Mux
6158. A selector control of Mux 6158 is also coupled to
Control Registers 6110. The Mux 6158 has an output that
feeds a selected one of either system clock SYS.CLK or the
just-mentioned FUNC32K.CLK to a controlled switch 6159
and on to the Wakeup domain WKUP. An external Wakeup
signal such as 10 Pad Device_wakeup line is coupled to
control the controlled switch 6159. Using Mux 6158, the
Wakeup domain WKUP is selectively either in a sleep mode
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on FUNC32K.CLK or more fully active on system clock
SYS.CLK. If Switch 6159 is opened, the WKUP domain is
notclocked and is in an Off condition. Closing switch 6159 in
response to the external Wakeup signal moves the WKUP
domain to a clocked mode that depends on the selection by
Mux 6158.

[0167] InFIG. 19, the description turns to the Clock Man-
ager CM, enclosed by dashed line in the illustration. Core
DPLL3 6130 feeds a set of clock dividers 6160.1, 6160.2,
6160.3, 6160.4 in the Clock Manager CM and independently
controlled by control register 6110. Clock divider 6160.1 is
coupled via controlled switch 6162.1 to MPU DPLL1. Clock
divider 6160.2 is coupled via controlled switch 6162.2 to I[VA
DPLL2. Clock divider 6160.3 is coupled via controlled
switch 6162.3 to a Security accelerators block. Clock divider
6160.4 is coupled via controlled switch 6162.4 to a Display
block, see FIGS. 1, 4, 23. Notice that Core DPLL3 is in series
farther up the clock chain, which facilitates an interlock or
clock dependency guarantee wherein Core DPLL3 is previ-
ously activated before the downstream clocked blocks are
provided with clock.

[0168] Further in Clock Manager CM of FIG. 19, a con-
trolled divider 6170 has its input coupled by a controlled
switch 6172 back to controlled switch 6148 of the PRM.
Divider 6170 has an output coupled to a first input of a Mux
6174. A second input of the Mux 6174 is coupled to an
external clock EXT.CLK in case a module fed by Mux 6174
should be externally or internally clocked. For example, if an
internal module needs to be clock-slaved to an external mod-
ule, then external clocking of the internal module may be
appropriate. Mux 6174 has an ouput coupled a controlled
divider 6176 that in turn is coupled via a controlled switch
6178 to a clocked module such as the HDQ interface useful
for battery monitoring for instance. Mux 6174 has its output
also coupled via a controlled switch 6179 to suitable clocked
circuitry such as a UART, or Universal Asynchronous
Receiver Transmitter (2-way serial interface).

[0169] Clock Manager CM of FIG. 19 further has a Mux
6180 with a first input coupled via a controlled switch 6182 to
line CMSYS.CLK to controlled switch 6184 in the PRM.
Mux 6180 has a second input coupled via a controlled switch
6188 to line CM32K.CLK from controlled switch 6156 in the
PRM. Mux 6180 has its output coupled to a Peripheral
domain PER.

[0170] AsshowninFIG. 19, the Control Registers 6110 are
coupled to most or all of the controlled switches, controlled
dividers, Mux selector inputs, and controlled DPLLs in order
to provide configurable and flexible control of clocking of
various power domains and to accommodate dependencies of
various modules in a system. Switching provides a clock off
or clock on mode. The type of clock selected, such as crystal
oscillator clock, 32 KHz clock and/or external clock EXT.
CLK provides flexibility of clocking for the system. DPLLs
provide clock multiplication by a factor M, and clock divider
(s) provide clock division by a factor N for each particular
module so connected. In this way, OPP frequencies F in FIG.
10 are flexibly controlled over a range of discrete selectable
clock frequencies.

[0171] InFIGS.1-4 and FIGS. 19-20, the PRCM 3570 has
an OCP (Open Control Protocol) bus interface to access PRM
control and status registers. This OCP interface runs off the
system clock and is connected to the wakeup block. The PRM
registers of FIG. 20 include Control Registers 6110 on regis-
ter bus REG BUS of FIG. 19 and are used, for instance, for
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DVFS/DPS power managed operation according to embodi-
ments herein. Some embodiments situate the PRM registers
of FIG. 20 and Control Registers 6110 of FIG. 19 in the
Control Module 2765 of FIG. 1. Other embodiments have the
PRM registers and Control Registers 6110 separate and con-
figurable and run-time re-configurable from Control Module
2765 and/or the OCP bus from MPU and/or IVA processors.
Some hardware-controlled embodiments load the contents of
the PRM registers and Control Registers 6110 from and under
the control of the Device FSM (Finite State Machine) of FIG.
20 and control those registers to power manage the system.
Higher level parameters or controls on functionality of
Device FSM are configurable by boot or initialization soft-
ware from MPU and/or IVA processors, see FIG. 11.

[0172] In AVS circuitry of FIG. 20, one or more sensor
modules SR1, SR2 have ring oscillators or delay lines estab-
lished on the physical silicon of an application processor
integrated circuit chip 1400 of F1G. 23. The ring oscillators by
their frequency output gauge the performance of the silicon
within the current environmental factors established by the
integrated circuit fabrication process in which the chip was
made, the currently-applied operating voltage, and the cur-
rently-existing operating temperature at a present moment of
run-time. See for some background, e.g., US Patent Applica-
tion Publication US2005/0194592 dated Sep. 8, 2005, which
is hereby incorporated herein by reference.

[0173] For each voltage domain, there are pre-defined
OPPs of FIG. 10. To each OPP corresponds an N-count value
that is set, configured into, or built into Sensor Error unit SR
of FIGS. 2 and 20 and which represents a simulated or refer-
ence oscillator frequency. This N-count value is derived
through a combination of static timing analysis and spice
analysis and is related to the frequency of the ring oscillator
for the particular OPP. The SR circuit continuously compares
the N-count value to the on-chip sensor module SR measured
frequency of the oscillator. The sensor SR circuit processes
the difference and derives an error output that indicates
whether to raise or lower the voltage. The error is output on
SR interface and is related to the actual voltage step that needs
to be applied.

[0174] InFIG. 20, each voltage processor VP monitors the
error output on its associated SR1 or SR2 interface and con-
verts the error output into a voltage level datum sent over the
12C serial link by the voltage controller VCON in Active
mode with commands from voltage state machine FSM to the
external SMPS in chip 1200. When the device is in Standby
mode, the voltage controller VCON is then driven by the
voltage state machines FSMs to allow the external supply to
enter low power mode. The sensors SR, the voltage processor
VP, the voltage controller VCON and the external SMPS are
coupled to form a closed loop feedback system that automati-
cally adapts the voltage of each voltage domain to a minimum
voltage that matches the domain frequency, process and tem-
perature operating conditions.

[0175] The voltage controller VCON selects VDD1 and
VDD2 SMPS modes of operation by writing over the 12C
interface a respective multi-bit command value at the respec-
tive address of VDD1 and VDD2 command configuration
registers. The multi-bit command values correspond, for
instance, to ON or Active mode, ON-Low-Power or Sleep
mode, Retention mode, and OFF mode.

[0176] The AVS voltage processor VP suitably waits a
somewhat longer period of time than the settling time to
ensure voltage control loop stability and have desirable over-
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damping (non-oscillatory or non-hunting behavior) in the
control loop performance. The voltage is changed from one
OPP to another OPP in a suitable number of steps to that
overdamped performance is maintained. In some embodi-
ments the settling time for widely-separated OPPs is on the
order of a millisecond, more or less.

[0177] InFIG. 20, the PRM Voltage management has sev-
eral blocks that manage the different voltage sources. Voltage
processors VP convert AVS sensor errors to voltage values
sent to the voltage controller VCON. The voltage FSMs 1 and
2 manage respectively VDD1 and VDD2 voltage. They either
send commands to the voltage controller (1I2C mode) or con-
trols VMODE1 and VMODE?2 signals (direct control mode).
The voltage controller VCON gathers commands from regis-
ter (direct access), voltage processors VP and voltage FSMs.
VCON then handles communication with the external IC
through the dedicated 12C interface. A GPCON FSM controls
SRAM and wake-up LDOs, analog cells sleep mode and level
shifters. Devices FSM sequences GPCON, voltage FSMs and
10 FSM during device OFF sleep and wake-up transitions. IO
FSMs manages 10 OFF mode control. In this way, static
leakage management (SLM) is integrated with DVFS/DPS/
AVS active power management.

[0178] In FIG. 21, various embodiments as described
herein are manufactured in process 6300 as illustrated in the
flow of FIG. 21 that begins at step 6305. A step 6310 prepares
RTL (register transfer language) and netlist for a particular
design including circuits of FIG. 4 and any of PRCM SM and
Peripherals SM in any of FIGS. 13-18 in one or more inte-
grated circuits or a system. In a step 6315, the design of global
hardware supervised power transition management circuitry
for interconnect clock and voltage control and power man-
agement of other blocks by combined DVFS/DPS/SLM/
AVS, for instance, is verified in simulation electronically on
the RTL and netlist. Verification checks contents and timing
of'shadow and parameter registers, operation of state machine
circuits under various configurations, handshakes, compli-
ance with power module dependencies and conditions invok-
ing DVFS, DPS, SLM, AVS, real-time and non-real-time
operations and interrupts, responsiveness to Go-bit, START _
bit_i, OK_ACK_i, TRANS, DONE, and PER_EN_i, and
transitions through handlers, and modes, sleep/wakeup, and
various attack scenarios. If verification evaluation step 6320
determines verification is not satisfactory, operations loop
back to step 6310. When satisfactory, the verified design
dataset and pattern generation dataset go to fabrication step
6325 in a wafer fab and packaging/assembly produces a
resulting integrated circuit. Step 6330 tests power manage-
ment by supplying a controllable clock and/or voltage for the
interconnect, operating a processor to make the Go-bit
request, and verifying actual successful comprehensive
sequencing of the interconnect or other power management
transition. Step 6330 verifies operations directly on first-
silicon and production samples such as by using scan chain
methodology on registers of power management circuitry,
peripheral circuitry, and other circuitry. Evaluation decision
step 6335 determines whether the chips are satisfactory, and if
not satisfactory, the operations loop back as early in the pro-
cess as step 6310 as needed to get satisfactory integrated
circuits.

[0179] Step 6340 provides a particular design and printed
wiring board (PWB) of the system unit, such as a modem, a
processor coupled to a modem, a controlled power manage-
ment circuitry, one or more peripherals coupled to the pro-
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cessor and state machines, and a user interface coupled to the
processor. Ina step 6345 a storage, such as SDRAM and Flash
memory for coupling to on-chip secure memory, is coupled to
the system and has configuration and parameters and a real-
time operating system RTOS, Public HLOS, protected appli-
cations (PPAs and PAs), and other supervisory software.
[0180] Step 6350 tests operations of the power manage-
ment circuits by confirming rapid interconnect power man-
agement transitions, for instance, operations of the integrated
circuit(s) and system in actual application. Rapid transitions
of OPP voltage and frequency are readily verified by electri-
cal programming and probing the SoC integrated circuit, such
as by physical probing or electrically testing via a serial scan
chain coupled to the power management state machines and
registers described herein, or probing the printed wiring
board PWB holding the system. SoC system power consump-
tion is significantly reduced, consequently increasing the bat-
tery life of battery 1280 of FIG. 2 and FIG. 23, and thus
making various embodiments attractive and competitive on
MIPS/Power ratio and other metrics.

[0181] In step 6350, verification and test operations are
applied pertaining to real-time and non-real-time operations,
power management, various real-time scenarios, system sta-
bility and performance, power management voltage voting
performance and efficiency and satisfactory operation of
mobile video display for continuity of content, phone,
e-mails/data service, web browsing, voice over packet, con-
tent player for continuity of content, camera/imaging, audio/
video synchronization, and other such operation that is appar-
ent to the human user and can be evaluated by system use.
Also, various attack scenarios are applied.

[0182] Step 6360 adjusts parameters of the power manage-
ment circuitry, the simplified software, and the system for
faster application execution, lower power dissipation, and
maintained or enhanced QoS (quality of service). Parameters
include enable/disable register bits in state machines, shadow
registers, parameter registers, and specified DVFS OPPs
parameters for them. If further increased efficiency is called
for in a step 6355, then step 6360 adjusts or reconfigures
parameter(s) and safety margins and loops back to reload
parameter(s) at step 6345 and do further testing. When satis-
factory at step 6355, operations proceed to step 6370, where
adjusted parameter(s) are loaded into the Flash memory or
otherwise, components are assembled on PWB to produce
resulting system units and END 6375 is reached.

[0183] In FIG. 22, an improved communications system
2000 has system blocks as described next and improved with
any one, some or all of the circuits and subsystems shown in
various Figures of the drawing. Any or all of the system
blocks, such as cellular mobile telephone and data handsets
2010 and 2010', a cellular (telephony and data) base station
2050, a WLAN AP (wireless local area network access point,
IEEE 802.11 or otherwise) 2060, a Voice over WLAN Gate-
way 2080 with user voice over packet telephone 2085 (not
shown), and a voice enabled personal computer (PC) 2070
with another user voice over packet telephone (not shown),
communicate with each other in communications system
2000.

[0184] Camera 1490 provides video pickup for cell phone
2020 to send over the internet to cell phone 2010, personal
digital assistant/personal entertainment unit PDA/PEU 2096,
TV 2094, automobile 2095 and to a monitor of PC 2070 via
any one, some or all of cellular base station 2050, DVB station
2020, WLAN AP 2060, STB 2092, and WLAN gateway
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2080. Handset 2010 has a video storage and other storage,
such as hard drive, flash drive, high density memory, and/or
compact disk (CD) in the handset for digital video recording
(DVR) such as for delayed reproduction, transcoding, and
retransmission of video to other handsets and other destina-
tions.

[0185] Ona cell phone printed circuit board (PCB) 1020 in
handset 2010, is provided a higher-security processor inte-
grated circuit 1022, an external flash memory 1025 and
SDRAM 1024, and a serial interface 1026. A PRCM 1050
(1185, 1470 of FIG. 23) is improved as in PRCM 3570 of
previous Figures. Serial interface 1026 is suitably a wireline
interface, such as a USB interface connected by a USB line to
the personal computer 2070 and magnetic and/or optical
media 2075. Cell phone 2010 intercommunication also
occurs via a cellular modem, WLAN, Bluetooth from a web-
site 2055 or 2065, television and physical layer (PHY) or
other circuitry 1028. Processor integrated circuit 1022 has
MPU (or CPU) block 1030 coupled to an internal (on-chip
read-only memory) ROM 1032, an internal RAM 1034, and
flash memory 1036. A security logic circuit 1038 is coupled to
secure-or-general-purpose-identification value (Security/
GPI) bits 1037 of a non-volatile one-time alterable Produc-
tion ID register or array of electronic fuses (E-Fuses).
Depending on the Security/GPI bits, boot code residing in
ROM 1032 responds differently to a Power-On Reset (POR)
circuit 1042 and to a secure watchdog circuit 1044 coupled to
processor 1030.

[0186] In FIG. 23, handset 2010 has an integrated circuit
1100 that includes a digital baseband (DBB) block that has a
RISC processor 1105 and a digital signal processor 1110,
communications and security software, and security accel-
erators 1140. A memory controller interfaces the RISC core
1105 and the DSP core 1110 to Flash memory 1025 and
SDRAM 1024. On chip RAM 1120 and on-chip ROM 1130
also are accessible to the processors 1110 for providing
sequences of software instructions and data thereto. A secu-
rity logic circuit 1038 of FIGS. 22 and 23 has a secure state
machine (SSM) 2460 to provide hardware monitoring of any
tampering with security features. A Secure Demand Paging
(SDP) circuit 1040 is provided for effectively-extended
secure memory.

[0187] Digital circuitry 1150 on integrated circuit (IC)
1100 supports and provides wireless interfaces for any one or
more of GSM, GPRS, EDGE, UMTS, and OFDMA/MIMO
embodiments. Digital circuitry 1160 provides codec for
CDMA (Code Division Multiple Access), CDMA2000, and/
or WCDMA (wideband CDMA or UMTS) wireless suitably
with HSDPA/HSUPA (High Speed Downlink Packet Access,
High Speed Uplink Packet Access) (or 1XEV-DV, 1xEV-DO
or 3xEV-DV) data feature via the analog baseband chip 1200
and RF GSM/CDMA chip 1300. Audio/voice block 1170
supports audio and speech/voice functions and interfacing.
Speech/voice codec(s) and user voice-recognition/voice con-
trol are suitably provided in memory space in audio/voice
block 1170 for processing by processor(s) 1110. Applications
interface 1180 couples the digital baseband 1100 to applica-
tions processor 1400. Power resets and control module 1185
provides power management circuitry for chip 1100. IC 1100
is coupled to location-determining circuitry 1190 for GPS
(Global Positioning System). IC 1100 is also coupled to a
USIM (UMTS Subscriber Identity Module) 1195.

[0188] In FIG. 23, a mixed-signal integrated circuit 1200
includes an analog baseband (ABB) block 1210 for GSM/
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GPRS/EDGE/UMTS/HSDPA/HSUPA and an analogous
ABB for CDMA wireless and any associated 1xEV-DV,
1xEV-DO or 3xEV-DV data and/or voice with its respective
SPI (Serial Port Interface), digital-to-analog conversion
DAC/ADC block, and RF Control pertaining to CDMA and
coupled to RF (CDMA) chip 1300. An audio block 1220 has
audio I/O (input/output) circuits to a speaker 1222, a micro-
phone 1224, and headphones (not shown). A control interface
1230 has a primary host interface (I/F) and a secondary host
interface to DBB-related integrated circuit 1100 of FIG. 2 for
the respective GSM and CDMA paths.

[0189] A power conversion block 1240 includes buck volt-
age conversion circuitry for DC-to-DC conversion, and low-
dropout (LDO) voltage regulators as in FIG. 2 for power
management/sleep mode of respective parts of the chip sup-
plied with voltages VDDx regulated by the LDOs. Power
conversion block 1240 provides information to and is respon-
sive to a power control state machine between the power
conversion block 1240 and circuits 1250 for clocking chip
1200. A touch screen interface 1260 is coupled to a touch
screen XY 1266 off-chip for display and control. Battery
1280 provides power to the system and battery data to circuit
1250 on suitably provided lines from the battery pack.

[0190] InFIG. 23 an RF integrated circuit 1300 includes a
GSM/GPRS/EDGE/UMTS/CDMA/MIMO-OFDMA  RF
transmitter block 1310 fed by baseband block 1210 of chip
1200, and Transmitter 1310 drives a dual band RF power
amplifier (PA) 1330. Switchplexer 1350 couples antenna and
switch to both the transmit portion 1310, 1330 via band-pass
filters 1360 to receiving LNAs (low noise amplifiers) coupled
to GSM/GPRS/EDGE/UMTS/CDMA demodulator 1370 to
produce I/Q (in-phase, quadrature outputs) to baseband block
1210. Replication of blocks and antennas is provided in a
cost-efficient manner to support MIMO OFDMA.

[0191] Chip 1400 has an applications processing section
1420 RISC processor 1422 (such as MIPS core(s), ARM
core(s), or other suitable processor), a digital signal processor
1424, and a shared memory controller MEM CTRL 1426
with DMA (direct memory access), and a 2D/3D graphic
accelerator. Speech/voice codec functionality is processed.
Off-chip memory resources 1435 include DRAM and flash
memory. Shared memory controller 1426 interfaces the RISC
processor 1422 and the DSP 1424 via an on-chip bus to
on-chip memory 1440 with RAM and ROM. Security logic
1038 of FIG. 22 and F1G. 23 (1038, 1450) includes hardware-
based protection circuitry, also called security monitoring
logic or a secure state machine SSM 2460 to monitor busses
and other parts for security violations. A JTAG emulation
interface couples to an oft-chip emulator Debugger, 12C inter-
faces to analog baseband ABB chip 1200, and an interface
couples to applications interface 11 80.

[0192] DLP™ display technology from Texas Instruments
Incorporated is coupled to interface 1410. A transparent
organic semiconductor display is provided on one or more
windows of the vehicle 2095 of FIG. 1 and wirelessly or
wireline-coupled to the video feed.

[0193] InFIG. 23, a WLAN and/or WiMax integrated cir-
cuit 1500 includes MAC (media access controller) 1510,
PHY (physical layer) 1520 and AFE (analog front end) 1530.
A MIMO UWB (ultra wideband) MAC/PHY supports
OFDM in 3-10 GHz. UWB bands. communications in some
embodiments. A digital video integrated circuit 1610 pro-
vides television antenna 1615 tuning, antenna selection, fil-
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tering, RF input stage for recovering video/audio/controls
from DVB station 2020 of FIG. 22.

[0194] Various embodiments are used with one or more
microprocessors, each microprocessor having a pipeline is
selected from the group consisting of 1) reduced instruction
set computing (RISC), 2) digital signal processing (DSP), 3)
complex instruction set computing (CISC), 4)

ASPECTS (See Notes Paragraph at End of this Aspects Sec-
tion.)

[0195] 1A. The electronic circuit claimed in claim 1
wherein said peripheral is operable for burst traffic and is
responsive to the first signal to complete the burst traffic prior
to stalling operation on said bus.

[0196] 1B. The electronic circuit claimed in claim 1 further
comprising a second peripheral coupled to said bus, the sec-
ond peripheral having a storing circuit for a second succes-
sion-presetting and a second parameter setting currently-ef-
fective for second peripheral operation on said bus, said
peripheral is responsive to the first signal to stall second
peripheral operation on said bus, said second peripheral oper-
able to automatically promote the second succession pre-
setting to currently-effective status for the second peripheral
after second peripheral operations on said bus are stalled and
responsive to the second signal to re-enable second peripheral
operation on said bus.

[0197] 1B1. The electronic circuit claimed in claim 1B
wherein said second peripheral is responsive with a second
handshake signal to the power management circuit when the
second peripheral operation on said bus is stalled, and said
power management circuit is responsive to occurrence of
both the handshake signal from the first peripheral and the
second handshake signal to initiate the bus frequency transi-
tion.

[0198] 1B1A. The electronic circuit claimed in claim 1B1
wherein the combination of power management circuit and
said peripherals is operable to contain a time interval to five
(5) microseconds or less between either handshake signal
from a peripheral and the second signal from the power man-
agement circuit and with peripherals operation with their
buffers uninterrupted by the stall of peripheral operations on
said bus.

[0199] 1C. The electronic circuit claimed in claim 1 further
comprising a bus frequency circuit operable to establish a bus
frequency for said bus in accordance with a currently-effec-
tive setting, the bus frequency circuit having another succes-
sion pre-setting, wherein said power management circuit is
operable to send a third signal to the bus frequency circuit to
promote that succession pre-setting to currently-effective sta-
tus in the bus frequency circuit, whereby the bus frequency
transition is initiated.

[0200] 1C1. The electronic circuit claimed in claim 1C
wherein said power management circuit is operable to pre-
program that frequency-related setting in the bus frequency
circuit in advance of said third signal.

[0201] 1C2. The electronic circuit claimed in claim 1C
wherein said bus frequency circuit is further operable to send
a fourth signal to the power management circuit representing
that the bus frequency transition is done.

[0202] 1D. The electronic circuit claimed in claim 1 further
comprising a processor coupled to said bus and having a
processor data buffer and said processor operable for process-
ing a signal stream with the processor data buffer during the
bus frequency transition.
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[0203] 1E. The electronic circuit claimed in claim 1 further
comprising a memory and wherein said peripheral includes a
memory controller coupled to said memory.

[0204] 1P. A process of operating an electronic circuit, the
process including

[0205] storing a succession-presetting and a parameter
setting currently-effective for peripheral operation on a
bus,

[0206] operating a power management circuit in

response to a power management transition request to
send a first signal, and to initiate a bus frequency transi-
tion, and to send a second signal after the bus frequency
transition, and

[0207] operating in a peripheral in response to the first
signal to stall peripheral operation on the bus, automati-
cally promoting the succession pre-setting to currently-
effective status for the peripheral after peripheral opera-
tions on said bus are stalled, and re-enabling peripheral
operation on the bus.

[0208] 11P. A process of power management comprising
responding to a power management transition request to acti-
vate a transition initiation signal and then responding to a
transition initiation acknowledgment to activate a frequency
control and then responding to a frequency stabilization sig-
nal to activate a transition completion signal.

[0209] 14P. A process of operating an electronic peripheral,
the process comprising:

[0210] responding to a transition initiation signal to dis-
able at least part of a bus interface circuit;

[0211] transferring current effectiveness between at least
two of the successively applicable power management
related control parameter values; and

[0212] responding to a re-enabling signal to re-enable
the disabled part of the bus interface circuit.

[0213] 19P. A process of operating an electronic image
processing system, the process comprising:

[0214] storing in an image peripheral a succession-pre-
setting and a parameter setting currently-effective for
image peripheral operation on said bus;

[0215] operating a processor to pre-program the succes-
sion presetting in the image peripheral and generating a
power management transition request;

[0216] operating a power management circuit in
response to the power management transition request to
send a first signal to the image peripheral, and initiating
a bus frequency transition, and sending a second signal
to the image peripheral after the bus frequency transi-
tion, and

[0217] operating the image peripheral in response to the
first signal to stall image peripheral operation on the bus,
automatically promoting the succession pre-setting to
currently-effective status for the image peripheral after
image peripheral operations on said bus are stalled and
responding to the second signal to re-enable image
peripheral operation on the bus.

[0218] Notes: Aspects are paragraphs which might be
offered as claims in patent prosecution. The above depen-
dently-written Aspects have leading digits and internal
dependency designations to indicate the claims or aspects to
which they pertain. Aspects having no internal dependency
designations have leading digits and alphanumerics to indi-
cate the position in the ordering of claims at which they might
be situated if offered as claims in prosecution.
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[0219] Processing circuitry comprehends digital, analog
and mixed signal (digital/analog) integrated circuits, ASIC
circuits, PALs, PL.As, decoders, memories, and program-
mable and nonprogrammable processors, microcontrollers
and other circuitry. Internal and external couplings and con-
nections can be ohmic, capacitive, inductive, photonic, and
direct or indirect via intervening circuits or otherwise as
desirable. Process diagrams herein are representative of flow
diagrams for operations of any embodiments whether of
hardware, software, or firmware, and processes of manufac-
ture thereof. Flow diagrams and block diagrams are each
interpretable as representing structure and/or process. While
this invention has been described with reference to illustrative
embodiments, this description is not to be construed in a
limiting sense. Various modifications and combinations of the
illustrative embodiments, as well as other embodiments of the
invention may be made. The terms “including”, “includes”,
“having”, “has”, “with”, or variants thereof are used in the
detailed description and/or the claims to denote non-exhaus-
tive inclusion in a manner similar to the term “comprising”.
The appended claims and their equivalents cover any such
embodiments, modifications, and embodiments as fall within
the scope of the invention.

What is claimed is:

1 An electronic circuit comprising

a bus;

a peripheral coupled to said bus, the peripheral having a
storing circuit for a succession-presetting and a param-
eter setting currently-effective for peripheral operation
on said bus; and

a power management circuit operable in response to a
power management transition request to send a first
signal to said peripheral, and to initiate a bus frequency
transition, and to send a second signal to the peripheral
after the bus frequency transition, and

said peripheral is responsive to the first signal to stall
peripheral operation on said bus, said peripheral oper-
able to automatically promote the succession pre-setting
to currently-effective status for the peripheral after
peripheral operations on said bus are stalled and respon-
sive to the second signal to re-enable peripheral opera-
tion on said bus.

2. The electronic circuit claimed in claim 1 further com-
prising a processor operable to pre-program the succession
pre-setting in the peripheral.

3. The electronic circuit claimed in claim 1 further com-
prising a processor operable to issue the power management
transition request to the power management circuit.

4. The electronic circuit claimed in claim 1 wherein said
peripheral is responsive with a handshake signal to the power
management circuit when the peripheral operation on said
bus is stalled, and said power management circuit is respon-
sive to the handshake signal to initiate the bus frequency
transition.

5. The electronic circuit claimed in 1 wherein said storing
circuit includes a buffer, and said peripheral is operable to
continue peripheral operations with said buffer regardless of
whether peripheral operation on said bus is stalled.

6. The electronic circuit claimed in claim 5 wherein said
peripheral is responsive with a handshake signal to the first
signal from said power management circuit, and said buffer
has a buffer signal representing a state of readiness, and said
handshake signal depends on the buffer signal.
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7. The electronic circuit claimed in claim 1 wherein the
combination of power management circuit and peripheral is
operable to contain a time interval between the first and
second signals to five (5) microseconds or less and with
peripheral operations with said buffer uninterrupted by the
stall of peripheral operations on said bus.

8. The electronic circuit claimed in claim 1 further com-
prising a memory controller peripheral having a storing cir-
cuit for a second succession-presetting and a second param-
eter setting currently-effective for memory controller
operation on said bus, said memory controller responsive to
the first signal to stall memory controller operation on said
bus and to automatically promote the second succession pre-
setting to currently-effective status for the memory controller
and responsive to the second signal to re-enable memory
controller operation on said bus.

9. The electronic circuit claimed in claim 1 further com-
prising a memory controller coupled to said bus and to a
memory and said memory controller operable to send a
memory controller reporting signal to said power manage-
ment circuit representing memory usage, with said power
management transition request a function of the memory
controller reporting signal.

10. The electronic circuit claimed in claim 1 further com-
prising a direct memory access (DMA) controller coupled to
said bus and said DMA controller operable to send a DMA
reporting signal to said power management circuit represent-
ing DMA load, with said power management transition
request a function of the DMA reporting signal.

11. A power management article comprising:

an input for a power management transition request;

an output for a transition initiation signal;

an input for a transition initiation acknowledgment;

an output for a frequency control;

an input for a frequency stabilization signal;

an output for a transition completion signal; and

a state machine responsive to the input for the power man-

agement transition request to activate the output for a
transition initiation signal and then responsive to the
input for the transition initiation acknowledgment to
activate the output for the frequency control and then
responsive to the input for the frequency stabilization
signal to activate the output for the transition completion
signal.

12. The power management article claimed in claim 11
further comprising a second input for a second transition
initiation acknowledgment, and said state machine respon-
sive to said first-named and second transition initiation
acknowledgments to activate the output for frequency con-
trol.

13. The power management article claimed in claim 11
further comprising a combining circuit having a plurality of
transition initiation acknowledgment inputs, said combining
circuit jointly responsive to the transition initiation acknowl-
edgment inputs to supply said input for a transition initiation
acknowledgment to said state machine.

14. An electronic peripheral comprising:

a functional circuit for establishing peripheral functional-

ity;

a bus interface circuit coupled to said storage circuit;

a storage circuitry coupled to said functional circuit and to

said bus interface circuit, said storage circuit having a
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data buffer and a space for successively applicable
power management related control parameter values;
and

a peripheral controller responsive to a transition initiation

signal to disable at least part of the bus interface circuit,
and to transfer current effectiveness between at least two
of the successively applicable power management
related control parameter values, and responsive to a
re-enabling signal to re-enable the disabled part of the
bus interface circuit.

15. The electronic peripheral claimed in claim 14 wherein
said peripheral controller is further responsive to the transi-
tioninitiation signal to activate a handshake acknowledgment
output.

16. The electronic peripheral claimed in claim 14 wherein
said bus interface circuit has a part operable for burst traffic
and said peripheral controller is further responsive to the
transition initiation signal to disable the part operable for
burst traffic when that part has completed transfer of pending
burst traffic.

17. The electronic peripheral claimed in claim 14 wherein
the bus interface is coupled to said storage for control of bus
interface operation based on a currently-effective control
parameter value.

18. The electronic peripheral claimed in claim 14 wherein
said peripheral controller is further responsive to a control
code input to determine which of the power management
related control parameter values becomes currently-effective.

19. An electronic image processing system comprising:

processing circuitry operable for image processing;

a bus coupled to said processing circuitry;

an image peripheral coupled to said bus, the image periph-

eral having a storing circuit for a succession-presetting
and a parameter setting currently-effective for image
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peripheral operation on said bus, said processor operable
to pre-program the succession presetting in the image
peripheral and to generate a power management transi-
tion request; and

a power management circuit operable in response to the

power management transition request to send a first
signal to said image peripheral, and to initiate a bus
frequency transition, and to send a second signal to the
image peripheral after the bus frequency transition, and
said image peripheral is responsive to the first signal to stall
image peripheral operation on said bus, said image
peripheral operable to automatically promote the suc-
cession pre-setting to currently-effective status for the
image peripheral after image peripheral operations on
said bus are stalled and responsive to the second signal to
re-enable image peripheral operation on said bus.
20. The electronic image processing system claimed in
claim 19 further comprising a wireless modem coupled to
said processing circuitry, and a display coupled to said image
peripheral.
21. The electronic image processing system claimed in
claim 19 further comprising a camera sensor coupled to said
image peripheral.
22. A manufacturing process comprising
preparing design code representing a peripheral having a
bus interface and a register field for a current setting
related to power management and a register field for a
shadow setting related to power management and a
power management circuit coupled to the peripheral to
stall the bus interface and promote a shadow setting to
the current setting, and re-enable the bus interface; and

making at least one integrated circuit by wafer fabrication
responsive to said design code.

sk sk sk sk sk

Petitioner Samsung Ex-1025, 0042





