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Abstract

Increases in circuit density and clock speed in modern VLSI designs have brought thermal
issues into the spotlight of high-speed integrated circuit design. Local overheating in one spot
of a high-density circuit, such as a CPU or high-speed mixed-signal circuit, can cause a whole
system to crash. Clock synchronization problems, parameter mismatching and other
coefficient changes due to temperature gradients generated by uneven heat-up of on-chip
circuitry are the major reasons for system failure. The early stage of this project completely
characterized the local heat-up problem in system-on-chip designs. The impact of temperature
gradients on circuit behavior is evaluated. A systematic solution to thermal management is
proposed. Instead of worst-case thermal management used in conventional systems, this
design targets nominal power dissipation and requires the system to actively manage its
thermal activity, including monitoring thermal activity and reacting to specified conditions
through the control of cooling mechanisms to ensure operation within specification. This work
includes the design and implementation of circuits and architectures of several building blocks
for SoC thermal managements. They are Thermal management architecture, system
management bus interface for SoC platform design, on-chip temperature sensor design for
deep sub-micron technology. An intellectual property for thermal management is proposed
and integrated to modern SOC CAD flows. The success of this project offers an opportunity
for modern system-on-chip designs to incorporate thermal management techniques to enhance
system stability and performance. This design vyields intricate control and optimal
management with little system overhead and minimum hardware requirements, as well as
provides the flexibility to support different management algorithms.

Keywords: System-on-chip, VLSI, thermal management, intellectual property

# (011 £ 13 ¥ ¥ 2 7



90/12/21 3 37

= ~d 9 2 pen

“5‘.?{ A FHT RO E
FAFHTRDY ﬂ—*ﬂ‘ﬂ A = '%:Qﬁ’(%ﬁﬁ‘z%:l;ﬂﬁimﬁq‘*ﬁ%x » i
Ju i &‘b 9
B A

M-

AT IR mﬂt/f@“’ :
L] o F]pt SOC mm_ﬁi /N
% o

=t
o
<
3

EAFLOAD > A PHFMTEL DERLE B TR S RAE P A
170 R %ﬁ%C BT A L —@Hﬁmﬁng%ai<g,l%y%ggg
B P ML G ARG o 28 0 ARG AR S T G AR kg YR
G (4o kS E%:ﬁ $#t system management bus)iT— & > @ e K 2 F - B EP AR
(prototype IP)e @ J5 5 % S22 5o % éj,_,m—r:}:;l-.%z FE AH KRR 2EF R b el B TR

FEIBRMaRiY o

PR RF Lo Ak P R R R(T R Efii ORI I ﬁ;f]“"%iﬁ.ﬁv.t
Rz i?'g‘f e 7}1 %i‘)j\& |4 % LR R Z m_émrrppg,g /PJ s TG R E 2 (}11 2R
MR HIVE L E )T v iy o § BT R uﬁ?ﬂm&im_}i?ﬂ —\(?érﬁgﬁﬁu g
SgE) A i&-sbﬁl—# W Bk &“L&"ﬂ}}’{}‘""ﬁ TR el s f._,F. BkED] FAAERERA
5 PTE I 0 @k SR T R R onac s o Ft a8 oo

AIFFORGFL EZA XIME > B - M A &}i?rg_é,\zﬁw SOC /i & 2.2k 3-89 i » A
FAHRELS TSRS = ‘ij‘éf;‘i%@.fﬁ K THEE RO SRR FLR

BpERFERKR 5 - BHERWA M TR P b K - BRRL Y U REE
ﬂ%°%—*“WW%¥iﬁ*§H“ﬁxE&ﬂwmﬁ’d*“WE%ﬁﬁﬁagﬂﬂ%wug
fed @ PP B RERPIE S GBI d N RE B BT R A 0.6um T ®ATF R
HFEER > FP A E 2 A H0255um WX ERAR R ESOTR 2 A HME M -
el - %5 -3 d AT FTFPREREORERFIL L NLIS HS0C K@ ¥ o

AL DF MG RAH A FZAIFT 2R A% R MR L RHhE o ik
Rl A3 FHHERFR RN FLTPTH2 > FRINARN BT RFE SR L
B ARPEH T g3k o

BN Rl TR T

I oA ATy R XA A BIMA - FURRFIE RS K E R
AFRLE EH P AREIE- A 0 TR EIRA N R R

(1) B A FE 5%

*K?Lm«m)?:? AR - o ARM NIRRT AR g R e Te Y o B R F
Foh s BUGd - BARER 6 — kg R #L(SI\/IBus)i\fg R R E TRk Aehip B
PR SR LR A ks B F o R A SMBUs Ad B GEIUELAT A -
o o — i #_SMBCLK (one direction) » — i¥ 2 SMBDATA (bi-direction) 4-(# 1.1) > ¥
o o TR RS IRy fo R R TR S IRl o 1R (R 1.2) 2 (B 1.3) ok i
Bl ki = SMBus -7 Master % % £ Slave %% > Z# LB R § 1L L S # rﬂm&‘i%tﬁ—l % i3
T AL > TR B E Y R Rk o s FYRTRATEIEG 0 AT RINER D
LR A

# (011

S+

13 ¥ ¥ 3 7



# (011

|| Threshold Temperature

Monitor

90/12/21 3 37

A

Offset Temperature
Monitor

-| Power/Cooling Level (0)

Power

Multi-level controller (0) Controller

A

A

Wiatchdog Unit

Power/Cooling Level (3)

—

Multi-level controller (3)

()

Power Control/Active Cooling Unit

Qutput and Interrupt
Generator

Temperature (0)

Temperature Sensor

Interface (0)

Host Interface

Temperature (3)

Temperature Sensor

Interface (3)

00

Temperature Acquire Unit

Threshold Registers (0~7)

[
B S S 5

Offset Threshold

Registers (0~1)

1

Configuration Registers

—L 9 — 1

0-2)

Programmable Unit

Processor

"JDD = ay Bus — W
f ]
R SMBus SMBus
3 davice device
L SMIBCLK
l SMBOAT
& *

®l= ~ SMBus 7 ¥



90/12/21 3 37

- p,
emable = | Bis is basy
g ™
Dcmior ]-
L ; A
Vi
1 / 1
- N / “.
s J ,{ ME  fu
L . fi .
."'l/ LY -“’ll ™,
/
- 2 ,-—1 - Fd 3 ol [ome \
Read Write P I"'.I P
w= | / y '\,I !
g - mdrstate =3, ‘ A f |
N A :
v erable m0 | ' ‘ Address \
ox rabate =2 | o |
—1 g
. ¢ i 4 \\. rw=1{
erable =0 sl \ |\
- & - { )
| _— | | 1
99 e rstate =2 oy I | ] |
£ SN I_lﬁ
erable = ¢ R4 . :
T i RER
— Read ( Wiz ‘
F W . /
L1 r f
— Y 7 N/
| S, F

\_
Bl= - SMBus Master%%_}k‘ﬁgl%] Bz -~ SMBus Slave % % ;i i B

g b i > gd cell-based 3 infe kR FLeRERE AR TR RFR e » B i
* ehi 42 5 TSMC 0.25 micron CMOS technology - (8] 1.4) & ¢t % Svenfice o 1 35 > (4 1.1)
BEA A endr N Tl PR T w B oo Multi-level Controller fv—- B TMU > - i@
SMBbus - H ¢ ¢ J£- i Slave £ ¥ fr— B Master £ ¥ » k= = e & ¢ 12 % 58 4o(B
15) G 2 Fensk e 52,2 SoftIP>v 3 2 et B kg &> 2 3 DS enst iy o

top.v
TM_SMBsalve.v SMBmaster.v
mlc.v tmu.v SMBslave.v

# (011 £ 138 7 ¥ 5 F



90/12/21 3 37

- el T

Wt i Wokcp [ Fd | Hes i
top.v 55 System Integrated
TM_SMBslave.v 70 SMBus Slave and TMU Integrated
SMBmaster.v 262 SMBus Master Device
SMBslave.v 208 SMBus Slave Device

N N S L

tmu.v 470 Thermal Managemet Unit (TMU)
mlc.v 20 Multi-level Control
| [OX
K FANO[7:0] | | RESET ouT {>Fano
FoL - _I ||
RESET FAN1[7:0] D_IN[7:0]
RESET
FREQDIV_Mut-evel controller FAN2[7:0] VG
FAN3[7:0] | [OX
SENO[7:0] | | | ReseT  our [ >ran
K ouT[7:0]
CLK[> scLl - SENO[7:0] D_IN[7:0]
RESET B UT_EN ]
FREQDIV_SMBslal INE7:0] N e
. SENO[7:0] |_ | [Ox
IN_EN
- @ RESET  OUT T >Fan2
| & =
= S D_IN[7:0]
| O [ -
RESET__> ESET 55 = = ™U MLe
TIK
ADDR(2:0] [ MDDR[2:0] 1
RESET  OUT {>Fans
SMBCLK[ > \BCLK L
SMBDATIN[_> N SMBDATOUT D_IN[7:0]
SMBslave MLC
> SENSORO[7:0]
a scu > SENSOR[7:0]
RESET_N___> .
B ESET > SENSOR2[7:0]
FREQDIV_SMBmaster
~> SENSOR3[7:0]
> INTR
RESET CLEAN —> TR oFFs
EN > EN FAIL ~> SMBDATOUT
R [ RW ouT[7:0] e
NI IN[7:0]  OUT_EN —raLm
SMBCLKIN M SMBCLKIN ~ SMBCLKOUT > ouT M7
SMBDATIN > SVBDATIN ~ SMBDATOUT —ourenm
SMBmaster >SMBCLKOUT_M
~> SMBDATOUT_M

(2)8 B R BIE

pt 84 ¢ 7 .BICMOS PTAT (Proportional to Absolute Temperature), MOS PTAT, = & fi »
# % B (Oversampling Sigma-Delta Modulator) & = B384 > i 4o

# (011 £ 138 7 ¥ 6 F



a .BiCMOS PTAT (Proportional to Absolute Temperature)

VDD

VDD

M1 | ot [0 M3 Lh i V4 M1 LI:
il gy - & M2
P " s MGEI)J ¢ .
B I: Mo .
o M7 I: M8 o N
F | Qz?l [ in
=

g]_:

() 2.1)% - & PTAT sz 1‘;& 4 3% M3~M9 & - 3

vD2=VD1: > ¥

TEL" f'_?, T
Delta Modulator # -4 & on* > i i #

~ BICMOS PTAT #

B )

VEB 3 f g

L

M43

M a7 2

Iptat
Veb2

M9
VRbe

FiE ¥ 2

F’F' ) fﬁt\;{ 1L ‘

Qg in A EHER - £ XEE(F 22)%“ 1%‘
GLH-PTAT 2 048 L gi;l DI ERleT AR - &mOversampIing Sigma
GHcengF i o &2 PTAT &

SFL o S M43 &2 MA4 el Ry e o R R TS 7 e

M44

Iref

Tk

90/12/21 3 37

M45

M43

Rbe.

@B ~ ~ BICMOS PTAT #c * ?»EFL%J O =kl =3

,‘g’:gig‘ ggﬁ y EIJ
A

» M47 &2 M2

ur_f;Z fﬁ"ﬁi

00
vl ol N
400
-
o el i
L .
ES
gm E—Z[I[Im
i & -l
e
i
I
'
B
S
/ 12
3 B0 a8 0 3 I I DU IS X R 6 T b T ] 3 ki 3 & gl 5 f [ i k! O 1 VI R VSR S v 12
g Tengpent (i) DEG_2) i L T mm)m[)
hooA BN L)
F4 ~ PTAT i B+~ PTAT R i #7 & g R4
|
Wi
860
i
W \
b
28160 \
Bl
ERTETS
gzmz“
Mt
60
86
246
i
M L
b ez s
b
e R AR e
g 5D @ 5 m 5 @ f M T @ & @ % W M5 W 15y
Tempezatore (lin) (DEG_C)
€ _ B M 18 5k L
) Sy R E A pk
: — " .
% CO011 = 13 E T F



90/12/21 3 37

S 73 PTAT

B4 i3m0 PTAT Rungrif B R A1 250 L enBl 5> @ B3
KD TR D

AT R e B A g k325 1°C rmpwﬂﬂf p\ @ B - R IR
#7"{%]»’9 f 24 798UA ~ 24.828UA 2. » & F 2L ] o

b.MOS PTAT- .
ws 4o 'F||~—|E‘ms LA
ws |l we M6
m _J— [ m2 - M2

+
RS Vprar - =

B+ - -~ MOSPTAT(l) & § @ Bl = ~ MOS PTAT(Il) & §®
B~ = &- & MOSPTAT 3 1 - M1 ~ M2 3 i% 7= weak inversion region » # |-V & & & 31!
4p #c & fc(exponential) # 1+ 5 M3~M8 = = — ORA(Operational Transresistance Amplifier) - #
TR E ML M2 AT iR o dopt = k> PEIBATIE Y T BRIV EHER - B

ZEEBL P T MI~MIL B T g S P w AR

Woliages (lin)
2
5

S
g O 40 W @ o U 3 4 0l k 8 USRS SV VRS TN €l N L
Tempersture {lin) (DEG_C)

B+ = ~ Vprar V.S. Temperature

S

# (011 13 ¥ ¥ 8 T



90/12/21 3 37

(BLe)~(B+7) »%95 (B )~(B+=) ? Vprar# Vop it % > K RBI° #

é 4 (7 R ¥ ' 3] 1.2V ; PSRR(Power Supply Rejection Ratlo)?xi $50dB 4t - (BL =)
» (B2 )~ (B2 ) ¢ Verar$HE R S % - Bl ¥ % 12 12 all MOS % il
BA - R @2 RILS - IR R o

C. = & ff 4 # ® F(Oversampling Sigma-Delta Modulator)

Oversampling Sigma-Delta ¢ ﬁém#rﬁ A4 - RAfET R 1 ADCH 5 i B e "fr’j
N lﬁﬁsq/\*i? BB o mﬁ?% POEPREUA R SE o i@ R AR (SNR)’ &g
33 247 & ADC m%%@ U T R AR AR }iiﬁf"&*v:‘;ri R Fl A RAEH A
%;Tr?ﬁe#ﬁfimADC 2. b oo ¥FiFEH +/lfi1,§,/?J‘3?* B R E 0 - LR AR R PR R

TEFEIFIIT P AEL B G F L M ’*#E%i- R AR - o — 4@ 3 8bit I
10bit @ e (Fxf & 43 IMHZ 00 @ 59 AR FRP KO R T IS0 B =+ » 2 E 3]}
EREE s @B — = ﬁ.ﬁ-é\‘g% ¥ 7 ,é? - ﬂ?ﬁ’f#@-&r@]"—; TR 0 BT R B G
g]__l_ N o

Vi1 Vo1 _
Vem C2 L,é'

\ K k R :
ébLJﬂﬁLfsi:>h\%> L 1-bit

f ;
( Vem K ]I IrCE |J§“_£I>Uraf

Vi2 <

-

Bt -z ARARRE

va wref,
vil {
e
ve
vemi | |
L

AN N

vi2

# (011 £ 138 7 ¥ 9 7



90/12/21 3 37

FRERY 3 T8 e LR T PAER vV RE offset R TR -PFHRIEE
IO WM AER AP T B enL (P S A Beihaban 4 R R Z
CHFPERT R A - BARF LRI RSN TR RPRARE LR F LR (B L)
folded cascade i& & 2z~ BT @] o (B= )5 YACPHFF VR B AT ER > 1% & 3
> lateh S - @ chffe (T R A o IF PR o R (T en PRS-

PO M-

Folded-cascode l:ll I|:| CMFB

o—| |—o -Vo +Vo _I

+Vi -Vi :||_||: II:I__,:"J :Il—"
i T L

L

I L L R R R R R R, )

Latch

-Vo +Vo
—0 e

P4

-IJ
T
¢

W

o s HHE

- »—||f|

Bl -+~ BT RE

Yyasansenbebbabrsbetreveranununndnanaad

FLIEE LR LR R RR Y Y]

RS R E AR R g LR N RO UL 0 B F RS R S e
T 5 i P~k v (Oversampling ratio) » (Bl= + - )Pkt 5 64 chiisi s % - (Bl= -+ = )EiF
Bfft 5 256 iR SR o

# (011

S

13 ¥ % 10

>



90/12/21 3 3=

128 e % &

CEBE

v
"

BB B R R

¥
WU

(3)if & p 1@ i

BEEER AN G b B

=

......
rrrrr
HH = ===

— N

F-

# (011



Bl-te ~BERRRBEG HEF

foo CEREEARE L

90/12/21 3 37

operation frequency

Thermal management 100 MHz
operation frequency

SMB slave and master 500kHz
operation frequency

Multi-level controller 10kHz

Technology

TSMC 0.25um Mixed Signal (1IP5M) CMOS

Power Consumption

10mw

Transistor/Gate Count

152340.484375/17.28 = 8816

Chip Area (um?)

Total: 1535 x 1535

Pins Total: 104 pins
DC Power: 21 pins (Core power)
AC Power: 11 pins (Pad Power)
System signals: 72 pins
(1) TM and SMBslave (2) SMBmaster
input: 39 pins input: 13 pins
output: 7 pins output: 13pins
Package Type CQFP128
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Abstract.

A novel fully integrated dynamic thermal management circuit for system-on-chip design is proposed.

Instead of worst-case thermal management used in conventional systems, this design yields continual monitoring
of thermal activity and reacts to specified conditions. With the above system, we are able to incorporate on-chip
power/speed modulation and integrated multi-stage fan controllers, which allows us to achieve nominal power
dissipation and ensure operation within specification. Both architecture and circuitry are optimized for modern
system-on-chip designs. This design yields intricate control and optimal mangement with little system overhead
and minimum hardware requirements, as well as provides the flexibility to support different thermal mangement

algorithms.

Key Words:

1. Introduction

Increases in circuit density and clock speed in mod-
ern VLSI designs have brought thermal issues into the
spotlight of high-speed integrated circuit design. Local
overheating [1] in one spot of a high-density circuit,
such as CPUs and high-speed mixed-signal circuits,
can cause a whole system to crash due to resulting clock
synchronization problems, parameter mismatches or
other coefficient changes due to the uneven heat-up
on a single chip [2].

Passive heat dissipation mechanisms, such as heat
sinks and fans, are widely used in system design. Re-
cently, advanced computer systems and circuit designs
have incorporated active mechanisms to detect and
properly handle an over-heating event [3]. Such a capa-
bility guarantees the system will operate within a cer-
tain package temperature specification to avoid failure.
The ACPI (Advanced Configuration and Power Inter-
face) standard is an example specification for active

*This research was supported by DARPA contract F30602-98-2-
0180, USA and by National Science Council grant NSC-92-2215-E-
009-042-, Taiwan.

T Author to whom correspondence should be addressed. Tel.: +886-
35-712121 ext. 54597, 4996-918422677, Fax: +886-35-5710116.

thermal management, system-on-chip, VLSI system design

power and thermal management in personal computer
systems [4,5]. However, the ACPI standard is quite lim-
ited, as it simply supports extra control to turn on or
off a cooling mechanism and shift the alert level that is
fed back to the system.

Asdie size and power density increase in this system-
on-chip (SoC) era, the management of package tem-
perature is no longer sufficient to solve the problem.
Uneven heat-up and temperature offset on chip [1,6,7]
has become a major factor and limits the system per-
formance. A good example is the recent Intel recall on
Pentium IIT 1.13 GHz CPUs [8-10]. Recent research
has focused on predicting on-chip temperature offset
[1] and electro-thermal simulations [7,11,12] to pro-
vide thermal distribution information to circuit simula-
tion to achieve more accurate circuit behavior predic-
tions. Such research is valuable for circuit design, but
post-fabrication approaches to addressing on-chip tem-
perature offsets are also needed as die size and power
density increase. Without such an approach, some
circuit behavior becomes unacceptable, which makes
management and control of on-chip temperature offset
as important as the reduction of package temperature.

In this research, we propose a dynamic thermal man-
agement circuit to provide a watchdog for system-on-
chip designs. This circuit is optimized in architecture
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and circuit implementation to fit system-on-chip de-
signs. The following items describe the technical justi-
fication of the thermal management design for SoC that
we take into consideration. First, since an on-chip mon-
itoring mechanism is included, complicated electro-
thermal or numerical thermal simulation [7,11,12] can
be omitted. However, an analytical model [1,6,7] pro-
viding sufficient information like temperature range
and quality guidelines for circuit designers is bene-
ficial. Second, architecture and circuit implementation
will be constrained to be compatible with the system’s
process (most likely to be a digital process), and min-
imum extra system resources should be used. There-
fore, an interrupt-based system will be implemented,
and reprogramming to provide flexibility and simplify
the architecture will be supported. Finally, with respect
to system integration, a complex cooling system that
requires extra processing steps is not chosen, although
this proposed system has the potential to cooperate with
such novel micro-machining cooling methods [13]. In-
stead, a pure digital design for a fan controller is attrac-
tive if the circuit block is small enough. Target systems
with power management can take advantage of such a
cooling mechanism when combined with thermal man-
agement systems.

Given the above considerations, a circuit based on
our previous research [ 14—-16] with significant architec-
ture enhancements is proposed. Those enhancements
are described as follows. First, the number of tempera-
ture sensors has been increased to fit the need of more
complex systems to monitor the temperature in several
locations throughout the system. Second, the updated
architecture provides simultaneous monitoring of mul-
tiple temperature sensors instead of the previous ap-
proach of single-sensor monitoring at a time. Third,
circuits to monitor temperature offset between sensors
and thresholds for interrupts that provide alerts other
than package temperature have been added. Fourth, the
threshold values have been expanded to have upper and
lower limits for each sensor in order to achieve a more
robust monitoring capability. Last, we have integrated
a multi-channel, multi-stage fan controller, which we
developed as an active cooling mechanism for main-
taining a consistent package temperature.

These enhancements are aimed at solving thermal
problems specific to SoC designs. The proposed ther-
mal management subcomponents are encapsulated into
a single IP block to foster use by the SoC market,
in which the IP-based design approach has become
very popular. The resulting discrete IP block facilitates

verification of the architecture and thermal manage-
ment algorithm through small low-cost test proto-
types without compromising the applicability of the
approach to SoC designs.

In Section 2, the function and architecture of
the Thermal Management Circuit are described. In
Section 3, the implementation plan of this system
is addressed. A summary and conclusion follow in
Section 4.

2. Function and Architecture
2.1. Architecture

The architecture of the thermal management circuitry
is divided into two portions: the thermal management
circuit blocks and the system integration blocks. The
former represent the designed thermal management
system, and the latter represent the interface to the tar-
get system. The designed thermal management system
could be applied to different SoC designs. However, the
system integration portion is modified to fit different
target systems as well as prototyping implementations.

The block diagram of the dynamic thermal man-
agement circuit is shown in Fig. 1. The thermal man-
agement circuit blocks are the white boxes with shad-
ows; the gray boxes represent the system integration
blocks. The function of every block is described in
Section 2.1.1 and Section 2.1.2.

2.1.1. Thermal Management Circuit Blocks

o Temperature Acquisition Unit: This unit is simply
an interface to acquire temperature from sensors.
This circuit could be very different when applied to

Y N

Temperature Temperature
Sensors "| Acquisition Unit ™

A 4

Active Cooling Programmable Programmable
Unit: < Unit: Registers Watgchdo Unit
Fan Controllers and Masks 9
Active Cooli N
¢ |vEni;):o 'ng Output and
System Speed CPU/System < » Glnterru;tn
Controller enerator

Fig. 1. Block diagram of the dynamic thermal management circuit.



different temperature sensors. In our prototype sys-
tem, a commercial temperature sensor with one-bit
serial output will be used. The major function of this
circuit is to convert and latch the temperature input to
parallel digital values. In our prototype design, four
sensors with 16-bit precision are supported. Sensor
placement will be optimized by application of the
developed analytical model [1,6] to compensate for
the temperature offset between the heat source and
sensor. Thus, the same analytical model will also
predict the maximum reading error with respect to
the highest junction temperature. These offsets will
be processed in the Temperature Acquisition Unit in
order to provide a complete thermal analysis of the
target to the thermal management system.

e Programmable Unit: This unit contains § threshold
registers to program the high and low threshold val-
ues for each temperature sensor. Two threshold reg-
isters for upper and lower bounds are provided for
offset temperatures between different sensors. With
these threshold values, the watchdog unit can gener-
ate interrupts for desired situations. Three fan-speed
registers provide the setup for the integrated fan con-
trollers. Interrupt mask and offset mask registers in-
dicate which interrupts should be enabled and which
set of temperature sensors should be included for
offset temperature monitoring. Finally, decoding cir-
cuitry and necessary configuration registers provide
the communication signals between the processor
and other circuit blocks.

e Watchdog Unit: This unit contains two monitoring
circuits: the threshold monitor for each temperature
sensor, and the offset temperature monitor. Both cir-
cuits are designed to minimize circuit area while pro-
viding sufficient speed to compare the sensors pro-
vided in the system.

e Output and Interrupt Generator: This unit provides
data outputs that are read by the system CPU, like
temperature value, offset temperature value, and in-
terrupt types.

e Active Cooling Unit-Fan Controller: There are two
active cooling units: the integrated fan controller and
the system speed controller provided by the system.
The integrated fan controller circuit is based on our
previous pure-digital fully integrated design [15].

2.1.2. System Integration Blocks

o Temperature Sensors: Many kinds of temperature
sensors can be used in this design. Our previous
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on-chip temperature sensor design is one option for
system-on-chip design. For the prototype, we are us-
ing acommercial part with a system management bus
interface [17].

e CPU/System: For pure system-on-chip design, the
thermal management circuitry should be directly
mapped into a CPU special-purpose register and in-
terrupt space. In this prototype design, a memory-
mapped approach will be implemented to emulate
the proposed architecture. This approach also sup-
ports a flexible off-chip hardware and software plat-
form for testing the circuit.

e Active Cooling Unit-System Speed Controller: For
complete dynamic thermal management systems, the
processor should be able to use the offset temperature
data to tune the speed of different execution units to
maintain the offset temperature within specification.
Tradeoffs for slowing down some execution units are
necessary in a critical temperature situation to pre-
vent system failure. The mechanisms provided in the
SoC implementation or processors should cooperate
with this circuit to provide the function of managing
the offset temperature.

2.2. Operating Modes

The operation of the thermal management system can
be divided into three modes from the point of view of
the processor. They are the programming, data acquisi-
tion, and interrupt modes. Each mode requires different
timing and data order definitions, which will be im-
plemented in the programmable unit of the system.
The basic functionality of each mode is described
below.

e Programming Mode: This mode provides the func-
tion to program the threshold registers for tempera-
ture sensors and offset temperatures, mask registers
for interrupt and offset temperature monitoring, and
fan stage assignments for the integrated fan con-
trollers. To conserve address space, the multiple
temperature sensor registers will be mapped to the
same address, with the configuration register con-
tents specifying which set is actually being accessed.

e Data Acquisition Mode: This mode provides the ca-
pability for the processor to read data and status from
the thermal management circuit in a polling fashion.
Information like current temperatures, offset temper-
atures, setups, and interrupt status can be acquired by
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the processor as often as it wishes to flexibly support
different thermal management algorithms.

e [nterrupt Mode: Interrupts are provided for desig-
nated alert conditions, and interrupt type information
is also provided when the interrupt service routine
reads the interrupt type register.

2.3. System Integration

The thermal management circuit architecture for an
SoC design is proposed in the previous sections. How-
ever to prove the validity of the complete architecture,
some attention to detail must be given to the system
integration blocks (gray boxes in Fig. 1). The tech-
nical decision and justification for these blocks are
given here with a detailed implementation following in
Section 3.

To reduce circuit complexity and die size in this area-
constrained prototype chip, an off-the-shelf processor
with conventional interface signals will be used for the
prototype of the SoC design. In our previous design, a
PowerPC interface was implemented [14], but in this
prototype, a simpler memory-mapped interface will be
implemented for more flexible hardware/software sup-
port. The basic function and architecture of the ther-
mal management system are not affected since only
system integration portions of the proposed designed
have been modified due to the prototyping limitations
as discussed in Section 2.

Instead of using on-chip temperature sensors from
previous research [17], we will use external commer-
cial parts for monitoring temperatures. Although on-
chip sensors provide direct temperature readout with-
out constraining the data transfer protocol due to pin
limitations, as the number of sensors increases, the die
size limit makes using on-chip sensors impractical for
this prototype. Furthermore, the interface to the exter-
nal sensors requires very few pins, and the sensors are
not the focus of this prototype.

3. Prototype Implementation

A prototype implementation of the proposed design
is presented in this section. Due to the limitations of
an area-constrained prototype TinyChip [18] and cost
of integrating the proposed IP to a complete SoC de-
sign, the prototype thermal management system is im-
plemented separately from the processor (computer
system). In Fig. 2, a detailed block diagram of a

prototype design is presented. Block diagrams of the
offset temperature monitor and threshold temperature
monitor are shown in Figs. 3 and 4. Both designs
achieve minimum area with sufficient speed to respond
to system temperature changes.

As shown in Figs. 2—4, the proposed SoC IP is im-
plemented in a discrete fashion while adhering to the
[P-based design methodology. Using this approach,
the proposed thermal management architecture is ver-
ified using the external temperature sensors and cool-
ing mechanisms; such parts and processors are often
treated as “hard” IPs in modern SoC design flows. Once
the architecture and management algorithms are veri-
fied, this design can be easily integrated to [P-based
platform design flows. The following remarks address
the compatibility of the prototype implementation with
the proposed architecture:

e The SoC computer system will be replaced with a
hybrid design consisting of a commercial processor
and a prototype TinyChip. Since the proposed de-
sign requires a special register and address mapping
in the processor, a bus interface circuit between the
Thermal Management Unit and processor is imple-
mented to replace the special register and address
mapping. The signal assignment between bus inter-
face and Thermal Management Unit will accurately
reflect the proposed design.

o Since the target temperature reading is on the proces-
sor, amatching hybrid temperature sensor part for the
processor is used to replace the on-chip one. This sit-
uation introduces an extra System Mangement Bus
Interface [17] between the Thermal Management
Unit and temperature sensor used. This mechanism
provides the ability to measure the target proces-
sor’s temperature and does not impede the concept
of the proposed design since the on-chip temper-
ature sensor is implemented in our previous re-
search [19], matching the qualification defined in
Section 2.

e Even with the added blocks and replacement parts
needed for an initial prototype implementation, the
signal assignment and design specification is still
valid for SoC design. The prototype implementation
is simply used to verify the architecture as described
in Section 2.

e In both designs of offset temperature monitor and
threshold temperature monitor, the speed of the tem-
perature sensors and speed of the programmable unit
have been defined to use a single comparator circuit
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to monitor multiple sensors using serial I/O, thus
an implementation of more then 4 channels in this
design can be done with very little extra circuitry.

With this sample prototype design, the proposed
thermal management system for SoC design can be

Low Threshold Serial In

Fig. 4. Threshold temperature monitor.

easily verified. Also, different approaches for a thermal
management system can be easily implemented with
the proposed architecture, since this system provides
flexible ways for systems to read the temperature, set
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the threshold value for interrupt generation, and mea-
sure temperature values from different sensors. This
design can be used to implement but is not limited
to the ACPI protocol. For instance, the temperature
threshold can be set to any number of values to rep-
resent any number of critical situations. Fuzzy logic
control and other algorithms requiring more levels of
alerts can be applied. Also with the capability of ac-
tively acquiring temperature measures at any time, the
CPU can verify a desired temperature response when it
exectues a cooling action. With this feedback, actions
like increase/reduce FAN speed and clock rates can be
applied for more compex management algorithms.

4. Conclusion

A novel fully integrated dynamic thermal manage-
ment circuit for system-on-chip design has been de-
scribed. The architecture and design detail with its jus-
tification, as well as the final system integration for
a complete thermal management system for SoC de-
sign was presented. The innovative temperature off-
set monitoring provides a mechanism for system-on-
chip designs to monitor the temperature offset across
the system and enhance stability. With proper han-
dling of this information, the system not only prevents
failure but also enhances performance by controlling
each subcomponent’s operation speed with feedback
from thermal information. With minimum overhead in
chip area and system resources, this design provides
intricate control and optimal thermal management on
chip, upon which a complete dynamic thermal man-
agement system for modern computer designs can be
implemented.
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