SOLID-STATE
CIRCUITS

Google Exhibit 1100

Google v. Singular







IEEE JOURNAL OF SOLID-STATE CIRCUITS

The IEEE JOURNAL OF SOLID-STATE CiReUITS is published by the IEEE Solid-State Circuits Society. All IEEE members are eligible for membership and will receive this JOURNAL
upon payment of the annual society membership fee of $20.00. For information on receiving this JOURNAL, write to the [EEE Service Center at the address below. Member copies of

Transactions/Journals are for personal use only.

President

R. C. JAEGER

Alabama Microelectronics Ctr.
Auburn Univ., AL 36849
FAX: (334) 844-1888

Elected for 2004-2006 Term
B. ACKLAND

Agere Systems

Old Bridge NJ 08857

Elected for 2005-2007 Term
W. BIDERMANN

PIXIM, Inc.

883 N. Shoreline Blvd, C-200
Mountain View CA 94043
Elected for 2005-2008 Term
W. GAss

6 Crownwood Ct.

Dallas TX 75225-2068

Vice President
WILLY SANSEN
K.U. Leuven
Leuven Belgium
FAX: +32 16 321975

G. BALDWIN
Dept. EECS
Univ. of California
Berkeley CA 94720

D. JOHNS

SOLID-STATE CIRCUITS SOCIETY

http://sscs.org
Secretary Treasurer
D. A. JOHNS R. KUMAR

Univ. of Toronto

10 King’s College Rd.
Toronto ON

Canada M5S 3G4
FAX: (416) 971-2286

Technology Connexions

2160 Sage View Rd.
Poway CA 92064
FAX: (888) 386-2030

ADMINISTRATIVE COMMITTEE

T. LEE

Ctr. for Integrated Systems

Stanford Univ.

Stanford CA 94305-4070

T. FIEZ

School of EECS

Dept. Elect. Comp. Eng.
Univ. of Toronto
Toronto ON Canada M5S 3G4

A. HAJIMIRI
California Ins. of Technology
Pasadena CA 91125-0001

Oregon State Univ.
Corvallis OR 97331-3736

P. J. HURST

Univ. of California
Dept. Elect. Comp. Eng.
Davis CA 95616

Past President

S. H. LEwis

Univ. of California
2064 Eng. I

Davis CA 95616
FAX: (530) 752-8428

J. RABAEY

Dept. EECS

Univ. of California
Berkeley CA 94720

T. SAKARAI

Inst. of Ind. Science
Univ. of Tokyo
Tokyo 153-8505 Japan

A. MATSUZAWA
Tokyo Inst. of Tech.
Ookayama, Meguro-ku
Tokyo 152-8505 Japan

Executive Office
sscs@ieee.org
Executive Director:
A. O’NEILL

(732) 981-3401
FAX: (732) 981-3401
a.oneill@ieee.org

J. VAN DER SPIEGEL

Dept. Elect. Syst. Eng.
Univ. of Pennsylvania
Philadelphia PA 19104

M. SOYUER
IBM T. J. Watson Res. Ctr.
Yorktown Heights NY 10598

I. YOUNG
Intel Corp.
Hillsboro OR 97124

EDITOR

K. NAGARAJ JSSC, EDITOR
Texas Instruments Incorporated
12500 T. L. Blvd.,, MS 8723 Dallas TX 75243

Fax: (215) 480-3807

jssc@ti.com

Associate Editors

A. R. BEHZAD
Broadcom Corp.
15435 Innovation Dr.
San Diego CA 92128
FAX: (858) 521-5622
arya@broadcom.com

P. GILLINGHAM

Mosaid Technologies Inc.
11 Hines Road

Kanata ON K2K 2X1
Canada

FAX: (613) 591-8148
gillingham @mosaid.com

A. HAJIMIRI

Caltech

CALTECH MC 136-93
Pasadena CA 91125
FAX: (626) 395-8952
hajimiri @caltech.com

P. HURST

Univ. California

Dept. Elect. Comput. Eng.
Davis CA 95616

FAX: (530) 752-8428
hurst@ece.ucdavis.edu

A. N. KARANICOLAS
True Circuits Inc.
4300 El Camino Real,
Ste. 200

Los Altos CA 94022
FAX: (650) 949-3454
ank @truecircuits.com

P. KINGET

Dept. Elect. Eng.
Columbia Univ.

1312 S. W. Mudd Bldg.
New York NY 10027
FAX: (212) 932-9421
kinget@ee.columbia.edu

J. (H-C) LIN

MSTAR Communications
51 Discovery, Ste. 200
Irvine CA 92618

FAX: (949) 417-3196
jerry.lin@mstarcomm.com

I. MEHR

Analog Devices

804 Woburn St.
Wilmington MA 01887
FAX: (781) 937-1001
iuri.mehr@analog.com

U. MooN

Dept. Elect. Comput. Eng.
Oregon State Univ.
Corvallis OR 97331-3211
FAX: (541) 737-1300
moon@ece.oregonstate.edu

MICHAEL R. LIGHTNER, President and CEO

LEAH H. JAMIESON, President-Elect

J. ROBERTO DE MARCA, Secretary
JOSEPH V. LILLIE, Treasurer

‘W. CLEON ANDERSON, Past President

MOosHE KAM, Vice President, Educational Activities
STEVEN J. HILLENIUS, Director, Division |

IEEE Executive Staff
JEFFRY W. RAYNES, CAE, Executive Director & Chief Operating Officer
MATTHEW LOEB, Corporate Strategy & Communications
RICHARD D. SCHWARTZ, Business Administration

DONALD CURTIS, Human Resources

ANTHONY DURNIAK, Publications Activities
JUDITH GORMAN, Standards Activities

CECELIA JANKOWSKI, Regional Activities
BARBARA COBURN STOLER, Educational Activities

Editorial Director: DAWN MELLEY

D. MUKHERIEE
Scintera Networks
San Jose CA 95129
FAX: (408) 5572812
debanjan @ieee.org

B. NAUTA

CTIT Research Inst.

Univ of Twente

P.O. Box 217, 7500 AE Ensched
The Netherlands

FAX: +31 53 489 1034
B.Nauta@el.utwente.nl

Y. OOWAKI

Memory LSI R&D Ctr.
Semiconductor Co.
Toshiba Corp.

A. ROTHERMEL

Univ. Alm

Abteilung Allgemeine
Elektrotech Mikroelek
D-890081 Ulm Germany
FAX: (49) 731-50-262222
arothermal @ieee.org

S. Rusu

Intel Corp.

Mail Stop SC12-408
Santa Clara CA 95052

E. SACKINGER
Conexant

STE Bldg., 2-5-1, Kasama, Sakae-ku 100 Schulz Dr.

Yokohama 247-8585 Japan
FAX: 81 45 890 2493
yukihito.oowaki @toshiba.co.jp

IEEE Officers

Red Bank NJ 07701
FAX: (732) 345-7598

D. Su

Atheros Communications
5480 Great America Pkwy.
Santa Clara CA 95054
FAX: (408) 773-9940
dsu@atheros.com

F. SVELTO

Univ. degli Studi di Pavia
Dipt. Elettronica

Via Ferrata 1

1-27100 Pavia Italy
FAX: +39 0382-422583
francesco.svelto@unipv.it

J. T.Wu

Nat. Chiao-Tung Univ.
Dept. Electron. Eng.
1001 Ta-Hsuch Rd.
Hsin-Chu, 300

Taiwan R.O.C.

FAX: +(886) 3-571-5412

eduard.sackinger @conexant.com jtwu@mail.nctu.edu.tw

SAIFUR RAHMAN, Vice President, Publication Services and Products
PEDRO RAY, Vice President, Regional Activities

DONALD N. HEIRMAN, President, IEEE Standards Association
CELIA L. DESMOND, Vice President, Technical Activities

RALPH W. WYNDRUM, JR., President, IEEE-USA

CHRIS BRANTLEY, [EEE-USA

MARY WARD-CALLAN, Technical Activities
SALLY A. WASELIK, Information Technology

IEEE Periodicals
Transactions/Journals Department
Staff Director: FRAN ZAPPULLA

Production Director: ROBERT SMREK

Managing Editor: MONA MITTRA  Senior Editor: ELIZABETH STEWART

IEEE JOURNAL OF SOLID-STATE CIRCUITS (ISSN 0018-9200) is published monthly by The Institute of Electrical and Electronics Engineers, Inc. Responsibility for the contents rests
upon the authors and not upon the IEEE, the Society/Council, or its members. IEEE Corporate Office: 3 Park Avenue, 17th Floor, New York, NY 10016-5997. IEEE Operations
Center: 445 Hoes Lane P.0. Box 1331, Piscataway, NJ 08855-1331. NJ Telephone: +1 732 981 0060. Price/Publication Information: Individual copies: IEEE members $20.00 (first
copy only), nonmembers $56.00 per copy. (Note: Postage and handling charge not included.) Member and nonmember subscription prices available on request. Available on CD-ROM
and DVD (see http://www.sscs.org/jssc/) as well as in microfiche and microfilm. Copyright and Reprint Permissions: Abstracting is permitted with credit to the source. Libraries are
permitted to photocopy for private use of patrons, provided the per-copy fee indicated in the code at the bottom of the first page, is paid through the Copyright Clearance Center, 222
Rosewood Drive, Danvers, MA 01923. For all other copying, reprint, or republication permission, write to Copyrights and Permissions Department, IEEE Publications Administration,
445 Hoes Lane, P.O. Box 1331, Piscataway, NJ 08855-1331. Copyright © 2006 by The Institute of Electrical and Electronics Engineers, Inc. All rights reserved. Periodicals Postage Paid
at New York, NY, and at additional mailing offices. Postmaster: Send address changes to [EEE JOURNAL OF SOLID-STATE CIRCUITS, IEEE, 445 Hoes Lane, P.O. Box 1331, Piscataway,
NJ 08855-1331. GST Registration No. 125634188. Printed in U.S.A.

Digital Object Identifier 10.1109/JSSC.2006.873776



IEEE JOURNAL OF

SOLID-STATE
CIRCUITS

A PUBLICATION OF THE IEEE SOLID-STATE CIRCUITS SOCIETY

APRIL 2006 VOLUME 41 NUMBER 4 IJSCBC (ISSN 0018-9200)

SPECIAL ISSUE ON THE 2005 SYMPOSIUM ON VLSI CIRCUITS

Introduction to the Special Issue on the 2005 Symposium on VIESTICITCUILS oo sefess T. Kuroda and S. V. Kosonocky

747

DIGITAL PAPERS

Enhancing Microprocessor Immunity to Power Supply Noise With Clock-Data CompenSation .........oevveeeeenrirananens
............................................................................ K. L. Wong, T. Rahal-arabi, M. Ma, and G. Taylor
A Fully Pipelined Single-Precision Floating-Point Unit in the Synergistic Processor Element of a CELL Processor......
.......................................................................................... H.-J. Oh, S. M. Mueller, C. Jacobi, K.
D. Tran, S. R. Cottier, B. W. Michael, H. Nishikawa, Y. Totsuka, T. Namatame, N. Yano, T. Machida, and S. H. Dhong
Pulsed Current-Mode Signaling for Nearly Speed-of-Light Intrachip COMMUNICAON ......viviiiiiiiieeireeee
................................................................................... A. P. Jose, G. Patounakis, and K. L. Shepard
AES-Based Security Coprocessor IC in 0.18-ym CMOS With Resistance to Differential Power Analysis Side-Channel
ATACKS! 45 ; svases sosbiss i vosdiosen D. D. Hwang, K. Tiri, A. Hodjat, B.-C. Lai, S. Yang, P. Schaumont, and 1. Verbauwhede
A Self-Tuning DVS Processor Using Delay-Error Detection and COITECHON .....eerueeeinniieeiiieea e iaiaaaaaasaaanns
...................................... S. Das. D. Roberts, S. Lee, S. Pant, D. Blaauw, T. Austin, K. Flaumer, and T. Mudge
Delay and Power Monitoring Schemes for Minimizing Power Consumption by Means of Supply and Threshold Voltage
Control in Active and Standby MOES ......cuuruernrrneeusmniiiimrettnetateatsas et sr s asartrasesseseasttrsie
M. Nomura, Y. Ikenaga, K. Takeda, Y. Nakazawa, Y. Aimoto, and Y. Hagihara

749

759

172

781

792

805

MEMORY PAPERS
A Low Leakage SRAM Macro With Replica Cell Biasing SChEME ..cseivsaprnnssensscruurnsnmesraspasstsisnssnssnusseasans s
........................................................ Y. Takeyama, H. Otake, O. Hirabayashi, K. Kushida, and N. Otsuka

An Autonomous SRAM With On-Chip Sensors in an 80-nm Double Stacked Cell Technology .........ccoevieniiiieninn.
..................................................................... K. Sohn, H.-S. Mo, Y.-H. Suh, H.-G. Byun, and H.-J. Yoo

....................................................... C. Park, H. Chung, Y.-S. Lee, J. Kim, J. Lee, M.-S. Chae, D.-H. Jung,
S.-H. Choi, S. Seo, T.-S. Park, J.-H. Shin, J.-H. Cho, S. Lee, K.-W. Song, K.-H. Kim, J.-B. Lee, C. Kim, and S.-1. Cho

815

823

831

ANALOG PAPERS
A Direct Digital Frequency Synthesizer With Fourth-Order Phase Domain AY Noise Shaper and 12-bit Current-Steering

T & o orlis e siswrals Evisorsins e o ST A I8 8 AR TR AT T wrodis o F. F. Dai, W. Ni, S. Yin, and R. C. Jaeger
A Sensitivity and Linearity Improvement of a 100-dB Dynamic Range CMOS Image Sensor Using a Lateral Overflow
Integration Capacitor ..............ooeoeeees N. Akahane, S. Sugawa, S. Adachi, K. Mori, T. Ishiuchi, and K. Mizobuchi

839

851

< IEEE



Managing Subthreshold Leakage in Charge-Based Analog Circuits With Low-Vry Transistors by Analog T- Switch
LATSWHCH SN Super SMBnIRCMOS OIS . e o i g SRR B BT R R A

......................................................... K. Ishida, K. Kanda, A. Tamtrakarn, H. Kawaguchi, and T. Sakurai 859
A CMOS Oversampled DAC With Multi-Bit Semi-Digital Filtering and Boosted Subcarrier SNR for ADSL Central Office
Madems i S il e QU R TN N L s A. C. Y Lin, D. K. Su, R. K. Hester, and B. A. Wooley 868
An Energy-Efficient Analog Front-End Circuit for a Sub-1-V Digital Hearing Aid DDAt st s bt o e st
........................................................................... S. Kim, J.-Y. Lee, S.-J. Song, N. Cho, and H.-J. Yoo 876
A 14-bit Digitally Self-Calibrated Pipelined ADC With Adaptive Bias Optimization for Arbitrary Speeds Up to 40 MS/s ..
.................................................................................. K. lizuka, H. Matsui, M. Ueda, and M. Daito 883
COMMUNICATION PAPERS
A CMOS Ultra-Wideband Impulse Radio Transceiver for 1-Mb/s Data Communications and +2.5-cm Range Finding ..
.............................................................. 1. Terada, S. Yoshizumi, M. Mugsith, Y. Sanada, and T. Kuroda 891
A 20-GHz Phase-Locked Loop for 40-Gb/s Serializing Transmitter in 0.13-m CMOS .........ooooommroe
............................................................... J. Kim, J.-K. Kim, B.-J. Lee, N. Kim, D.-K. Jeong, and W. Kim 899
A CMOS Finite Impulse Response Filter With a Crossover Traveling Wave Topology for Equalization up to 30 Gb/s ...
.................................................................................................... J. Sewter and A. C. Carusone 909
A Multi-Rate 9.953-12.5-GHz 0.2-pm SiGe BiCMOS LC Oscillator Using a Resistor-Tuned Varactor and a Supply
Pusling Lancellation CIOUIL ...... wowe « i sricens s sdions s s bhmiok s ortinios s s 55505 ots s s tabit thmms e A. Maxim 918
A 6-GSamples/s Multi-Level Decision Feedback Equalizer Embedded in a 4-Bit Time-Interleaved Pipeline A/D
CONVELIET . e orairse sissmson wfoiory ssrsmisere S pios s § A ST AR, R W g Oy o (s e A. Varzaghani and C.-H. K. Yang 935
A 13-dB TIP3 Improved Low-Power CMOS RF Programmable Gain Amplifier Using Differential Circuit
Transconductance Linearization for Various Terrestrial Mobile D-TV Applications .............. I. W. Kim and B. Kim 945
A 22-Gb/s' PAM-4 Receiver in 90-nm CMOS SOT TechBglOgy =, ... oo i et vesten s oo da id LV G AT
.......... I Toifl, C. Menolfi, M. Ruegg, R. Reutemann, P. Buchmann, M. Kossel, T. Morf, J. Weiss, and M. L. Schmatz 954
A 1-MHZ Bandwidth 3.6-GHz 0.18-um CMOS Fractional-N Synthesizer Utilizing a Hybrid PFD/DAC Structure for
Roduced Broadband Phase NOISE ... uvesssevssassnmnsiiinmr prrss s sansess o brsrorssnyss ea S. E. Meninger and M. H. Perrott 966
A 0.I3 pm CMOS Front-End, for DCS1800/UMTS/802.11b-g With Multiband Positive Feedback Low-Noise
TIPITTCT K vcons 1matirs s ite £ Somse oo Ao ST ol oSl o A. Liscidini, M. Brandolini, D. Sanzogni, and R. Castello 981
Pulse-Width Modulation Pre-Emphasis Applied in a Wireline Transmitter, Achieving 33 dB Loss Compensation at 5-Gb/s
LT3 ENOSE, 1 S S s e e o J.-R. Schrader, E. A. M. Klumperink, J. L. Visschers, and B. Nauta 990




IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. 41, NO. 4, APRIL 2006

759

A Fully Pipelined Single-Precision Floating-Point
Unit in the Synergistic Processor Element
of a CELL Processor

Hwa-Joon Oh, Member. IEEE, Silvia M. Mueller, Christian Jacobi, Kevin D. Tran, Scott R. Cottier, Member, IEEE,
Brad W. Michael. Hiroo Nishikawa, Yonetaro Totsuka, Tatsuya Namatame, Naoka Yano, Takashi Machida, and
Sang H. Dhong, Fellow, IEEE

Abstract—The floating-point unit (FPU) in the synergistic
processor element (SPE) of a CELL processor is a fully pipelined
4-way single-instruction multiple-data (SIMD) unit designed to
accelerate media and data streaming with 128-bit operands. It
supports 32-bit single-precision floating-point and 16-bit integer
operands with two different latencies, six-cycle and seven-cycle,
with 11 FO4 delay per stage. The FPU optimizes the performance
of critical single-precision multiply-add operations. Since exact
rounding, exceptions, and de-norm number handling are not
important to multimedia applications, IEEE correctness on the
single-precision floating-point numbers is sacrificed for perfor-
mance and simple design. It employs fine-grained clock gating
for power saving. The design has 768K transistors in 1.3 mm?,
fabricated SOI in 90-nm technology. Correct operations have
been observed up to 5.6 GHz with 1.4 V and 56 °C, delivering
44.8 GFlops. Architecture, logic, circuits, and integration are
codesigned to meet the performance, power, and area goals.

Index Terms—Floating-point arithmetic, integrated circuit de-
sign, microprocessors, very large-scale integration.

I. INTRODUCTION

HE synergistic processing element (SPE) [1] of a CELL
processor [2] is the first implementation [3] of a new archi-
tecture designed to accelerate multimedia applications, such as
three-dimensional (3-D) graphics, media streaming, and signal
processing. Real-time multimedia applications demand single-
precision performance significantly exceeding that of conven-
tional processors. An SPE contains a set of 128 registers that
are 128 bits wide. These registers are used by both floating-point
unit for single- and double- precision arithmetic and fixed-point
unit for 32-bit integer arithmetic and logical operations [1].
The single-precision floating-point unit (FPU) of the SPE
is a 4-way single-instruction multiple-data (SIMD) design.
Vector computing (or SIMD) has been used in supercomputers
and modern microprocessors have media extensions such as

Manuscript received September 5, 2005; revised December 19, 2005.
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SSE, MMX, and VMX/AltiVec for an SIMD design. Most
instructions at the FPU in the SPE process 128-bit operands,
divided into four 32-bit word slices. Each of the four slices sup-
ports 32-bit single-precision and 16-bit integer multiply—add
instructions and convert instructions between single-precision
floating point and integer. The single-precision floating-point
multiply-add instruction consumes three register operands
and produces a register result. Operands are fetched from the
register file (RF) to the operand latches of the FPU. Either
floating-point results are bypassed directly from the result
multiplexer of the FPU to the input operand latches of the FPU
to reduce the result latency or results of the FPU are sent to
the forward unit (FW) from where they are distributed to other
units (i.e., fixed-point unit, register file, or local-store unit).
Fig. 1 shows a simplified FPU pipeline structure.

II. DESIGN CHALLENGES

A. 11 FO4 Design

Recent studies [4] show that the pipeline depth for a per-
formance optimized design is in the range of 6-8 fanout-of-4
(FO4) inverter delays per stage. Whereas for a power- and per-
formance-optimized design, study [5] suggests an optimal delay
of about 18 FO4 per stage (consisting of a logic delay of 15 FO4
and 3 FO4 latch insertion delay). The first implementation of
CELL processor uses a design point of 11 FO4 per stage, since
performance and power are important. The latency of the FPU
is six cycles for single-precision instructions in order to meet
the performance requirements of the target workloads. Since re-
sult forwarding takes 6 FO4, the whole delay budget including
latch insertion delays is 60 FO4 for the single-precision logic.
A state-of-the-art FPU has a latency of around 100 FO4 [6]
since single-precision data are usually handled in the double-
precision unit. To design a dedicated six-cycle single-precision
floating-point unit with 11 FO4 cycle time required optimiza-
tions at all design levels: architecture, logic, circuits, layout, and
placement.

B. Latch Insertion Delays

CMOS static gates are used to implement most of the logic;
dynamic circuits are used in certain timing critical areas. Alatch
insertion delay of 2 FO4 to 3 FO4 occupies a significant portion
of the 11 FO4 cycle. In order to minimize this delay, a special
latch selection was provided (Table I). There are three types of
latches: type-C, type-D, and type-E. All latches have multiple

0018-9200/$20.00 © 2006 IEEE

This material may be protected by Copyright law (Title 17 U.S. Code)
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B RF: Register File

F: Floating Point
FWE: Forward Even

16-bit integer single- Tt
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Formatter
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& Aligner e :
[
Adder & >
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& Result mux
single-precision

16-bit integer & convert

Fig. 1. Simplified pipeline structure of the floating-point unit at the SPE.

TABLE I
CUSTOM LATCH TYPES PROVIDED IN THE IMPLEMENTATION OF THE CELL PROCESSOR
Tt Scan or Dynamic Nominal latch Height of
Trpe Chatyichasietios non-scan or static insertion delay bit cell

Type-C | It combines up to 9:1 multiplexer. | scanonly | dynamic data: 3FO4 high

Itis called High Performance selection: 4.5FO4

Latch (HPL) [2]
Type-D | General purpose Flip/Flop scan and static 3FO4 middle

non-scan

Type-E | Low setup time pulsed latch. Input | non-scan | static 2.3FO4 low

is either an inverter or a NAND2. | only

levels of driver size and pre-defined levels of local clock buffers
(LCBs).

Type-C (high-performance latch [2]) latch includes a multi-
plexer up to eight inputs (one input is used for scan-in). It ac-
cepts static inputs, drives static outputs, and requires only 3 FO4
data delays for both multiplexing and latching function. Due to
its internal dynamic circuits, the selection signal of the multi-
plexer requires about 4 FO4 set-up time. Sometimes, that selec-
tion path becomes critical path in the unit timing.

Type-D is the basic transmission-gate flip-flop. It includes a
normal and a scan signal as inputs. It is the standard latch used
all over the chip.

Type-E is a pulsed latch which can reduce the insertion delay
by replacing the inverter with NAND?2 logic with latch function.
Its transparent window allows it to borrow up to 1 FO4 from

the next or previous cycle; that helps balancing the delay of
multi-cycle paths.

Both type-C and type-E of latches are heavily used in the FPU
to improve timing.

C. Width Restrictions and Macro Placements

The physical width of each FPU slice is 46 bits wide and
has to be aligned to the data flow stack of the SPE. From the
register file through fixed-point units down to the FPU, the
46-bit data flow stack consists of a 32-bit data area and a 14-bit
clock-bay area. The clock bay area occupies in the center area
over two slices: slice0 data (32-bit), slice0 clock-bay (14-bit),
slicel clock-bay (14-bit), slicel data (32-bit). The area of slice2
and slice3 follows the same way as the placement of slice0 and
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are two bit-images such as 16 track/bit and 12 track/bit.

slicel. Standard bit image is 16 tracks per bit, where a track is
a Metal-2 or a Metal-4 pitch in IBM SOI technology.

The 46-bit data flow is very narrow for a FPU since interme-
diate results require 11-bit exponents and up to 96-bit fractions.
The FPU data flow is split into an exponent (9 bit wide) and a
fraction part (37 bit wide). Most fraction macros are folded to
reduce their width. The FPU layouts use two different bit im-
ages, 16 track/bit and 12 track/bit. 16-track/bit regions assign 9
bits for exponent and 37 bits for fraction, whereas 12-track/bit
- regions assign 12 and 49 bits, respectively. The placement of
- macros and buffers is shown in Fig. 2.

In the CELL microprocessor, the main high-frequency clock
grid covers over the FPU area [2]. Each macro has its own
Metal-3 clock pins. Those clock pins are connected to global
clock grid at the chip level integration step. The LCB of each
macro is generally located at the sides of the latch bit cells, far
left or far right. Sometimes, there is no space next to latch bit
cells. In that case, the LCB is located above or below the row of
latch bit cells.

In conventional designs, a multiplier and an aligner are placed
side by side since they process the operands simultaneously.
Due to the width restriction, the aligner was placed between the
multiplier and the adder. The operands for the aligner have to
fly over the multiplier, and the multiplier results have to fly over
the aligner in order to get to the adder. Thus, the narrow design

—

Fig. 2. Floor plan and placement of FPU macros, buffers, and stand-alone latches. Each slice has vertical dataflow of the exponent and the fraction area. There

increases the wire length and the wire congestion. To ensure
that the unit can be wired and to limit the timing impact, the
designers had to have careful wire planning from the beginning
of the project. Wire and re-powering delays were limited to 30%
of a cycle: strict wiring assignments were applied. Macro level
wiring was restricted to Metal-3 and below. Some macros have
mandatory empty wiring tracks at Metal-2 for global wiring.

D. Optimizing for the Target Applications

The FPU is optimized for single-precision multiply—add type
instructions [7]. In order to achieve the performance goal of the
target applications and to meet their special architecture needs,
the handling of single precision floating point numbers at the
FPU deviates from the IEEE standard in some points [8], [9]:
It only supports truncation rounding and no-trapping exception
handling. De-normal numbers are flushed to zero. Numbers with
the maximum exponent e = 255 are treated as regular numbers
rather than representing NaN and infinity. In media applications,
NaN and infinity usually have no real meaning but the extended
data set is very useful. Operations which produce an overflow
saturate to the maximum representable number instead of in-
finity. These features are effective and useful in handling mul-
timedia applications such as streaming and 3-D graphics. Note
that a special exception flag is set at the floating-point status
and control register (FPSCR) whenever the result could deviate



762

25-bit Multiplier

23-bit Single Precision fraction =
16-bit Integer

l

Implied bit at Single-Precision
sl

MSB\\ > LSB

Operand-B [oo.oooooooooooooooooooooool()o

<

IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. 41, NO. 4, APRIL 2006

s L SN St T A T i
binarypoint ¢ O - 2y HEA G N6 G 8l L0 (12 <«—— |3 Booth recodings
Single Precision Operand 01 | fraction (23-bit) l
Signed Integer - .
multiplier or multiplicand ISIS‘ integer (16-bit) lzero (7-bit) I
Unsigned Integer : : 5
multiplier or multiplicand | 0] 0] integer (16-bit) | zero (7-biy |
§$5S5500000000000000000000000000
Si:SignbitforZ’scomplement ISeeeecececcccccosonoe0000o0oe S,
S : Complement of sign bit 1S5eee0eecceecc00c00o0oe0ocoes 5,
S : Sign bit ISeeeeeccceccescccoocsscocoescs
@ : Partial Product ISeceeeeeeoscececeeccocoeeeo0e® S
1S5eeeeeececcscscosseccccccocone s
1Seeeceeecececcccccoccoocooe s
ISeeeeeccessccccccsoscceccose 5
1Seeeeecccesscccssscccorcccecns s
1S5eeeeeeccccccccsccccsecoooee s
1S00000000000000000000000000 S,
1Seececoce00000cr00000000000
ISeeccceccccccsccccrvccccece s
Sp=0
SUM: 000000000000000000000000000000000000000000000000(
carry: 00 000000000000000000000000000000000000000000000

\binary point

Fig. 3. Partial product of 25-bit multiplier with hot-1 encoding.

from the IEEE result. This enables software support for missing
IEEE single-precision features.

III. MAIN BUILDING BLOCKS

A. Formatter

The main data flow is designed to execute single precision
floating instructions in six cycles. An extra format stage is added
to pre-process the operands of integer and convert instructions.
With this extra cycle, 16-bit integer multiply—add and convert
operations are executed in the main single-precision pipeline
as special floating point multiply add operations. Thus, the
FPU has two different latencies, six-cycle for single precision
multiply-add type instructions and seven-cycle for instructions
which require operand formatting. These seven-cycle FPU
instructions comprise integer multiplies, FPSCR write, integer
converts, and floating-point interpolation.

The mantissa of a floating-point number is an unsigned
number, whereas the integers are either two’s complement or
unsigned numbers. In order to perform the multiplication of
these data types in the same multiplier, the operands need some
sign extensions: 1) The floating-point mantissa gets extended
with a zero sign. 2) The signed integer multiplier operands get

sign extended by two bits. 3) The unsigned integer multiplier
operands get extended by two zero sign bits. The embedding
method is shown in the middle of Fig. 3. After the sign exten-
sion, the floating-point operands have a 25-bit mantissa. The
integer multiplier and multiplicand are 18 bits; they are mapped
into the most significant bits (MSBs) of the mantissa.

B. Multiplier

The multiplier uses radix-4 Booth recording, which cuts the
number of partial products in half and supports two’s comple-
ment number multiplications. The recording method scans 3-bit
with 1-bit overlap in the B-Operand (Fig. 3). Those 3-bit Booth
digits together with the A-operand define the value of the cor-
responding partial products which are 0, A, —A, 2A, or —2A
(Table II). Hot-1 encoding is used to deal with the sign bit ex-
tension of the negative partial products limiting their width to
28 and 29 bits.

Fig. 4 shows the details of the multiplier design. The partial
products get generated by a combination of a two’s complement
recoding (negation in the case of —A and —2A) and shifting
to obtain 2A and —2A. Since the generation of “double” and
“single” signals is slower than “sign” signal, the negation selec-
tion is applied to the operand-B before the shifting stage.
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TABLE 11

PARTIAL PRODUCT GENERATION WITH HOT-1 ENCODING (MULTIPLICAND A IS 25 BITS WIDE)
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Recorded Partial Product: Sign Bit Partial Product at LSB Partial Product at other location
Bi,1BiBi.| PP B $SS + PP 1S+ PP
value ] S; (1bit) . ;
(26bits) (29bits) (28bits)

000 0 0000...000 0 1000000...000 110000...000

001 +A ApAgA1ALA; e AgyAnzAgg 0 ApAgAGAGAGA 1 AGA S ApAgiAny | T AgAGAGAIAZAS . ApAg3Ayy

010 +A ApAgA1ALA; . AppAnzAgg 0 ApAGAGAGAGA 1AGA . AppAgyAny | 1 AgAGAGAIALAS - AppAg3Any

011 +2A ApA ALA; ... AyyAziAs,0 0 AgApAgAgA[ALAS .. A2yAz3A0 1 AgAgA1A2A; oo ApyAg3As40

100 2A AgA1AGA; v AgyAgiAgyl 1 ApAgApAgA ALAS ... Ay AsiAgyl 1 ApAgA1ALA; . Ay ApsAyyl

101 -1A AoApA AZA; - AppAsyAgy I ApApAGAGAGA1AGA s . AnpAzsAgy | 1 AgAgAgA1ALAS .. AppAg3Ayy

110 -1A ApAgA1ALA; .. AppAn3Agy 1 ApAGAGAGAYA1ALA S e AppAgiAy | T AgAGAYAIALA; - Ap2A3Ay

111 0 0000...000 0 1000000...000 110000...000

The floating point fraction gets extended by a leading zero
sign bit. Thus, the most significant Booth digit starts with a zero
(0XX, X can be either 0 or 1) and the corresponding partial
product is not negative. For the 16-bit integer multiply opera-
tions, the operands get extended by two additional sign bits or
by two leading zeros. The most significant Booth digit then is
either 00X or 111 resulting in a positive or zero partial product.
Thus, the special embedding of the floating-point fraction and
of the integer operands guarantees that the most significant par-
tial product is not negative, i.e., that its sign bitis So = 0. This
reduces the latency of the multiplier by one 3:2 counter stage
since it reduces the inputs of the reduction tree from 14 to 13.

The 13 partial products are reduced to two output vectors
using five stages of reduction with static full adders (FAs). The
static FA circuit consists of transmission-gate XOR and AOI,
as shown at the bottom in Fig. 4. The static implementation of
the full adder has advantages over dynamic circuits; it reduces
the wiring need and allows more timing optimizations. Dynamic
adders generally need true and complement signals; static cir-
cuits can cut the wire density in half. When the source is located
near the input x of the full adder, it can be connected to the input
of the transmission-gate XOR without additional protection. If
the distance from the source to the input x of the full adder is
long, an inverter stage is added to the signal x_b to generate
X_t (x_true) signal, which is connected to the input of the trans-
mission-gate XOR. This adds extra delay. The structure of our
reduction tree exploits the different path delays in a static full
adder [10]. Since the full adder has the slowest path from x to
sum and the fastest path from z to carry, the carry output of one
stage is connected to the x input of the next stage. By doing so,
we are able to reduce the overall path delay of the multiplier.

The multiplier is a two-cycle design with a total block delay of
22 FO4. The staging latches between the first and second cycle
are special pulsed latches (type-E). The transparent window of
these latches allows utilizing slack borrowing efficiently at the
different path delays in the reduction tree between the two cy-
cles. Buffers are added to the faster paths to ensure early mode
(i.e., high supply voltage and fast corner technology) timing;
this is important since pulsed latches have a transparent window
for data passing.

With 37-bit-width restriction, the partial product cannot be
aligned to vertical data flow as shown in Fig. 3; the tree needs
to be compressed in width. Partial product location is shifted in
horizontal location and horizontal wires are drawn to connect
the signals. The two output vectors of the multiplier, sum and
carry, are 49 bits wide. They are latched using the 12-track/bit
image rather than 16-track/bit image to avoid the folded latch
placements.

C. Aligner

The aligner block shifts the addend based on the exponent
difference in order to align it with the product. The exponent
difference can be as large as 512. Such wide shifters are not a
feasible solution. Fig. 5 depicts the format of the aligned addend.
For the computation of the result, it is sufficient if the aligned
addend sticks out 25 bits to the right of the product and 24 bits to
the left. The aligner pre-shifts the addend 26 bits to the left, and
then shifts it by shift-amount to the right. Thus, the shift-amount
can be limited between 0 and 73.

The aligner has two critical paths. Both start with the selec-
tion of the exponents as shown in Fig. 6. 1) The first path com-
putes the shift amount, decodes it into select signals which then
control the 4:1 multiplexers performing the actual shifting of
the operands. Since the multiplexers are fairly wide, the select
signals have to be powered up. 2) The second path performs
the shift amount saturation: it checks the shift amount for over-
flow or underflow, and uses this information to control the last
shift stage. The last shift stage uses multiplexer-latches. Due
to large setup requirements for the select signals at the multi-
plexer-latches, type-C, the control signals for the last shift stage
are critical.

In order to reduce the delay of the first critical path the aligner
uses a sum-addressed scheme, which does adding and decoding
of the shift amount in parallel. The shift amount information
is acquired by a 4:2 compressor, which generates “sum™ and
“carry” in a carry—save redundant form. In a conventional design
an adder adds these two numbers to get the shift amount. Each
two-bit information of the adder result (00, 01, 10, 11) is then
decoded into a hot-1 4-bit-wide selection signal for the multi-
plexers (1000, 0100, 0010, 0001). The sum-addressed scheme,
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Fig. 4. Radix-4 Booth encoding table and Booth multiplexer circuits are shown. The reduction tree consists of carry—save adders. A 3:2 counter (full adder) is

implemented with transmission gate and static AOI circuits.

shown in Fig. 7, uses 2-bit sum-decoders and a separate block
carry generation. The sum-decoders generate for every 2-bit
block the hot-1 multiplexer selection signals assuming a carry
and no carry into the block. Note, that the carry case can be de-
rived from the no-carry case by a 1-bit rotation. The output of
the block carry generation is used to select one of the multi-
plexer selection signals. The block carry generation is usually
faster than a general adder.

The main 4:1 multiplexer stages of the aligner, which are
shown in Fig. 8, consist of four-input transmission-gate multi-
plexers (TG-MUX). Its output inverter driver has a better driving
capability over the long horizontal wires than that of the AOI-
type multiplexer. The short cycle time (e.g., 11 FO4) forces
the insertion of nonscan staging latches in the middle of the
select signal generation. To solve the reliability problem, two
circuits have been implemented. At the local clock buffer, the
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| |2-th r fraction from the product | |

Fig. 6. Two critical paths in the aligner block diagram.

latches are forced to start the latching function as soon as pos-
sible when the VDD voltage level becomes stable and when the
first clock (nclk) signal arrives. Also the fraction is gated with
the power-on-reset signal (por_b) to ensure all data-inputs of the
multiplexers having the same logical value, one or zero, to pre-
vent a direct current path.

The aligner uses a 12-track/bit image in layouts. The 97-bit
intermediate shifted result does not fit into the limited width of
the data flow. Therefore, the 97-bit data are divided into 25-bit,
48-bit, and 24-bit data and folded into two rows.

D. Fraction Adder

The adder is a sign magnitude adder which always produces
a positive result. The adder receives the product from the multi-
plier in a carry—save format (i.e., it receives two partial products,

I
|
MSB . b LSB
<0> <23><24> <27> <72><73> <96>
r | 24-bit i || Z‘bﬂ [ 46-bit || |
(shift underflow) I I I I (shift overflow)
- ] | | | —>
1 1 1 | |
shift-amount = 0 shift-amount = 24 shift-amount = 73
- Fig. 5. Alignment of the addend fraction.
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F3 Latch T DF | scandach | DF3 scan-latch |
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sum and carry) and the aligned addend from the aligner. A 3:2
counter compresses the two partial products and the aligned ad-
dend to a sum and carry vector. If the instruction requires sub-
traction the aligner provides the negated addend. The aligned
addend is a 97-bit vector whereas the product is only a 48-bit
vector. The aligned addend has additional 25 leading and 24
trailing bits. Therefore, the adder is split into an incrementer,
adder, and sticky logic [12].

If the signs of addend and product are the same, the result
fraction can be computed by a standard addition of the fractions.
If the signs are different, an end-around-carry (EAC) scheme
[13] has to be used for the addition of addend and product.

Due to the sign-magnitude representation, the main adder
computes the sum or absolute difference of its inputs using the
end-around-carry concept. Let x and y be two numbers, and
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Fig. 8. Main shifting stage consists of four-input TG-MUXs. POR sequences are used to protect the direct current paths at the four-input TG-MUXs.

let cout be the carry-out of z-+!y, where !y indicates the one’s
complement of y. The sum or absolute difference of x and y
can then be expressed as x+y for addition and as (z+!y+cout)
XOR cout for subtraction.

Since adding the carry-out to the adder result would be way
too slow, the main adder generates sum (sum0) and sum + 1
(suml). Instruction type, shift amount at the aligner, the sticky
bit, and the carry-out of the adder determine whether sum0
or suml is chosen, and whether complement of the result is
needed.

The 25-bit MSB part of addend is passed to an incrementer
which generates itself (sumi0) and MSB + 1 (sumil), and
re-complements both results on a subtraction. The selection of
sum0, suml, !sum0, sumi0O, and sumil is implemented
with the special six-port MUX latch, type-C. The path delay
of this multiplexing is hidden by the latch insertion delay. The
computation of the select signals based on the carry-out is the
critical path of the adder, as shown in Fig. 9. An extra carry-only
adder is used to speed up signal carry-out. The special six-port
MUZX latch also implements the first multiplexing stage of the

normalizer which performs a 25-bit left shift if swumi0 is all
zero.’

To avoid fan-out problems, the main-adder and the special
carry generation adder both use a Kogge—Stone parallel prefix
adder [13] with binary lookahead carry adder structure [14]. The
block diagram of adder is shown in Fig. 10.

E. Leading Zero Anticipator

The leading zero anticipator (LZA) determines the number
of leading zeros in the fraction adder result. The fraction adder
comprises an incrementer and a compound adder. Either both
of them contribute to the result or only the result from the com-
pound adder is used. The computation of the number of leading
zeros is different for the two cases: 1) In the case that incre-
menter is not used and hence the complete result comes only
from the compound adder, the LZA estimates the number of
leading zeros in the adder output. The LZA receives the output
of the merging 3:2 counter in front of the fraction adder. The
LZA might overestimate the number by one. 2) In the case
that adder result is composed of the incrementer and compound
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Fig. 10. Binary lookahead carry adder structure is used to build the end-around-carry adder with alternating true/complement block.

adder result, an estimate of the leading zeros can be obtained

from the aligner shift amount.

In the case 1), the first step of the LZA is to compute generate,
G (NAND), propagate, P (XOR), and kill, K (NOR), signals for
each bit. The LZA can then detect edges in the sum using P, G,
and K signals of the current bit position, and the P, G, and K
signals of the two preceding bit positions. Since LZA requires
the two preceding bits to detect an edge, it is necessary to extend

the sign bit of the LZA/adder inputs.

The LZA generates an edge vector with set bits at the location
of each possible edge in the sum. This edge vector is produced
at the first pipeline stage of the LZA. The normalization shift
amount is calculated by counting the number of leading zeros in
the LZA edge vector. This is done in the second pipeline stage
of the LZA. The final leading zero count is either exact or too
large by one. Therefore, the LZA provides a mask vector which
is used in the normalizer and the rounder to determine whether
the estimate was correct.
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signals.

F. Normalizer

The normalization shifter receives the 48-bit fraction from the
adder and the shift amount (lzsha) from the LZA. There can
be up to 48 leading zeros, but the shift amount is at most 47. In
the case of 48 leading zeros, the whole fraction is zero; this is
handled as a special case in the rounding logic. The normalizer
requires two types of corrections, one is an LZA correction and
the other is an adder correction. In case of an incorrect estimate
by the LZA, the most significant bit got shifted out. In the sim-
plest solution, the normalizer shifts the fraction by [zsha — 1
only producing a 25-bit normalized fraction. The MSB of the
normalizer output indicates whether a correction is needed or
not. If the MSB is one, then the LZA overestimated the number
of leading zeros. If the MSB is zero, then the LZA predicted
the correct number of leading zeros and one more bit needs to
be shifted out. With this simple method, the correction cannot
start until the results of the normalizer are available. Instead of
waiting for the result of the normalizer, the mask vector from the
LZA is used for faster correction. The mask vector goes to the
bit-by-bit AND gate with the outputs of the adder. The output
vector of the AND gate is fed to a zero checker. The mask vector
has a single one at the position of [zsha — 1. If the LZA esti-
mate is correct, the leading one is at the position /zsha and the
zero checker delivers a zero. If the estimate is off by one bit,
the leading one is positioned at /zsha — 1 and the zero checker

delivers one. The result multiplexer performs the LZA correc-
tion by either selecting the bits 0 to 23 or the bits 1 to 24 of the
normalized fraction depending on the zero checker output.

The last stage of the adder already performs a first step
of the normalization shift, selecting 48-bit data out of 73-bit
data. When the 73-bit adder result has exactly 24 leading
zeros, the adder selects the least significant 48 bits, loosing
the leading one. In this case the adder sets the special signal
add_correction to one. With add_correction = 1, the shift
amount is ignored, and the normalized result becomes a 1
followed by bits 0 to 22 of the adder result. The normalization
shift is done in four stages including one stage in the adder,
using the same 4:1 multiplexers from the aligner.

G. Result Multiplexer and Rounding

The FPU only supports round toward zero and nontrap excep-
tion conditions. That simplifies the rounding step considerably;
the fraction is truncated and no exponent wrapping is needed.
The fraction rounder is implemented as a result-multiplexer (re-
sult-MUX). The exponent rounder (ERND) adjusts the expo-
nent, detects exceptions and controls the result-MUX. To match
the fast rounder, the block delay of the exponent rounder was im-
proved by 15FO4 using highly optimized checkers and dynamic
circuits. The exponent rounder uses multiple pre-computed ex-
ponent copies such as e, e+1,and e—1. A dynamic MUX-latch
selects the appropriate copy of the exponent rounder results.



OH et al.: A FULLY PIPELINED SINGLE-PRECISION FPU IN THE SPE OF A CELL PROCESSOR 769

~ Single ~ Double . Local Store

Precision.  Precision

Lecal Store

Fixed Point

“Forwarding
.. Control

TFined Point. Local Store

Local Store

Fig. 12. SPE die photo with major functional unit location.

The result-MUX selects between four inputs: 1) results from
integer or double precision; 2) a zero result; 3) single-precision
results which need LZA correction; and 4) single-precision re-
sults which do not need LZA correction. Since the last cycle has
only 5FO4 budget due to the result forwarding, a dynamic 4:1
MUX, which is shown in Fig. 11, was designed.

The high-performance latch (type-C) is modified to gen-
erate dynamic signals. Without set-reset latch (cross-coupled
NAND?2) in the type-C latch, the internal signal is dynamic.
That signal is brought to the data inputs, d0 — d3, of the dy-
namic 4:1 multiplexer. The select signal inputs to the dynamic
multiplexer, s0 — s3, are generated by gating the select signals
from the exponent rounder with local clock signals from local
clock buffer. The dynamic 4:1 multiplexer which is shown in
Fig. 11 has an un-footed domino configuration. The internal
dynamic signal at the 4:1 multiplexer is converted to a static
signal through the cross-coupled NAND?2 gate. Since operand
data flows use 16-track/bit image, the dynamic 4:1 multiplexer
has 16-track/bit image while other blocks in the normalizer and
exponent rounder use 12-track/bit image.

IV. CLOCK GATING TO SAVE POWER CONSUMPTION

Clock-gating is extensively used to reduce the active power
consumption [15]. All the registers have a clock enable terminal
at the LCB. Only pipeline stages with valid instructions are ac-
tivated by controlling the local clock buffer. Also, circuit blocks
are clocked down based on instruction type and on operand
values, e.g., the multiplier is bypassed for add-type instructions,

1.3V

1.2V

[ Success

VDD 1,1V

1.0V

0.9V . .
20 22 24 26 28 30 32 34 36 38 40
Operating Frequency (GHz)

Fig. 13. Voltage versus frequency correlation graph: a synergistic processing
element is running single-precision floating-point computations for lighting and
transform workloads.

and the aligner is idle for multiply-type instructions. Also, in-
teger instructions make the LZA and the normalizer idle. All
those control signals are generated by control logic, which is
generally built using fully automated techniques. Control logic
macros are synthesized using a standard cell library consisting
of only simple gate logic functions except for latches and clock
buffer components.

There is a 32-bit bypass bus in the FPU. The integer operand
of convert instructions and the addend of integer multiply—add
instructions are 32-bit wide. The aligner and the multiplier only
receive 25-bit fractions. It requires significantly less hardware
to allow 32-bit data in the bypass bus to widen the aligner or
multiplier. In the final multiplexer stage of the aligner, the result
of the aligner can be replaced by the bypass data. The multiplier
also has result multiplexers, which either select the two partial
products or select the bypass data and forces the other partial
product to zero.

V. CONCLUSION

The design has roughly 768K transistors in 1.3 mm?
(0.937 mm x1.391 mm), fabricated in 90-nm SOI technology
with eight levels of copper interconnects. The die photo
(Fig. 12) illustrates the SPE. The single-precision floating-point
unit is located at the top-left corner of the SPE. Correct opera-
tion has been observed up to 5.6 GHz, 1.4 V of supply voltage,
and 56 °C, delivering a peak performance of 44.8 GFlops.
An interpolated hardware power of 1.4 W at 4 GHz (ie.,
32 GFlops), gives 43.75 mW/GFlop. Voltage versus operating
frequency correlation of the SPE is shown in Fig. 13 [1], when
an SPE is running single-precision floating-point computations
for lighting and transforms. The operating frequency is limited
by the instruction fetch and operand distribution paths. The
actual operating frequency of the floating-point unit alone is
expected to be higher.

There are three key enablers for this low-latency, power-effi-
cient, and high-frequency FPU: 1) architecture and implemen-
tation are optimized for target applications, trading uncritical
functions for overall performance; 2) logic, circuits and inte-
gration are codesigned; and 3) the pipeline stages are carefully
balanced, achieving the maximum path delay difference of 3%
between stages.
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