VLSI Chips
for future HEP system

A. Marchioro / CERN-EP



Topics

o Key issues for future experiments
— Requirements for Chips in LHC and beyond

— Cost per channel
 How to reduce system cost

— Power
 Why is it critical
 How to improve

— A structured approach for saving power in the design of
chips for HEP

— Power saving techniques in analog and digital circuits
— Data compression technigues

« Examples of different approaches for saving power
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What comes after

e SLHC
— Luminosity: ~ 103> fb-1
— Beam cms energy: ~ same

— Radiation levels (5 years):
200 Mrad @ 7 cm, 40 Mrad @ 20 cm

— Compensate for higher intensity through higher
segmentation

— Cost: lower than current !
— Power/channel must decrease
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System Cost 101

+ + + + 4+ + + + +

Cost of FE electronics (chips + overhead)

Technology Access

Cost of Data Links (type: analog or digital, quality)
Electronics in Counting Room

Installation and Operating Costs

Infrastructure Overhead (e.g. PSU, cooling, cabling )
R&D Time

Design Time (complexity, bugs)

Testing & Packaging

Maintenance Cost
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System cost: the CMS tracker

@ Modules m Electronics
0O Power 0O Mechanics and cooling
m Monitoring
3%
14%

41%
13%

29%

Module = Si sensor + mechanical mounting + pitch adapter
More than 40% of the cost is in the modules.

About 75% of the cost of the modules is the cost of the sensors.
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How to reduce system cost

e Cost reduction can be achieved through:

— Simply wait for today’s “fancy” technology to become
tomorrow’s “commodity”

e Sooner or later 0.1 ?m BICMOS with 10 metal layers will
become available through MOSIS ...

— Use more efficiently a given technology
e Multiplex more channels into a given link

— Use microelectronics to lower cost of some other
part, invest heavily on VLSI

 Have a look at some commodity electronics you can
purchase today and “think”...

— For example: CD players, ADSL modems, Gigabit Ethernet
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Power

Why is it important
How does it relate with other system aspects
How to reduce it
A four levels approach to combat the problem



Power: Not only our problem...

Dea) il r?

ONECICE” STON'S

© 2001 IEEE International Solid-State Circuits Conference © 2001 IEEE
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Issues: what matters

Dyn- Electronic Timing
Power Range | noise (S/N) | Linearity | Resol.
Pixel High Lovy High Low Meqllum
(< 0.1 mW) (few bits) ~200/~5000 e- (BX ident)
Tracker High Medium Medium Medium Medium
(Si strips) (~ 1 mWw) (6-8 hit) ~1000/~20000 e (BX ident)
Calorimeter | Medium ngh. High High Medium
(100 mW) | (10-15 bit) ~ 500 0
Muon — LO\_N Medium Low '_*'9“
(>10 mW) (1 bit) (drift time )
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What to attack

Technology Circuit Architecture | Algorithm
Power %% %% @ @
Dyn-Range %% %%
Noise %% %%
Timing * %%

%% Work necessary

@ Clever idea necessary...
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Si Tracker Detector module
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Power in CMS Tracker: worst case

e Total # channels: 75,500 FE chips x 128 = ~10M

e Power/FE: 2.3 mW/channel
e Pwr/ch data TX: ~0.6 mW/channel
e Supply: 2.5V and 125V, P,,=~30 kW

e Total FE currents: Igp55: ~7.5 KA, Igpsse: ~6.5 KA

 Remote supplies
» # of service cables: 1,800

e Power In the cables: > 75 kW

e Cross section of power cables and cooling pipes
directly proportional to power dissipated !

1) Worst case is computed after 10 years of irradiation

A. Marchioro - CERN/EP - Snowmass 2001
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What if SLHC ?

e |f 5x luminosity 1! tracker would require:
— 2 X speed
— 2X segmentation ? 20 M channels
— 25% higher occupancy

e Assuming that (magically) FE power/ch
remains the same

— Py, = 60 kW
- Pcables — 150 kW
— Cables, : double, cooling pipes: double

[1] This is purely hypothetical, actual numbers may change

A. Marchioro - CERN/EP - Snowmass 2001
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Material budget in CMS Tracker

1.4

All Tracker
M Beam Pipe 3
[ Sensitive o i
O] Electronics
£ Support =

O Cooling ||
O Cable g
O Outsi
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Saving power In VLSI circuits

 Technology scaling
— Advanced technology, packaging, scaling
e Circuit and logic topologies

— Device sizing, Logic optimization (digital), Power
down (sleep) mode

o Architecture (analog and digital)

— Signal features (e.g. correlation), Data
representation, Concurrency, Partitioning

« Algorithms
— Regqularity, Data Representation, Complexity

A. Marchioro - CERN/EP - Snowmass 2001
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LHC
Start

. SLHC
Saving power: Technolg )y Start
1997 1999 2001 2003 2006 2009 2012

Overall Characteristics
Transistor density @ 3.7 M/mm? 6.2 M/mm2 10 M/mm? 18 M/mm? 39 M/mm2 84 M/mm? 180 M/mm?
Chip size® 300mm?  340mm? 385mm? 430 mn? 520 mm?2 620 mm2 750 mm?
Local clock frequency @ 750 MHz 125GHz 15GHz 2.1 GHz 3.5GHz 6 GHz 10 GHz
Power supply voltage®  1.8-25v  15-1.8v  12-15v 12-15v .9-1.2V .6-.9V 5-.6V
Maximum power © 70W 0O W 110 W 130 W 160 W 170 W 1/5W
Technology Reguirements
UP channel length ® 20 pm 14 um 12 pm 10 pm 70 nm 50 nm 35nm
DRAM Y pitch @ 25 um A8 um A5 um A3 pum 10 pm 70 nm 50 nm
T« Equivalent 4-5nm 3-4nm 2-3nm 2-3nm 152n$m <15nm <1.0 nm
Gate Delay MetricCV/l @ 16-17ps  12-13ps  10-12ps  9-10ps 7ps 4-5 ps 3-4 ps

Solutions Exist

Solutions Being Pur sued

No K nown Solution



Scaling
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When will it stop ?

1000 -

N
[ oaal

100 | 1998]
—_ e
< SR~ 12909] —— Actual data
é \ —=— Projection
= Mead's Law
—— Mead's La Carver Mead's Law

\ ~ 3 Si atomic layers
10

tox =210 *L 077

from C. Mead, ‘Scaling of

MOS Technology to Submicron
Feature Sizes,

Journal of VLSI Signal Processing,
July 1994

1 0.1 0.01
Gate Length ?m
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Getting there !

| e o |
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PIPELINE
- Teocky's Mews and Analy sis

The 3-Atom-Thick Transistor

Intel’'s breakthrough could lead to a 20-GHz chip by 2007.

By Cade Metz
June 11, 2001

e

Moore's Law shows no signs of abating. This weekend at the Silicon Nano Electronics Workshop in Kyoto,
Japan, Intel researchers said they had produced a silicon transistor that measures only 80 atoms wide and
3 atoms thick and is capable of switching on and off 1.5 trillion times a second. Constructed with equipment
used to build today's silicon chips, the tiny electronic switch is evidence that basic computer hardware will
continue to improve at the current pace until the end of the decade.
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ldeal “Analog Technology”

...Several considerations suggest that the
0.35 ?m or perhaps the 0.25 ?m

[BICMOS technology] will be adequate...

B. Glbert,
“Anal og at M | epost 2000”,

Proc. of the | EEE, 3/2001

Reasons:

1. Cost of high performance technologies
2. No need for extreme scaling in analog
3. Limited supply voltage

Limited topologies
Limited signal swing (dyn-range)

A. Marchioro - CERN/EP - Snowmass 2001
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Problem: Device leakage

nFET '
...... Measurement
—— Simulation

Constant Die Size

Allows ~100% Growth in Transistaors Each Generation

Leal-ung Power ~15mm Die
Active Power y 1.5X Freguency Increase
-~ Power Density i each Generation

Power Density
(Wiem?)

Gate Current Density (A/cm?)

0.0 0.5 1.0 15 2.0 25 3.0
Gate Voltage (V)

0.25p 0.18p 0.13p 0.1p

Source: D. Frank et al.,
Power Limiters Proceedings of the IEEE, 3/2001
ipation

Delivery
Density

£ 2007 IEEE Internatienal Salid-State Circuits Conlergnce @ 2001 |IEEE

Source: P. Gelsinger, Intel Corp.
Presentation at the ISSCC 2001
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Saving power In digital circuits (1)

P=P +P

switching short-circuit + P leakage

— * * 2 * *
P="701"CL*Vpp?sfok + sc*Vop * lieak * Vb

e How to optimize:
— Reducing Vp helps everywhere !

— 1stterm:

? ? :logic design

« C, : technology, circuit design, architecture
— 2nd term: technology, circuit design

— 3" term: technology

A. Marchioro - CERN/EP - Snowmass 2001
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Deep Sub Technology helps !

—a— PreRad
—e—1 Mrad

1200 - —4 3 Mrad 300
+ —v—>5 Mrad

10 Mrad
, —+—30 Mrad

280
260
240

2
»dglps]

180
160
140

120 Almost linear

100 speed decrease

80 in range
15-25V

60
40

1001 Elements Ring Oscillator in 0.25 ?m

Power: 0.05 ?W/gate*MHz @ 1V
0.25 ?W/gate*MHz @ 2.5V
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40 MHz operatio

N @ 1V supply
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Saving power In digital circuits (2)

Compute
switching activity
at nodes

e Optimize logic for power

— Build equivalent function A _}
— Cocrlnpute switching activity at BT —j;} Y
nodes

— Select configuration with
minimum activity
e« Seems easy, but:

— Tools don’t work this way
(but changing)

— Timing can be tricky
— Signals statistics may fool you
— Don’t forgetthat C,,.. >> C

J;
!

wire gate

A. Marchioro - CERN/EP - Snowmass 2001
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Saving power In digital circuits (3)

 Compute when needed: results of logic blocks are
often not needed
— Gate input or clocks to blocks

Example: parity checking in serial stream

Serial DIN Serial DIN

i J Enable computation
Parity _ Parity
computation Control L, computation Control
* —> .
EX-OR FSM * EX-OR S
Tree Tree
Lots of
switching

activity

,

A. Marchioro - CERN/EP - Snowmass 2001 28



Saving power In digital circuits (4)

 |f your circuit is not time critical (1
— Trade V for speed
— Use concurrency

Logic

—> block
5 —>
Logic
block >

Logic
block

Lower speed,
but much lower V2

[1] Alnost always the case in HEP applications with nodern DS technol ogi es
A. Marchioro - CERN/EP - Snowmass 2001
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Saving power In digital IC: example (1)

}

Controller in CMS Tracker

JTAG
Master
sT1 € i < CLKI(A
sT2 < Trigger < Clock &
sT3 € Decoder Distribution [ CLKI(B)
s14<
v v
Trigger Counter > CLKO(A)
& other timing logic > DO(A)
Node e—— Link < DI(A)
Controller Controller > CLKO(®B)
B 3 DO(B)
scL <
8 SoRTA i I2C Master < S
3
m
Q Memory Bus
< Interface < ExtReset*
o J PIA
— < 12C Master

- Generic network controller
-Token-Ring style
-Supports Redundant Ring
~ 60,000 gates

Local Memory Bus

-

D[0:15] A[0:15] R/W CS*

\,

PA[0:7] PB[0:7] PC[0:7] PD[0:7]

A. Marchioro - CERN/EP - Snowmass 2001
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SEU In digital circuits requires redundancy

200
F. Faccioet al. (= L | ' '
LEBO98 conference E 100 ' o o
For 0.25 ?m tech \“‘g\ '
% y
= .
L »
wd 10 L
oy . —
2 0 Outside the well OFF
W
@ @ |nside the well OFF
= _ | Experimental Range
1 . M 1 2 [
00 _ 1 0 Source: P.%'OQd et al, IEEE Trans. Nucl. Science, Dec

_‘Featu_re Size (um) 19

Figure 5. Experimentally-measured and simulated upset
thresholds in three Sandia SRAM technology generations (no
feedback resistors). The 1- and 2-pm technologies are n-
substrate, 5 V; the 0.5-um technology is p-substrate, 3.3 V.
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Saving power In digital IC: example(2)

L CCU (Controller for Timing and Slow Control Network in CMS Tracker)
— More than 60K gates
— Environment: CMS Tracker, 10 Mrad + 10%** neutrons
— Problem: SEU demands redundant logic
— Possible solution: triple everything and vote !
— Consequence: Higher load in clock tree ? 3 x higher power

e Better Solution:

 Triple redundant logic only in critical network controller
(< 3000 gates)

« Parity check on data path
3 x One-Hot Finite State machines with state restore
 Replace FF with latches using single phase clock
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Saving power in digital IC: example(3)

Example: un-frequently used configuration registers
Use latches with gated clock

1000-10000
configuration
bits

Architecture 1
Clock always loaded

High power consumption
Synthesized by default bt synopsys

Architecture 2

DIN > o E GateD clock
WE — LE Latch has 2 load
cLk ———»

High load net moves rarely

A. Marchioro - CERN/EP - Snowmass 2001 33



Saving power In digital IC: example(4)

... het power saving

P?CN°?f hM

C. input capacitance per inverter (20x10-%® F) [l

V. supply voltage (2.5 V)
f. operating frequency (40 VHz)
n: nunber of Inverters in FF (6)

M nunber of FF in system (5000)
Architecture 1. 150 mW

Architecture 2: <1mwW

[1] Need of enclosed devices prevents use of minimum size transistors

A. Marchioro - CERN/EP - Snowmass 2001



Low power technigues for DSP

EEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. 35, NO. 11, NOVEMBER 2000

1705

A 660-uW 50-Mops 1-V DSP for a
Hearing Aid Chip Set

Philippe Mosch, Gerard van Oerle, Stefan Menzl, Nicolas Rougnon-Glasson, Koen Van Nieuwenhove, and
Mark Wezelenburg, Member, IEEE k

Abstract—This article presents the flow and techniques used to
design a low-power digital signal processor chip used in a hearing
aid system implementing multiband compression in 20 bands, pat-
tern recognition, adaptive filtering, and finescale noise cancella-
tion. The pad limited 20 mm? chip contains 1.3 M transistors and
operates at 2.5 MHz under 1.05-V supply voltage. Under these con-
ditions, the DSP consumes 660 W and performs 50 million 22-bit
operations per second, therefore achieving 0.013 mW/Mops (milli-
watts per million operations), which is a factor of seven better than
prior results achieved in this field. The chip has been manufactured
using a 0.25-,:m 5-metal 1-poly process with normal threshold volt-
ages. This low-power application-specific integrated circuit (ASIC)
relies on an automated algorithm to silicon flow, low-voltage oper-
ation, massive clock gating, LP/LV libraries, and low-power-ori-
ented architectural choices.

Index Terms—Algorithm optimization, digital signal processing,
gated clock techniques, low power design.

1. INTRODUCTION

HE HEARING AID of which this DSP chip (Fig. 1) is a

part does not replace an existing analog counterpart. It is
designed from the beginning to be a high-end digital processing
system with features which are only feasible with this specific
technology. Examples of these features are multiband compres-
sion, pattern recognition, adaptive filtering, and noise cancella-
tion.

Control

Fig. 1. Chip micrograph (parts of the design are hidden by metal filling
structures).

The products based on this chipset must fit in the ear. Volume
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A structured approach to
low power design
for HEP applications



... As with most media from which things are
built, whether the thing iIs a bacterium, a
sonnet, a fugue or a word processor,
architecture dominates material ...

Alan Kay



Generic digital communication system

ilnfo source

A Info sink

Source Channel Multi Freq Multiple
B Encode Encrypt r—» Encode plex MEELIETS Spread Access [” ™
[
c
c
]
e
O
v
Source Channel De-multi De Freq Multiple
Format ¢— Decode [¢ Decrypt w— Decode [¢ plex [V |modulate | _Despread“_ Access [¢ RX

Picture from B. Sklar: “A Structured Overview of Digital Communications”, IEEE Communication Mag., August 1983

A. Marchioro - CERN/EP - Snowmass 2001
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The “text-book” HEP channel architecture

Some permutations possible

o o
- 5 S a 5 5
o 75} — ()] (@) =
= c 2 £ ] c < =
Input o > g5 S 3 5 8 S S
1P — > = —» 22 >l g —» g- —> 8 —>8 ©
signal z 3 £ S =
e () n @)
Communication
3 A/D channel
Amplifier and Conversion
shaper
Mandatory
Optional

A. Marchioro - CERN/EP - Snowmass 2001 39



c
§e
©
Q
c
=]
£
£
o
®)

[

c

| c

@

X1 pue S

uonenpo

A Buibiow pue
uIpoD Buixaidiyni

ﬂ

uoissaidwo)

Buiyorew

ﬂ 1966111

(dsq@) uonoenx3

... Some stages ignored

ainiea
+ Buidwels awn
pue Buibbe |
uoissaiddns ﬂ
0197 Bleg mey
Alows\ c
Q
4 o
()]
— .z
Lav J o g
<O
©
C
@
3
% S8
= ©
H <G

Input
signal

40

A. Marchioro - CERN/EP - Snowmass 2001



The “all-analog” option

Input
signal

Amplifier and

shaper

Compression

o
(@]
G S 2
n (@) EC
e 7 £ = G
Q8 » = »oLg >
7 =
04 i

Coding
Modulation
and TX

Can be done

Can not be done

A. Marchioro - CERN/EP - Snowmass 2001
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The “all-digital” option

Some permutations possible

\
J

° o
< N c
g S P 02 2 5 %
<2 | |2 | |55 g e | |85
= T S o S =72
Input a affs S g : 3 S &
P <S8 > = >eLe > £ —* 8 >SS |
signal z 3 2 S . =
o w ©
Communication
3 A/D channel
Amplifier and Conversion
shaper
Analog Team
Digital Team
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Save power using...

Architecture
Algorithms

IEETEEES Architecture Architecture
Algorithms Circuit
Technology
Circuit topology
a
= n
e [
T @ g S < 7 =2 8-
Input a) g2 2 § = = S E=
P 282 I8 —» & | 8 [+ 8=c |
signal % 7 = S S
o [ O

Circuit
Architecture
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A (not so far into the) fUture FE Ch|p fOI’ traCker

2 mW / channel
AL 30 mw ~ 102 Mb/sec

x ~ 300 Mb/sec

=

g

g ~600 Mb/sec

& <

— o)
s
5
¥ OV

—_—>
L1 Accept
@ 100 KHz
Serializer
— > 300 mw
(@ )
. —
Design par_ameters: Total power:
100 KHz trigger rate 128* 6 * 2.0 mW = 1536 mW
occupancy 2% 6*30mW = 180 mwW
avg. # of strips hit: 3 1x300mW = 300 mwW
CI Tota = ~26mW/ch
i J
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Specific A/D development

 Requirements in HEP

are no different from R 6*
those In industry, but: :
— Dynamic range is large
but signals change little l
most of the time

(actually precision

requirement does not +<g:4.<g:+
change, only dynamic
range does) Coarse i

conversion conversion

A. Marchioro - CERN/EP - Snowmass 2001
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Fundamental observation

Detector signals change little
most of the times

m. . rawdaafrare |
_ digtd header | | |
s o

o N b

I [mA |

e o L e

O 20 40 60 80 100 120 140
Data frame samplesat 50 nsec. intervas

from Tracker
APV read-out

A. Marchioro - CERN/EP - Snowmass 2001
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Successive Approximation Converter

Standard Algorithm
(full range, 10 bit)
VDA = ref/ 2
M= 10

for (I =0;, I <M I++){ s —>
i f(Vi, > Vp) then{ . SAR register and logic
b, =1 v pou

Voa = Vpa + Viee/ 20141}
El se{

b, =0

Voa = Vpa = Vier/ 20141}
result = result << 1 + Db,

DAC

A. Marchioro - CERN/EP - Snowmass 2001 47



Modified SA Converter

Low Power Algorithm
(3 bit search)

VDAW = V_Previ ous
VDAs = Vref /2
M= 10; N = 3; M SAR register and logic
for (I =0; I <N I{++){ —> . oo
1 f(Vi, > Vpa) then -
b = 1 . )
VDAs — VDAS + Vref/2(|+1)} DAC Small range Logic
El Se{ Memory
b, =0 3 _
VDAS — VDAS ) Vref/2(|+l)} DAC Wide Range iq
tresult = tresult << 1 + b,
}
I f (...check out of range .)
result = result, s * tresult

A. Marchioro - CERN/EP - Snowmass 2001
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United States Patent: 5,543,795 Page 1 of 1

US PATENT & TRADEMARK OFFICE
PATENT FULL TEXT AND IMAGE DATABASE

Crazy ?

Home Boolean Humber

(90£10)
United States Patent 5,543,795
Fernald August 6, 1996

Hybrid analog-to-digital convertor for low power appﬁcations, such as use in an
implantable medical device

Abstract

A method and apparatus is disclosed for an analog-to-digital converter (ADC) to minimize power
consumption. The ADC of the present invention minimizes the number of clock cycles required to
determine the correct digital code for a particular sample point on an electrogram signal, thus making
it possible to turn off some or all of the ADC logic during idle periods. The ADC includes prediction
logic that provides a starting point for subsequent digital code representations of the electrogram
signal. The prediction logic receives recent code conversions values to predict a current digital code
value. This predicted digital code is converted to an analog value and compared with the actual
electrogram signal. Next, the ADC adds (or subtracts) a constant value (C) to (or from) the predicted
code and compares the result to the electrogram signal. If the ADC determines that the predicted
value is within the constant value (C) of the correct digital code, then the ADC counts in the proper
direction until the comparator changes output state. If the ADC determines that the predicted value is
not within the constant value (C), then the successive approximation logic is enabled and used to find
the correct code.

Inventors: Fernald; Kenneth W. (Lake Jackson, TX)
Assignee: Intermedics, Inc. (Angleton, TX)

Appl. No.: 460139

Filed: June 2, 1995

Current U.S. Class: 341/163; 341/158; 341/162
Intern'l Class: HO3M 001/40
Field of Search: 341/164,165,163,141
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Power saving sub-ranging A/D

Vin| |4 pit MSB 4 bit 4 bit LSB
—® AD oA [ A/D
Gain amp
X 16
High 4 bits Low 4 bits

Low Power Algorithm

If Vi, close_to Vyeious then
Convert using low A/D
El se

Convert using full A/'D

A. Marchioro - CERN/EP - Snowmass 2001
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Consequences...

e For trackers:

— Virtually none, as sometimes there is already an
analog memory holding the data

e For Calorimeters:

— Need a more complex Sample/Hold structure
(buffer memory) to compensate for the longer
conversion time occasionally needed

A. Marchioro - CERN/EP - Snowmass 2001
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Saving power: Data TX Architecture

e Data transmission type:
— Analog vs. digital

— Industry is massively digital Q:
e datacom, telecom, radio broadcasting,
TV, audio (HiFi)
e Coding scheme currently in use in HEP:
— Analog (sampled data)
 Amplitude modulation
— Digital
« Straight data with timid attempts to use compression

(MThis refers to the encoding scheme, but signals are always “analog”, advantage: regeneration, errors are not propagated

A. Marchioro - CERN/EP - Snowmass 2001 52



Compression: dream or reality ?

e Fact: works very well in some applications

— Computer data.:
» Text: loss-less
* Images: lossless and lossy
e sound (music and voice): lossy

* Fact: interesting data from detectors are “rare”
(i.e. occupancy is often low, few %)

Compression makes data-flow asynchronous

Random data can’t be compressed well ...
— Need good knowledge about baseline and noise

A. Marchioro - CERN/EP - Snowmass 2001 53



Compression: how does it work ?

* Most technigues adaptable to HEP would be
variations of the Huffman coding algorithm

e Huffman COding (and other loss-less algorithms) WOrks by
ordering input data according to frequency,
and then coding most frequent characters
Into shorter sequences of bits

A. Marchioro - CERN/EP - Snowmass 2001



Huffman code example

Alphabet to be transmitted:
al, a2, a3, a4, ad
000, 001, 010, 011, 100
3 bits necessary in normal binary coding
Actual frequencies in data block
fal) = 0.2
f(@a2) = 0.4
f(@a3) = 0.2
fad) = 0.1
f(@a5) = 0.1
Codeword assigned (sorted by length):
h(a2) =1
h(al) = 01
h(a3) = 000
h(a4) = 0010
h(a5) = 0011
Average code-length: 0.4x1+0.2*2+0.2*3+0.1*4+0.1*4 =2.2 bits/symbol
While the entropy (i.e. the best theoretical compression) would have been: 2.12 bits/symbol,
Entropy defined as: H= ?, P, log2 (1/P,)
A. Marchioro - CERN/EP - Snowmass 2001 55



Compression

Alice Silicon Drift

(preliminary data)

Type

Coding

Compression
factor

Fixed table

Huffmann +
RLE

2-4

CMS Ecal compression

Type

Coding

Compression

factor
Fixed table Huffman 4.2
Variable table Huffman 3.1
compress dictionary 3.6
gzip dictionary 3.3
dynamic 8/16 bits 2.0
ALDC dictionary 2.6
DCLZ dictionary 3.3

Compression factors for CMS ecal calorimeter data.

FromJ. Badier Et al, CMS Note 1999/068
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Huffman coding In hardware

Need only mapping
memory + shifter

Easy to implement in VLSI
Can be programmed per

channel
M . Codeword < oat ¢ seria)
_ applng _ ata-out (seria
Data-in — .
(fixed width) memory Width of Codeword. Shifter -

CLK J

Errors on links can be disastrous
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Huffman coding Iin hardware (2)

Example for 0.25 ?m technology

128-256 Kbit/mm?2 regular 20 Kgates/ mm22 regular
32 Kbit/mm? rad-tol 5 Kgates/mm? rad-tol

Data-in
(8 bit input)

M - Codeword > Data-out (serial)
apnin _ ata-out (seria
> PRINg Width of Codeword'| Shifter '

memory
]

Total area: well below 1 mm?

A. Marchioro - CERN/EP - Snowmass 2001

58



Compressing calorimeter data

e Observation
Signal Amplitude

Has little
regularity

... but Signal
SHAPE

Does not Change Typical pulse shape for CR-RC filter
much
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An efficient compression algorithm for calorimeters

1. Normalize pulse to max
reference pulse at peak
p(l peak) = s * d(l peak)
I = 1..5

2. Compute differences:
(1) =r(i) — s * d(i)

between actual data and
reference pulse

3. Apply Huffman compression
to ?p(1) Exanpl e:
4. Transmit only scaling factor s » 12 bit A/D
and ?p(i) » Calorinmeter ? = 5% * EV2
» 5 sanpl es

-> entropy of differences:
~2.5 bits

A. Marchioro - CERN/EP - Snowmass 2001 60




The best compression scheme: feature extraction

X1 pue
uoneNPo

A

B
E}
WA

g9895¢g8g

Alowa

+

uoissaiddnsg
0197 eleq mey

+

2

E985¢g8g

Input
signal

D(s) = Fi(s)

X1 pue
uoneNPo

A

(dsq@) uonoenx3
ainjea

Alowa

%

uoissaiddnsg
0197 eleq mey

%

Lav J

Input
signal
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Feature extraction

e Just read the number you really want !

e Why not done more often:
— Detectors are poorly characterized at start-up
* Noise, systematic effects etc.
— Algorithm is almost never fully clear during construction
— People are “afraid” of losing data
e Can’t be un-done
* Need high level of programmabillity
— Efficient filters are often hardwired

 |If money for high speed (quality) links Is already
spent at the beginning, motivation is low
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Modulation schemes

* Analog: why are we using only pulse height

modulation?
« Hard to achieve good S/N

— Look at alternate coding schemes:

e Frequency or other modulation
— Very robust to noise and gain variations
— May not need A/D conversion
— May be easier to calibrate

 Digital:
— Easy to multiplex
— Easy to store/buffer
— Easy to compress
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Transmitting data ... our way

= Q
= ¥
2%‘ R:—<
15 1 : . e
mipul Excilalar Link 20
- - - — Chan 1
;; ok Chan 2
Z ol AT
3 L gt
_05: 1 1 L |
-5 u] a0 1m 150 A0
- Tr:ua JUE
s, | | ' R Spec System A-OH RX-Module
INL (2 MIP) [ 1% 1.5% 0.5 %
SNR (6 MIP) | 48 dB 46 dB 60 dB
2 BW 70 MHz 90 MHz 100 MHz
: o Gain 0.8 VIV
2 e
E o Specs for CMS tracker analog read-out
= =0 k-] Tkﬁnzl 501 |= 145 15H“H"=]15\5 1ED
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Transmitting data ... another way

PAM-5 Modulation scheme

hMagnebcs
Transrt Diractional 9 ¢
i iracicn J4 % Pair 1
Cata l @ Couplar J L
I .
itarh Echa F
|
0 o Cancallar &0
Fair 2
6d gain =
imSMNH ¥ =
Receve Margin Feed Fanward
Dlata Decisan Equalizar N0
Faedback D) < = Pair3
Eguahzer "
Generic Ethernet
MEXT MEXT Y
1000 Base-T sallar Cancaller Cancsller 37 pera
. ir2 Pair 3 Pair 4 | air
Transcelver :
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ADSL: 1 Mb/sec on AWG24 wires

Block diagram for an upstream ADSL transmitter.

Data —» Reed
Channels =——J»] h-b| CRC |—-} Scrambter — Solomon Interleaver [ Tone 256 512 DAG
> Encoder Order Compiex Real Add
EOC Fa—— L] Cyclic and 3 To
Frames and 7 »| IDFT e ol Shaping Loop
ACC —» Reed Constellation Prefix l
ilters
Indicator ~— —>ICRC I-» Scrambier [} Solomon »| Encoder
Bits »| Encoder
{a) (b} (c)
Block diagram for a downstream ADSL transmitter.
Data —3 Reed
Channels =3 —bl CRCI'-D Scrambier —{ Solomon pH-»jinter M Tone a2 64 c
Encoder Order Complex Real Add DA
EOC —] and f—»| 1DFT ——>| Cyclic and
AOC —p Frames Yo Constellation] ' "7 Prefix Shaping
Indicator = 3| CRC H9»! Scrambler =] Sotomon »| Encoder
" Lonef Encoser Trade-off cost (of
'ts - - h I -
existin one lines)
(a) )] (c) g p

vs. complexity (of
new VLSI circuits)
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ADSL signals (!)

Response; NEXT: average(x), worst casec(+); FEXT: average(o), worst case(*)
0 T T T T T

Tek Run: 100MS/s Sampte
1 .

1
L S

120 5 i i i A 12:53:48
0 0.2 0.4 0.6 0.8 1 1.2

MH .
z Fig. 20. Recovered eye, CSA Loop4, 39-HDSL2 (HTUC) self-NEXT.

¢
Figure 3.13 Plots of transmission, FEXT, and NEXT for 12kft of 24 AWG.
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Future outlook

* The first generation of chips for HEP started
with a bottom-up approach

— Took the requirements from FE detector signals
and built a system up

— Some systems where built around chips
e Second generation will have to exploit global
optimization
— e.g.: demand on power supplies to be delivered to
FE has to be factorized in cost of system
— Design for low-power Is a must
— Chips must be designed on system specs
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Conclusions

« VLSI has plenty of potential to improve
Instrumentation for HEP

e ... and perhaps the “only” key to another generation
of experiments, if power reduction can be mastered

o Still, it does not come for free:
— Complexity of large systems is difficult to manage

— Projects must start from global perspective, top-down
system design, and not from “FE preamp-shaper” specs

— Our community has to learn (= invest + try) how to exploit
techniques developed in the data-communication world to
save power and reduce cost of systems
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