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Starting to make an

FPGA project




FPGA specifications

How to make an FPGA?
— What should it do?
— How should it do it?

Systems / Requirements define detailed implementation
scheme/architecture

Specification need to be worked out before even one thinks
about the FPGA type or code.

— Specification: understand user needs
— define specification of system together with user/costumer

re-discuss, re-negotiate
— understand
— task of designer to understand and translate specifications




FPGA specifications

« Costumer/boss says:
“I need a system which receives an input value each
25 ns and calculates a result.”

« What you might understand is:
“The calculation needs to be finished within 25 ns”




Adder

« Example:
—add 16 16-bit values in 25 ns

data0 datal data?2 data3 data4 datab data6 data7
| | | | | | | |

\Y4 Vv Vv V Vv \Y4 Vv V

data_int
asdownige) | ||| | |

adder

|
sum(19 downto 0)

datalb




library izee;

use ieee.std _ogic 1164.all;

use liees.numeric std.all

entity addléx28bit is

port {
21l tin std_logic;
reset 1 tin std_logic;
datal :in integer range © to 2 **
datal tin integer range C to 2 **
data? :in integer range © to 2 **
datald :in integer range © to 2 **
dalLad tin dnleger range © Lo 2 0**
datab :in integer range © to 2 **
datat :in integer range © to 2 **
data’ :in inteqer range C to 2 **
datad :in integer range © to 2 **
datad :in integer range © to 2 **
datal 0 :in inteqer range © to 2 **
data’l :in integer range © to 2 **
data’lZ :in integer range © to 2 **
datald :in inteqer range C to 2 **
data’4d :in integer range © to 2 **
datalh :in integer range © to 2 **
Sum :out integer range U to Z *
);
end addlézZ28b-_t;
architecture hehavioral of addléxzZ28bhit is
signal datall _int tinteger range C to 2 **
signal datal int tinteger range T to 2 **
signal data2 int tinteger range T to 2 **
gigmnal datali _int sinteqger range [ to 2 **
signal datad int tinteger range T to 2 **
signal datab int tinteger range T to 2 **
gigqnal datah _int sinteqer range C tao 2 **
signal data? int tinteger range T to 2 **
signal datad int tinteger range T to 2 **
gignal data9 int tinteger range [ to 2 **
signal data’l int tinteger range T to 2 **
signal data’l int tinteger range T to 2 **
signal datall int tinteqger range C to 2 **
signal data’l3 int tinteger range T to 2 **
signal data’d int tinteger range T to 2 **
signal data’b int tinteqger range T to 2 **
signal sum_-nt tinteger range T to 2 **

N e e e e e e S Sy s
B2 G OO O O O O O O
[

o

P s s s b b b e e e
fooRetoteteotntelsfols ol
[

R
4 O T
[

B
=
I

P s b s b b b b b R s e e

B R R s R S R R e

'_'..

WE MR M ME VM MR ME ME M N ME ME W W W W




Erﬂcess lelk)

egin
if {~ k and 1k = "'} then

if {rzcet - = C') then
catal int <= 0;
catal int <= 0;
calaZ inl == 0;
catal int <= 0;
catad int <= U;
cataf int <= (;
cataf_int <= (I;
catal int <= (;
cataf int <= 0;
catat int <= 0;
catald -—rt == 0;
catall -rt <= 0;
catalsd _rt <= 03
catal3 -rt <= 0
catald -rt. <= 0;
catalb -rt &= 0j;

clsc
catal int <= datal;
catal int <= datal;
cataz int <= dataZi;
catal int <= datai;
catad int <= datad;
catak _int <= datah;
cataf int = daotab;
cata? int <= dota’l;
cataf int <= datai;
cataf int <= data?;
catall -rt <= data _C;
catall -rt <= datall;
catal? -rt <= datallZ;
catali -rt. <= data’ F;
catald -rt &= dotald;
catalb -rt <= dotalk;

end if;

end 1f;

end process;




rocess (clk
begin
if {1k and «clk = '1l'} then
if {reset i = '0'}) then
sum_int <= (;
else
sum_int <= datal int
datal int
datas int
datad int
datad int
datab int
datab int
data? int
datat int
datad int
datall int
datall int
datalZ int
datali int
datald int
datalb int;

+ 4+ 4+ 4+ ++++++

+ + + + +

end if;
end if;
end process;
Sum <= =sum int;
end behavioral;




Adder

533 logic elements, 6%
278 pins, 74%
29.7 MHz => 33.6 ns

33.6 ns > 25 ns -> too slow




Adder

533 logic elements, 6%
278 pins, 74%
29.7 MHz => 33.6 ns

33.6 ns > 25 ns -> too slow

Ask boss to buy faster, more expensive
FPGA

Work (manually) on FPGA placing&routing
Help synthesizer to make faster adder

Ask whether you have understood
specification




FPGA specifications

Costumer/boss says:

“I need a system which receives an input value each
25 ns and calculates a result.”

What you might understand is:
“The calculation needs to be finished within 25 ns”

What he means is:

“A new value needs to be processed every 25 ns.
How long it takes to present the result does not
matter”

First case: might be impossible, maybe not.
Second case: Processors in parallel or in pipeline




Pipeline architecture

processing processing
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PIPELINE ARCHITECTURE




Adder with pipeline

« Example:
—add 16 16-bit values every 25 ns

data0 datal data?2 data3 datad4 datab5 data6 data’ datalb
| | | | | | | |

\Y4 V Vv Vv V Vv Vv Vv

data_int rl ‘ l l ‘ l ‘ \
(15 dowgt gt\jder adder adder adder

Vooreg vVoore g

sum(19 downto 0)




library iecse;
use ieee.std logic 1164.all;
use ieee.numeric_std.all;

entity addl&FPipeline is

port {
clk :in std_logic;
reset 1 :in std_logic;
datal :in integer range O to Z ** 16 - 1;
datal :in integer range O to 2 ** 186 - 1;
datal :in integer range O to 2 ** 186 - 1;
datal :in integer range 0 to 2 ** 186 - 1;
datad :in integer range 0 to 2 ** 16 - 1;
datab :in integer range O to Z ** 16 - 1;
datab :in integer range O to Z ** 16 - 1;
data? :in integer range O to Z ** 16 - 1;
datas :in integer range O to 2 ** 18 - 1;
datad :in integer range O teo Z ** 18 - 1;
datall :in integer range 0 to Z ** 16 - 1;
datall :in integer range 0 to Z ** 16 - 1;
datalZ :in integer range O to Z ** 16 - 1;
datal3 :in integer range 0 to Z ** 16 - 1;
datald :in integer range O to 2 ** 186 - 1;
datalk :in integer range O to 2 ** 18 - 1;
sum :out integer range 0 to Z ** 20 - 1
);
end addléPipeline;
architecture beshavioral of addl6Fipeline is
signal datal int :integer range 0 to 2 ** 16 - 1;
signal datal int :integer range U to 2 ** 16 - 1;
signal dataZ int :integer range 0 to 2 ** 16 - 1;
signal data3_int :integer range O to 2 ** 16 - 1;
signal datad int :integer range 0 to 2 ** 186 - 1;
signal datab int :integer range 0 to 2 ** 16 - 1;
signal dataf int :integer range 0 to 2 ** 16 - 1;
signal data7 int :integer range 0 to 2 ** 16 - 1;
signal dataf int rinteqger range 0 to 2 ** 16 - 1;
signal datad9_int :integer range O to 2 ** 16 - 1;
signal datall_int rinteger range 0 to 2 ** 18 - 1;
signal datall int :integer range 0 to 2 ** 16 - 1;
signal datalZ int :inteqger range 0 to 2 ** 16 - 1;
signal datald int :integer range 0 to 2 ** 16 - 1;
signal datald int :integer range U to 2 ** 16 - 1;
signal datalb _int :integer range 0 to 2 ** 16 - 1;
signal sum_int :integer range (0 to 2 ** 20 - 1;
signal sum_int0 :integer range 0 to 2 ** 17 - 1;
signal sum_intl :inteqger range 0 to 2 ** 17 - 1;
signal sum_int2 :inteqger range 0 to 2 ** 17 - 1;
signal sum int3 :inteqger range 0 to 2 ** 17 - 1;
signal sum_intd :integer range 0 to 2 ** 17 - 1;
signal sum_inth :integer range 0 to 2 ** 17 - 1;
signal sum_inth :integer range 0 to 2 ** 17 - 1;
signal sum_int7 :inteqger range 0 to 2 ** 17 - 1;

beqgin




process (clk)

begin
if {clk and clk = '1'} then

if {reset i = '0'"} then
datall _int <= 0;
datal int <= 0;
dataz int <= 03
datad int <= 03
datad int <= 03
datab int <= 0;
datab int <= 0;
data’ int <= 0;
dataf int <= 0;
data¥ int <= 0;
datalld int <= 0U;
datall int <= 0U;
datalZ int <= 0;
datal3 int <= 0;
datald int <= 0;
datalb int <= 0;

else
datal int <= datal;
datal int <= datal;
dataZ int <= dataZ;
datad int <= datad;
datad int <= datad;
datab int <= datab;
datab _int <= datab;
data’ int <= data¥;
dataf int <= dataid;
data¥ int <= datad;
datall int <= datall;
datall int <= datall;
datalZ int <= datalZ;
datal3 int <= datal3;
datald int <= datald;
datalb int <= datalb;

end if;

end if;

end process;




process {olk)
Legin

if [=1k and =1k = '1'} then
if {reszset - = '0'} then
s intd = O
alca
g 1okl = datal -at +
datal -nt;
end if;
and if;

end process;

process {olk)
begin

if [=21k and 1k = '1l'}) then
if {reset - = '2') then
sa intl < g
clse
s intl <= dotad -—at +
dataid -—nt;
and if;
end if;
end process;
process (olk)
begin
il [:1k arrd 21k = "1'Y Lhen
if {reset - = '2') then
s it <= L
alse
s intd <m datad -at |
dotab -—at;
cnd it

and if;




process (o)
hegin

and process;

procesg (ol

1Tk = '"1"'"} rhen
‘s |
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4

=
S drild
and if;

and if;

cnd process;




proccss {o210)

bagin
it fzlx and ="k = '1') then
if {res=zt i = '0 ] then
sum_inl.L <= 1;
clsao
zum_inth €= “atalo irz +

Zatall ic=;
cnd if;
edd il;
end process;

process {0k}

kogin
if (wlx and .k = '1') then
if {re==t i = '0 ] then
sum inté o= g
ea] e
zum__intE m catald inz |
fatall inz;
end il;
end if;

end process;

proccss {o210)

bagin
it fzlx and ="k = '1') then
if {res=zt i = '0 ] then
=um_inl.? <= 1;
clsao
zwum_ int? €= “atald irz +

Zatals ic=;
cnd if;
edd il;
end process;




process {(clk)
begin
if {clk and «lk = '1'} then
if {reset = then
Sun . 05
else
sum_ int <= sum_inti
sum_intl
sum_intZ
sum int:
sum_intd
sum_ into
sum_intt
sum_ int;

end if;
end if;
end process;

sum <= sum_int

end behavioral




Adder with pipeline

Adder without pipeline
533 logic elements, 6%
278 pins, 74%

29.7 MHz => 33.6 ns

Adder with pipeline
526 logic elements, 6%
278 pins, 74%

45.4 MHz => 22 ns

22ns < 25 ns, fast enough
and less logic




FPGA specifications

 re-discuss, re-negotiate
— understand

— task of designer to understand and translate
specifications




Readout Processors




Read-out processors

e Specification
— Challenge - many parallel inputs —
25 ns intervall - short processing time
— Storage during trigger decision time

— Data reduction/encoding (zero suppression)

— pipelining, buffering (FIFO, dual port RAM)




Pixel detector

What do we need to know?




Silicon Sensor

Position resolution: 10 ym
light material: 1 % X, oder 2 mm

Dez. 11, 2007




Silicon Sensors

Dez. 11, 2007




Silicon Pixel sensors

Dez. 11, 2007




Silicon Pixel Wafers

silicon sensor

72.72 mm x 13.92 mm
200 pm thin

160 x 256 pixel

425 pym x 50 um

Dez. 11, 2007




Detector configuration




Silicon pixel detector

= Allz=28.3 cm
i ) r=3.9cm & 7.6 cm

A. Kluge




SPD carbon fiber support

Final half-barrels (5 sectors)

200 ym carbon fiber support

40 ym PHYNOX cooling
tubes integrated

"

A. Pepato/INFNPadova




Detector module

dimensions = 200 mm x 15 mm x 2 mm
light materials = 1% X,, no copper
1.3 kW power dissipation

distance to beam pipe 4 mm
120 modules

Image:INFN(Padova)

A. Kluge




Electro-mechanical

Integration




Integration

-

T
=

Light carbon fiber support




Integration

close to beam pipe




Electronics integration

SMD
Components MCM

\ ‘ Lid
Readout \
Chi \ R
'P Sensor > . Optical

GND B Fibers
foil
extender

Carbon
Support MCM
Extender

A. Kluge




Electronics integration

SPD half stave integra

Al/polyimige laminate - the bus

Multi chip module




Pixel read out chip

Time resolution: 25 ns
Repetition frequency: 40 MHz
Storage time: > 3.2 ys

Dez. 11, 2007




Pixel chip

Synch;;miser. pixel n-1 shift
+ enable logic :
: ; - shaper 1 shaper2 ,. . . register
input ~ Ref  Pre-amp P STAPET = iscriminator T 2

pad
S PisTr|l—
> D<- CLK

Q

delay units l

pixel n+1

feedback rgser

\ o strobe
bias circuit A fast-OR +

| 1 I:I:l:l fast -mult
analog 1n global  3-bit threshold
threshold adjust

ANALOG DIGITAL

Dez. 11, 2007




Radiation tolerant
electronics




Radiation tolerance

Enclosed geometrie to avoid leakage

Enclosed gate (S-D leakage)
Guard ring (leakage between devices)

Standard Geometry

A. Kluge




Triple voting

3 Registers  Voting unit




Pixel detector

1 sensor

1 sensor

Image:INFN(Padova)

Sept 3-7, 2007 A. Kluge




Pixel detector

1 sensor

Image:INFN(Padova)

Sept 3-7, 2007 A. Kluge




Pixel detector

00001000000000000000000000
00000000000000000100000000

00000000001000000100000100
00000000000000000000000000




Pixel detector

Full detector 120 x 2560 x 32 bits @ 10 MHz (100ns) =
~ 100 Gbits/s

Separate read-out for each detector module

Each detector module (10 chips) 1 x 2560 x 32 bits @ 10 MHz
00001000000000000000000000000000
00000000000000000100000000000000
00000000001000000100000100000000




Data funnel




Read-out ASIC

Read-out
controller ASIC

Link receiver
FPGA

Router FPGA

Data funnel




Pixel detector

Data generator
2560 x 32 bits

00001000000000000000000000
00000000000000000100000000

00000000001000000100000100
00000000000000000000000000




Pixel detector

What is the strategy?

00001000000000000000000000
00000000000000000100000000

00000000001000000100000100
00000000000000000000000000




Pixel detector

channell-5

serializer
!
de-serializer
|

FIIIZO

Zero suppress & address decoder
|

dual port memory

| .
channel multiplexer
|



Pixel detector

serializer
!
de-serializer
!

FIIIZO

Zero suppress & address decoder
|

dual port memory
|




Pixel detector data processing

check if any hits

if no hits ->
load new value from FIFO

if 1 hit only ->
decode the hit &
request new value from FIFO

serializer
|
de-serializer
|

FIFO

| zero suppress & address decoder

dual |:3::lrtI memory

if more than one hit -> decode the hits




Pixel detector data processing

How to decode the address?

this line has two hits

the state machine must send two hits into the
ual port memory

row address | hit position =5

row address | hit position = 11




Pixel detector data processing

Do we know enough to start the project?
How do we encode the address?

row address | hit position =5

row address | hit position = 11




Pixel detector data processing
\VY

FIFO

parallelLoad . .
shiftEnable shiftRegister serialOut

0|0 0 0 0, 0] 0

control

cntEnable v counter

wiiteEnable  \/ dual port memory




Position decoder — shift register

ene N positionDecoderSR.vhd - /Volumes/akluge/cadence/div/test vhdl/
File Edit Search Praferences Snael Mscro  Windows

Molurmesfakluge/cadeniue/diviles | vhdfposilionCecoderSRhid 1413 Lyles

library icse;
use ieee.:std_logic_ 1164, all;

entity positiconlecoderSk is
port { clk i std_logic;
reset_i i std_logic;
rew_vwalues_awvailable i std_logic;
rewv_walus i std_logic_wvector (31 downmto 0);
data_word s integer range O to 31;
write data_word std_logic);

end pecsitionDecoderiR;

architecture behavioral of posizionbezodersk is

signal cata encods :std_logic_wvector {31 dowmto 0);
signal positicn count :integer range ] to 31;
signal state_sncoding :std_logic;

begin

process (clk, reset i)
begin

if {clk and clk = 'l'}) then
it {reset_i = 'U'} then
data_sncods thers == '0'};
peesition count
state_encoding =
elsif {({new_walue available = and {state encodinc = '0'}))] then
dala_sncods new_vdalue;
state_sencoding L i
elsif {{stzte encoding = '1'} d {position count /= Z1)} then
dats_encode{30 downto 0} data_encode{3l dowmte 1});
data_encode(31) el
pecoition ecunt pooition_count + 1;
elsif {pcsition_count = 31} then
state_encoding s=E
end if;
end if;

if {clk and clk = 'l'}) then
it {recset_i = '0U'}) then
data_word
write dsta word
elsif {dets encode(0) = '1'} &
data_word
wrile delLa word
alse
write deta word
end if;
end 1f;

tion_count;

end process;

end behavioral;




Position decoder — shift register

SHSNS) . positionDecoderSR.vhd - [Volumes/akluge/cadence/div/test_vhdl/

File Edit Search FPreferences Shell

Macro  Windows

fMolumesiaklugelcadence/divitest vhdlfposiionDecoderzR vhd 1418 bytes

library icese;
use iecece.std logic 1164d.all;

entity positionlecoderSE is
port olk
reset 1
new wvalue awvailable
new wvalue
data word
write data word

end positionDecodersE;

:in std_logic;

:in std_logic;

:in std_logic;

:in std_logic_wector {31 downto
:out integer range U to 31;

:out std_logic);

architecture behavioral of positionDecoderSE is

signal data encode :std_logic_wvector (31 downto 0);
signal position count :integer range O to 31;

signal state encoding :std_logic;

begin

process {(clk, reset i)

begin

if {(«olk and -1k = '1'} then

if (reset_i = '0") then

0} ;



begin

process {(clk, reset i)
begin

end process;

end behavioral:



FJ.UL;'EFDD 1_%.;4.1'5.., L=o= L L f

beqin
if 1@ and 1k = 15 then
if {reset i = '0'} then
data encods <= {(others => '0U'};
positicy count <= (3
state encoding =
else
case {state encoding) is
when '0' =>
if {(new walue awailable = '1l'} then
data encode <= new value;
state encoding = @'

end if;
when || =x
ifF i e = ) ]
data encode(30 downto 0O} <= data encode{3l dowmto 1};

data encode(3l) <= 0

e tion count e 1 e e
elsif {position count = 31} then

state encoding <= '
end if;

when ,others =>
data encode <= (others => '0'};
it coun <= U3
state encoding <= '0';
end case;
end if;
end if;

if {-lk and 1k = '1l'}) then
if {(reset i = '0') then




o Shift register is a parallel load register




Position decoder — shift register

"00001000001000001100000000011010"

Easeline = 1847 730594Ens

Timed = 937 Bns
|1000ns [1100ns [1200ns |1300ns |1400ns |1500ns |1600ns |1700ns [1800ns

reset_i

new_wvalue_available o
niew_vallie ‘b 00000000 00000000 00000000

B 00000000 Joszr 041 fozor foror fooer Jooar foozr foolr fooor fooor fooor fooor Jooor fooor fooor fooor fooor Fooor fooor fooor Jooor fooor Jooor Jooor fooor foooe fooor fooor foooooooo

Mt data_word 0 JL 2 Jaa s £ hz7
B+ wite_dee mord 1L . . B
M state_encoding

4 11 ) 1,000,000 2,000,000 2,000,000 4,000,000 5,000,000 6,000,000 7.012,437 5n= g

T e e




Position decoder — shift register

~lns =] T | 41 B, JI] [{{I‘ Ty $| @ | DO 7.012.437.5n5 + 0

1847.790948ns
tazeline = -910.290948nz

Timed = 937 .5ns

r Curzor =

rezet_|

new_value_available

rew_value 00000000 }{nazh }[nnnnnnnn

data_encode gooooooo ogzk [O041k [OZ0k lEIlEI" aogk foo4e FO0zZk lEIEIl"

data_waord 0 }{l }{3 }{4

pozition_count 0 }{l }{2 }{3 }{4 }{5 }{E }{’.-' }{E

write_data_word

gtate_encoding

1,000,000 2,000,001




Position decoder — shift register

|Baseline =1847.730348ns

1800nz

ook

ook

ook

aooooooo

l21

127

118 |13

l21

lzz 23 jza |25

127

lzs 23 [30 |31

4,000,000

5,000,000

G.000,000 FOM2 437 Sns g

1 object zelected




Position decoder — shift register

0|0 0]0]0] O

Shift register & counter (if then)

Result in an FPGA from 2002: (Altera EP20k200FC484-3)
81 out of 8320 logic elements

44 reqisters

11% (41/376) of pins
10.6 ns (94.5 MHz) position_count-> position_count

tco. 8.0ns: data_word reg -> data_word
tsu:. 7.0ns: new value available -> data _encode




Position decoder — shift register

0|0 0]0]0] O

Shift register & counter (case)

Result in an FPGA from 2002: (Altera EP20k200FC484-3)
50 out of 8320 logic elements (with case statement)

44 reqisters

11% (41/376) of pins
9.1 ns (109.9 MHz) position_count-> data_encode

tco. 7.0ns: data_word _reg -> data_word
tsu. 6.3 ns: new value available -> data _encode




Position decoder — shift register

o Task fulfilled?
e User requirements fulfilled?

« Did we ask enough to understand user needs?

* Maybe at the time of project start, but now Is the time to
rediscuss




Position decoder — shift register

o Task fulfilled?
— Few logic cells
— Timing constraints fulfilled
e User requirements fulfilled?

— Processing per 32 bit line takes:
e 32 bits * 25 ns = 800 ns
Data comes each 100 ns -> 1 out of 2560 32 bit line
Decoding time for all lines is: 2560 * 800 ns => 2 ms
Within 2 ms => 20480 data lines arrive
— input FIFO would need to be at least 20k * 32 bit deep
During 2 ms no other trigger acquisition can take place
— dead time => max trigger rate: 488 Hz

 User requirements not fulfilled




Position decoder — priority encoder

How to decode the address?

this line has two hits
the state machine must send two hits into the dual port

memory




Position decoder — priority encoder

read \V4 FIFO
|
sel mux

Q

\VA register
0|0
control +

priority encoder

¢

address decoder
11111111

wiiteEnable v/ dual port memory




Position decoder — priority encoder

— — A A A e e b A e s e e e A e A e e o A A e A e s A A e A e A e e A e A A e A e e A A

——pastionlecoderFri
—_—— A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A A

library icee;
use ieece.std logic 1164.all;
use ieee.numeric std.all;

entity positionlecoder is
port { clk :in std_logic;
reset i :in std_logic;
new wvalue available :in std_logic;
new _wvalue :in std_logic_wector (31 downto 0);
data word rout integer range 0 to 31;
write data_word :out std_logic);

end positionDecoder;
architecture FPricrity of positionDecoder

component prior3Z

port  inp :in std_logic_wvector {31 downto 0};
code :out std_logic_wvector (4 downto 0));

end component;

component addresslDecoder

port  inp :in std_logic_wvector (4 downto O);
code :out std_logic_wvector (31 dowmto 0}));

end component;

signal data encode :std_logic_wector (31 downto 0);
signal state encoding :std_logic;

signal hit_address :std_logic_wector (4 downto 0);
signal data encode actual :std_logic_wector {31 downto 0};
signal data encode next :std_logic_wector {31 downto 0};
signal data encode next is 0 :std_logic;

signal new wvalue is 0O :std_logic;




— — T b A o o e e s e e A e e A A e b e A A e o e e A e o A A A A e A e A A A e o A e A e o A A A A e A A A A e A e A A A A e A A

——postionflecoderiri
— — T o e o b e e e A i e b e A A A i e e e e e A A e e e e b e e e e e e e e e e A e e b e e A A A e e e A A A A A e A A A A A

library icee;
use ieeec.std logic 1164.all;
use iecee.numeric std.all;

entity positionlecoder is

port f{ clk :in std_logic;
reset i :in std_logic;
new wvalue availakle :in std_logic;
new walue :in std_logic_wvector (31 dowmto 0};
data word :out integer range U to 31;
write data word :out std_logic);

end positionDecoder;
architecture Friority of poszsitionDecoder is

component pricril

port ({ inp :in std_logic_wvector (31 downto 0O}
code :out std_logic_wector (4 dowmto O))

end component;

component addressDecoder

port ( inp :in std_logic_wvector (4 downto ) ;
code :out std_logic_wector (31 downto 0}));

end component;

signal data encode :std_logic_wvector (31 dowmto 0O};
signal state encoding :std_logic;
signal hit address :std_logic_wvector (4 downto () ;
signal data encode actual :std_logic_wector (31 dowmto 0);
signal data encode next :std_logic_wvector (31 dowmto 0};
signal data encode next is O :std_logic;

signal new walue is 0 :std_logic;




begin

process (clk, reset i)

begin
if {cllk and <l = '1') then
if (reset 1 = '0') then
data_ encode <= {others => '0'};
state encoding <= '0';
else case state encoding is
when '0D' =
if (new wvalue awvailable = '1l'} then
data encode <= new_wvalue;
state encoding <= not new _wvalue is 0;
else
state encoding <= '0';
‘E<9 B 7 & §5 4 31 2 1 i} end lf;
when 'l' =>
if {(data encode nexzt is 0 = '0'} then
data encode <= data encode next;
state encoding <= 'l';
0 elsif {data encode next is 0 = '1l') then
data_ encode «= data_ encode next;
state encoding <= '0';
end if;
when others =>
data encode <= {(others => '0'};
state encoding <= '0';
end case;
end if;

end if;
end process;

data _encode next <= data_encode and data encode actual;
write data word <= state_ encoding;
data word <= to_integer {unsigned{hit address));

a priocrii: prioril
port map {data encode, hit address);

a_addressDecoder: addressDecoder
port map (hit address, data encode actual);




data_ encode <= data_encode next;

state encoding <= '0';
end if;
when others =>
data encode <= {(others =» '0'};
state encoding <= '0';
end case;
end if;
end if;
end process;
data_encode next <= data encode and data encode actual;
woite data word <= state encoding;
data word <= to _integer {unsigned{hit address));

a prioriZ: priori
port map {(data encode, hit address);

08 8 7 6 5 4 3 2 10 a_addresslecoder: addresslecoder
port map {hit address, data encode actual);

process (data encode next)
begin
if {data encode next = "0QOQOOQOOQQOQOO00Q0Q0O00000000000000") then
data encode next is O = '1l';
else
data_ encode next is 0 <= '0';
end if;
end process;

process (new wvalue)
begin
if {(new _walue = "0O00O0OOOQOOCOCOOOOO00O0O00000000C000") then
new walus is O <= '1';
else
new walue is O <= '0';
end if;
end process;

end Pricrityvy;




library iese;
use ieee.ztd “og-e 2264.all;

entity prier3l is

port [ inp :in std_logic_wector (31 dowmto C);
code tout std_logic_wector {£ downte C));

end prioez3iZ:

architecture behav_coral?d of pricridi is

——priarii

begin

procass [inp)

beqin
if [inp{0}) = 2 ) then cods <= '0OO0O00C";
elsif [inp(-) = - ] then code == '000071";
algif [inp{2) = - ] then coda <= '0OO0O01C";
elsif [inp(3) = - ] then code == '00011";
elgif [inp(d) = - ) then code <= 'OO010C"-
elsil [ifup{5) = - ) Lhen code <= '00101";
elgif [inp(R) = 2 ) then code <= 'O011C":
elsil [ifup{7) = - ] Lhen code <= '00111";
elgif [inp(d) = - ) then code <= '0100C"
elsil [ifup{?) = - ] Lhen code <= '01001";
elgif [inp(Z0) = 2') then code <= '0101C":
elsil [ioup{Z2}) = '] Lhen code <= '01011";
elsgit [inpl 21l = 7 '] then code <= 070 .
elsif [inp{l3) = '] then code <= '01101";
elsgit [inpl 4 = 7 '] then code = 0770,
elsif [inp{l5) = '] then code <= '01111";
elgit [inpl " hl = 7 '] then code <= U0 .
elsif [inp{’7}) = '] then code <= '10001";
elsif [inpi &) = _'] then code <= "10010C";
elzif [inp{ %) = 2'] then code «m 100117,
elsif [inp(20) = _'] then code <= '"1010C";
elzif [inp{22) = 2'] then code «m 1101017,
elsif (inp(22) = _'] then code <= "1011C";
elzif [inp(23) = 2'] then code «m '1017171";
elsif [(inp(24) = _'] then code <= '"1100C";
elsif [inp{25) = -'] then code = '11001";
elsif [inplf26) = _'1 then code <= '"1101C";
elsgif [inp{27) = 2'] then code <= '11011";
elsif [inplfz28) = _'1 then code <= '"1110C";
elsif [inp{29) = 2'] then code <= '11101";
elsif [(inpl30) = _'1 then code <= '"1111C";
elsif [inp{32) = 2'] then code <= '11111";
else code <= '11111";

and if;
end process;

ond bahaviora’ 0;
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library iese;
use ieee.std logic 1164.all;

entity addressDecoder is

port  inp tin std_logic_wector {4 dowmto 0} ;
code tout std_logic_wector (31 dowmto 0U}});

end addressDecoder;

architecture behavioral of addressDecoder is
begin

process {(inp)
begin
case (inp) is
when "CQOOOO" == code
when "COOO1" == code
when "COO010" == code
when "CQOO011" == code
when "0QO0100" == code
when "0QO0101" == code
when "0O0110" = code
when "0O0111" = code
when "01000" = code
when "01001" = code
when "01010" = code
when "01011" =» code
when "01100" =» code
when "01101" =» code
when "01110" == code
when "01111" == code
when "10000" == code
when "10001" == code
when "10010" == code
when "10011" == code
when "10100" = code
when "10101" = code
when "10110" = code
when "10111" == code
when "11000" = code
when "11001" == code
when "11010" =» code
when "11011" =» code
when "11100" == codse
when "11101" == code
when "11110" == code
when "11111" == code
when others => code
end case;

"1111111171111311213111131113311110";
"1111111131112131121311113111311101";
"111111113111131121311113111311011";
"11111111311131311213311133111316111";
"1111111131113131121311131311171061111";
"1111311113311131311213131113131110311111";5
"11111113111311313131131131116331311°";5
"11111113111311313131131131101111311°"5
"111111131113113131311311310113131311°" 5
"111111131113111311131131136213113131311°"5
"1111111311131113111311311011311131311°"5
"11111113111311311311311203113113131311°";5
"1111111111311131111131621311311131311°";5
"1111111311131113111110113111313131311°";5
"1111111131111131110111131113311111°";5
"1111111131111131102111131121331111°";5
"111111113111113101311113111331111°";5
"1111111131113131612131113131113313131°";5
"1111111131111101113111313111331111°";5
"1111111131111021113111313111331111°";5
"11111113111160111111311311313331311°";5
"1111111311101131111131131131331311°";5
"111111131101113113131131131331311°";5
"111111116011113111311311311313331311°";5
"111111101111131113113113131313331311°";5
"111111011131113111311311311313331311°";5
"111110111131113111311311313131331311°";3
"111101111131113111311311313131331311°";3
"111011113111131341413311313111331111";5
"1101111131111311213111313111331111°";5
"101111113111131121391113131121331111°";5
"O0111111131111391139113131121331111°";5
"1111311113311133112133131333131331131°";5

(0 O I T R I R I O

end process;

end behavioral;




Position decoder — priority encoder

Baseline = 1,212 500, 000fs
Timed = 975,000,000fs

|380.000,000f |1.000,000,000f |1.020,000,000fs |1.040,000,000f |1. 050,000,000t |1.080.000,000f |1.100,000,000fs |1.120.000,000fs |1.140,000,000fs |1.160.000,000fs |1.180,000,000fs |1.200,000,00>

[ [ I [ [—
naw__va\ue_avawlab\e —,—|

new_value 'm oooooor fooooonoo Joszoco1a Joooooooo

- data_encads 'n oooooo» fooooonon |oszoco1a |oazocols foazocolo |oazocooo |0azos000 J0azooooo 03000000 Joooooooo

- data_encoda_actual ' 7FFFFF* | 7FFFFFFF |FFFFFFFD |FFFFFFFT |FFFFFFEF | FFFFBFFF |FFFFIFFF | FFDFFFFF | FIFFFFFF | TFFFFFFR

. data_encade_next 'n oooooo» ooooonon [oazocols foazocoo Joazocooo [oazosoo0 [oazooooo Josoo0000 Toooooooo

- hit_address B 1F iF o3 foa = Jor s

data_ward a4 31 31 IE Ia 1a s Iz

data_encode_next_iz_0 1

state_encoding o

wirite_data_word

1,000,000 ,000,000 2,000,000,000,000 2,000,000 ,000,000 2,794.950,000,0001 i3




Position decoder — priority encoder
3

J Search Mamesz:

Timed, = 575,000,000f
930,000, 000f: 1.000,000,000f 1.020,000,000f 1.040,000,000f 1.060,000,000f

reset

hew_value_available | |

hew_value nooooor fooooooon |pszocola | oooooooo

M. data_encode nooooor fooooooon | 08200014 |D8z0C01s |0820C010

. data_encode_actual TFFFFF* | 7FFFFFFE | FFFFFFFD | FFFFFFF7 | FFFFFFEF

. data_ercode_rext nooooor Booooooon |nszocols |pszocolo | Dszocooo

« hit_addrezs 1F ]{EIS }I{Eldl

data_waord 31 ]{3 }{4

data_encode_next_iz_0

gtate_encoding

write_data_word

4,000, 000,000,000




Position decoder — priority encoder

#94,950ns + 0

1.020,000,000f 1.040,000,000fs 1.060,000,000f 1.080,000,000F 1.100,000,000f3 1.120,000,000f3 1.140,000,000f3

| oooooooo

| 08200014 |D8z0C01s |0820C010 |szocooo | 08208000 | 08200000

| FFFFFFFD | FFFFFFF7 | FFFFFFEF | FFFFEFFF | FFFFTFFF | FFDFFFFF

|nszocols |pszocolo | Dszocooo |pszos000 |nszooooo | 0000000
|03 |04 | OE |oF I15
|3 |4 14 |15 |21

4,000, 000,000,000 2,000 000,000,000




Position decoder — priority encoder

J '!;" + Send T-:n:z. 2

J Time: &

|Bazeline = 1,212,500,000f:

1.060,000,000f 1.080,000,000f 1,100,000,000f 1,120,000,000F 1.140,000,000F 1,160,000,000F 1,180,000,000F 1,200,000,00k

| 0820C000

| D8z08000

| 08200000

| 08000000

| 00000000

| FFFFEFFF

| FFFF7FFF

| FFDFFFFF

| FTFFFFFF

| TFFFFFFF

| D8z0s000

|pszooooo

| Dsoooooo

|oooooooo

| OE

|oF

|15

| 1B

|1F

|14

|15

|21

|27

|31

2,000, 000,000,000

2,000,000, 000,000




Shift register & counter (case)
Result in an FPGA from 2002: (Altera EP20k200FC484-3)
50 with case out of 8320 logic elements

[ [
ler prlorlty encoder
|
11% (41/376) of pins
9.1 ns (109.9 MHz) position_count-> data_encode

tco: 7.0 ns: data_word_reg -> data_word
tsu: 6.3 ns: new_value_available -> data_encode

Priority encoder
Result in an FPGA from 2002: (Altera EP20k200FC484-3)
172 (out of 8320) logic elements
33 registers
addressDecoder: 16
prior32: 54
11% (41/376) of pins

20.8 ns (48.0 MHz) data_encode -> state_encoding

tco. 17.1ns: data_encode -> data_word
tsu: 14.9ns: new_value -> state _encoding




Shift register & counter (case)
Result in an FPGA from 2002: (Altera EP20k200FC484-3)
50 with case out of 8320 logic elements

[ [
ler prlorlty encoder
|
11% (41/376) of pins
9.1 ns (109.9 MHz) position_count-> data_encode

fco: 7.0 ns: data_word_reg -> data_word
tsu: 6.3 ns: new_value_available -> data_encode

Priority encoder
Result in an FPGA from 2002: (Altera EP20k200FC484-3)

172 (out of 8320) logic elements ->
33 registers
addressDecoder. 16
prior32: 54
11% (41/376) of pins

20.8 ns (48.0 MHz) data_encode -> state_encoding
->

tco. 17.1ns: data_encode -> data_word

tsu: 14.9ns: new_value -> state _encoding




Position decoder — priority encoder

o Task fulfilled?

— Many logic cells

— FPGA Timing constraints fulfilled
e User requirements fulfilled?

— Processing per 32 bit line takes:
e numbHits per line * 25 ns = ?
Data comes each 100 ns -> one out of 2560 32 bit line
Decoding time for all lines is: 2560 * ? ns => ? ms
Within ? ms => ? data lines arrive
— input FIFO would need to be at least ? * 32 bit deep
During ? ms no other trigger acquisition can take place
— dead time => max trigger rate: ? Hz

 User requirements fulfilled ?




Position decoder — priority encoder

« Task fulfilled?

— Physics simulation:
* max 2% of all pixels will be hit in one acquisition

e User requirements fulfilled?

— Processing per 32 bit line takes:
(numbHits per line) * 25 ns = (32 * 0.02) * 25 ns =<25ns
Data comes each 100 ns -> one out of 2560 32 bit line

One line with up to 4 hits can be decoded before the next line
arrives

Input FIFO of 1000 * 32 bits implemented to buffer statistical
fluctuations or calibration sequences

Dead time defined by transmission of data stream
— 2560 lines with each 100 ns => 256 us => 3900 Hz
— dead time => max trigger rate: 3900 Hz

« User requirements fulfilled: yes




Position decoder — priority encoder

0|0

Priority encoder
Result in an FPGA from 2002: (Altera EP20k200FC484-3)

172 (out of 8320) logic elements ->

20.8 ns (48.0 MHz) data_encode -> state_encoding
->




Position decoder — priority encoder

User requirements fulfilled: yes
Can we do better?
Can we do faster or with less logic?

Do we know something which the synthesizer
does not know?




Position decoder — priority encoder

« Knowledge of implementation in target
technology is important

« Knowledge of what the synthesizer is
doing is important
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Production tests & verification




Simulation & Development

Full system VHDL/Verilog simulation
ASIC -> MCM -> optical link -> FPGAs -> PCBs

Functional test: Board level -> ASIC level

Design handled by different engineers
SEU Simulation

link maivar card

pixel chips

pixel bus pilot MCM control room










Boundary scan

I h jéﬂ 15 ! EDA- 00539 Ve _—_’ %
Example ; ?“,-_-. %g - RQUTER_snt_. ;
12 FPGAs with1500 pins &=

11 SRAMSs with>100 pins ="
40 connectors with 40 pm?;;.?j
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Automated and remote 3

-

tests



System and Detector Integration










Assembly




Half stave assembly station

SPD half stave integration

Pixel chip

aminate - Extenders

HaIf staves (max 4Iweek)
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Interconnections,

electrical, optical
fibers




SPD and PIT optical and electrical data distribution network

patch panel optical copper crate

Aug.16, 2006, AK CR4




Installation in ALICE experiment

- ] 107.6X0.15 m |k
— ‘l Serial

Optical ' ' Central Trigger

.
splitters 38 5+0.2 m Processor

PIT main outputs
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 Voltage supply over 40m

» data path over 130m

* Distributed processors (130m)

* Mixture: Miniaturized electronics — Civil engineering
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Particle collisions




Beam events

= Events from LHC circulating beam
= 11t September 2009







Pb+Pb @ sqrt(s) = 2.76 ATeV

2010-11-08 11:30:46

Fill : 1482

Run : 137124

Event : 0x00000000D3BBEG693
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Heavy lon Collision Event

ATLAS

e o traras et /A EXPERIMENT

Run 168665, Event 83797









