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Problem Definition - 1

Eificient pixel daiccior reaceut requires [}n@m@ﬁm@ rﬁm@

pelypheny; allewing only ene sourea o communicate cearly &t a

I g e witheut everlapping others, ensuring comprehension
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Problem Definition - 3 oan s

Hit N b al fo @ PhelDataReady bt i

| WANT TO RHEREE m&m“_f?, mu;%J mJ.f;?,
TALK NOW. oL

one time latched, transmits data -
a o : i
1
l ReweAdd [Bb, TOT [8b] m—é ....................... seeran
[ Tosna ] P ————

DataBusDown] 16BHX]

Busylmwnfd]

ﬁufrix*ﬁ
.
* no pixel above was not first to talk? ”/?}ﬂ

»* no pixel below is already talking?
» | start talking and tell all pixels above that I'm talking!
*» It should prevent talking simultaneously, but information

by oy e has some latency, and CKs are not the same in all pixels
=y, . M ! M M 2 Inspired by: “X-ray Detectors for LCLS-II with
Lf E;Eghgﬂggn -nelghbors states awareness, Who IS fIrSt’ - real-time information extraction: the SparkPix 4

family”, L. Rota, 24" iWoRiD
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Problem Definition - 4

A
= . — — - — — = - - - - — — | | L
= pixel i ET = L PR P e e PR PR L T
= address | SENRSEAE
= & time IEIENED = ESESE
- - — ] e — - L. ] |- ot — — L [ = =
= o eventi= = e e e e e SERE:
b = driven RO = NESeN EscNEScSBScSEaE
72 =0 =P - == i = - A T
L E |m D - [ i e ey e e | ok
e < -, oo
E s =5 B T =
g < =>100MHz |- e P §§
m C_'l?‘ CIOCk‘ ——% = . L g S| » !
-Q_) H - = = — ‘ Atcaégmem(-zné-
=@ B AESENEaE L T ) 3
: g_ — - = : = E XOps " XOps XOps1 OEE)_I rtn\;e_ r{e_ I’M % % S;ﬁ;{;gﬁ;gger LTS
= o ol Bl Y o = = 1000 wires = 2| readout interface g
m O At ‘ : S~ = : i e where is the edge? coincidence circuit and é' 5 B
= E e!ement i _ ] . - | - 4 1000 to 10 encoder # inverters 10bits 9
-8 b|aS e : [ counter §
v ol ol e =1-  |100MHz clock o enable#mo'gg"ié @
100MHz clockﬁ ] 1
J{" VM discout \ ’tL
. . . | # inverters |
» distribution of reference = — st
' & " po— clock for in-pixel TDCs is OR  #1o— ? B
M -generated image N
every pixel has by ChatGPT as delays can be calibrated out,
different clock » but wrongly resolved concurrency leads to corrupted data
¢ Brookhaven . | e | |
g . [ ) - Inspired by: “Associate Particle Imaging
L Kational Laboratory time awareness Readout Concept”, G.W. Deptuch 5
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Problem Definition -5
analo?
+ digital
digital
metals+ILD = <
metals+ILD
analog
common substrate
analog substrate

» clocks, tokens, strobes etc., reaching all pixels:
» need charging discharging of capacitances;

» causes interferences (and 3D-IC is not always available)
Full column length =

956 x 55um = 1.408cm -;i

M

Request token

....... ) =
é Req =
l—ol llllllllllllll —
2| ([ Dambusrop, [ = =
a
=1 1 1 I N I - -
= o.
................ <
....... 4 Clockresctbus | &
; g 0000 - —— S— 1 Ack ’Q
more activity Al-generated image PN, ygr——— 7 v Tokenin |\ "y
. . by ChatGPT ,&,.
= more dissipated heat = = = [Bel——ell—: S Toten B> Token (73
. out
- andk more Interferences Inspired by: G. W. Deptuch et al., IEEE Trans. on Nucl. Sci. vol. 61, no. 1,
Brookhaven . pp. 663-674, Feb. 2014, doi: 10.1109/TNS.2013.2294673
Lt National Laboratory » power and Interferences- and T. Poikela “Readout Architecture for Hybrid Pixel 6

Readout Chips”, PhD thesis 2015




‘ IN LINE SCAN

From the Past - 1

DELPHI PIXEL DETECTOR MODULE

16 electraonic chips bump-bonded on
1 large detector plaquette (9 cm ) 2
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™ electronic chip :

24 x 24 pixels
of 330x330 ym
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Al-generated image e
by ChatGPT 70 mm

busses on the

l.— detector chip no—

pixel detector readout,
with two-dimensional
X-Y signaling and scanning

-
D

electronic chip :
16 x 24 pixels

of 330x330 ym ™
sparse data scan
(with added feature of oL sean
analog readout) e P co sy .
° . moaules alr iayer et}
2D ambiguity ! ’ il '—2 INCOL SCAN
total = 8 x 19 modules [ FADC

o~ = = 1300 cm?
¢ Br_onkhaven P. Delpierre and J.J. Jaeger, Nuclear Instruments _ - :
National Laboratory : ; = 1 million of pixeis
and Methods in Physics Research A305 (1991) 627

Erik H.M. Heijne, spk., CERN DRDC/93-54 RD19 Status Report 1 January 1994

- |4




HARP : schematic overview

2 .’ Data Flow socor et 1 2

Lo
SE ‘Amplifier
£ ] Discrimi-
gﬁ nator/.
A \
two steps: . e Analog
» get data from pixels to p pipeline
. st level (waiting for
periphery (buffers) trigger the 1st level
» organize output awating trigger)

pass only if 1st

: s trigger arrival » level trigger says YES
Al-generated image
by ChatGPT Fast A-to-D
converter
focus on extracting data from IR ,‘-;’,."ggf;‘",e
ithin pi i i 2nd level waiting for
within pixel matrix to peripherals trigger ghe ting for
trigger)
pass only if 2nd
level trigger says YES
L? Sl to 3rd level trigger
National Laboratory ‘

F. Anghinolfi, et al., CERN/EF 89-14 CERN/LAA/SD 89-11 13 September 1989
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Digital pixel front-end

Analog pixel front-end

() Bump pads

logic (arbitratiﬁh tree) placed
in space between channel cores (e.g. AFE) =

Brookhaven m

+ National Laboratory

common approach of building
» super pixel 2x4, 4x4 and 4x4
* analog islands encircled by logic.
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and T. Poikela “Readout Architecture for Hybrid Pixel
Readout Chips”, PhD thesis 2015



Summary Of SOIUtions - 1 Frame-less EVENT-DRIVEN:

» pixels independently signal

Frame-less POLLING (DATA-DRIVEN): themselves for readout

» typically circulating token(s)
queries each pixel's state for data
to transmit

» varrying latency or dead time

FRAME - LESS
Sparsified

» continuos activity

Frame-based sparsified:

Frame-readout: » snapshot taken first

» all pixels are read out
sequentially

» no timing from readout
L?' Brookhaven

National Laboratory

* no timing from
readout 10




Summary of Solution - 2
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Brookhaven

National Laboratory

@

Frame readout

>

typically snaky style - shift registers:
» dataout

« <

‘_‘ » datain
Y

A
q—J » often shift registers are reconfigured counters for real
estate efficiency

»* many detectors developed for Photon Science operating

in SPC mode

» very simple = will not spend time on this type

:

=» threshold for using is occupancy =

11



Summary of Solution - 3

Comparison

full frame readout

Frame- Based
Frame Based Sparsified

integration

time
sparsified /address event encoding
X1,¥1.11) Xg:¥se:ip)
X3,¥3:.13)  (X7,y7.t7)
(X2,y2,t2) (X5,y5,t5)
X4.Y4.ta)  (Xg¥g.ts)

I t1 t2t3t 4 t5 t6 t7t8 time
Okl :

Frame- Less

Polling
Event-Driven




Arbitration methods

Static Arbitration:

with combinational logic

» state of matrix snapshot before
readout to prevent corruption if
requests with higher priority arrive

» data sent in packages (with period of
snapshotting clock)

sensor

data read from sensor
= limited capacity and resolution=
L?' Brookhaven

National Laboratory

Dynamic Arbitration:
true event-driven with sequential logic

» arbiter cell stops and queues requests
clearing them one by one

» data points sent one by one (time
resolution depends event rate)

sensor new

readout AR
D
. G .

m data read from sensor

event-driven

readout

= maximum capacity and resolution=

13



Arbitration methods - examples

® ® ®
w— 100 Mephisto Token Passing - Timepix
L [—} in — Full column length =
— back out —= < 956 « -1 408c N
- o? : | . < back in 256 x 55um = 1.408cm |
in s 1 | Request token
> ™\ E
hit found ) »— out = Req T
~— o =8
> ~ | 2 <
back out —a ~
o—. in —-— L 2
in0 - 1
sync. reset grab/ | Ack
e - grant Tokenin
o HIERARCHY N-I HIERARCHY N HIERARCHY N+l
Token
Token
AL'CE out

STATE[0]

ITS STATEI VALID Request  /
STATE[2"] token —
PRIORITY LOGIC Tokenin
Priority T65t062 \\ f \\

)

SYNC[0] ADDRESS[n-1:0] Token out *
- - n-1:
DAL RESET | ~ ADDRESS - Req I Y ! — :
SJN'::[I“] DECODER |° “| ENCODER e i ,__\ ’__‘ i
L e Data bus “DO , D1 [ D2 ; D3 2 D0 , D1 , D2 | D3_
? Bronkhaven‘ P. Fischer, Nuclear Instruments and Methods in Physics Research A 461 (2001) 499-504 T Poikela et al 2014 JINST 9 C01007 14
National Laboratory  P. Yang et al., Nuclear Instruments and Methods in Physics Research A 785, pp. 61-69, 2015

G.W.Deptuch, https://Iss.fnal.gov/archive/test-tm/2000/fermilab-tm-2709-ppd.pdf




Charles L. Seitz

RS A5
A3 A4
R3 A | —— R4
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Ri A1 A2 R2

FIGURE 1 Processor (PyStora ge (S) Crosspoint Structure.

a n arbiter is a mechanism that governs the sharing

of a resource among a number of processes. An

everyday example is a stoplight at an intersection.
It is intended to allow the street crossing to be shared
safely between two traffic flows. The traffic-actuated
type of stoplight is considered to be superior to the
clock-cycled type, because it does a better Jjob of keeping
the resource (the street crossing) active and the traffic
flowing. Using a mechanism that allocates the resource
dynamically in response to the demand achieves a better
use of the resource.

One of the most common examples of arbitration in
digital systems is the sharing of the main (random-
access) storage of a computer system amongst a number
of processors—instruction processors, peripheral process-
ors, data channels, and so forth. Figure 1 shows a
crosspoint structure that allows multiple processors to
make concurrent accesses to main storage distributed
across several independent boxes. The systems within
the dashed lines are multiport stores, each of which

10 LAMBDA First Quarter 1980

FIGURE 2 Symbol for Self-Timed Arbiter.

covers a different range of addresses and can operat
independently of the other storage boxes.

One might think of processors as placing an addres
and a request for a storage: cycle on the (horizontal
paths that thread through the storage boxes. Eacl
storage box can detect the request and whether th
address is one of its own. If more than one reques
appears on a storage box's ports, how does the stor(
determine which request to service next’

The required arbitration is sometimes accomplishec

by a fixed allocation of the store to different processor:
on different periodically repeated time slots. This ap
proach is not unlike the clock-cycled stoplight, and it
guaranteed to leave a lot of bus and storage cvcles
unused unless the load is perfectly balanced. Dynamic
allocation of time slots that are fixed within a synchron-
ous communication discipline is workable scheme whose
implementation is straightforward. The only disadvan-
tages of this scheme are the usual problems inherent o
synchronous systems in (1) clock distribution and (2)

C.L. Seitz, “Ideas About Arbiters”, Lambda 1st Quarter 1980: Vol. 1 Iss. 1, pp. 10-14

Dynamic Arbitration: GALS @ LAGS - 1

i2
Seitz’s arbiter (N)

logic logic
H
=

t1me>

loutput|
Aoz

9]

B | both outputs

& | are never active
atthe samg tim

0 ol

=3

°

time,

functionally,
Seitz's arbiters are
metastability filters

"ghost paper” everyone cites it, but nobody can see it

L1 if someone is interested: | can send a copy of this paper!

logic logic

logic

logic

Seitz's arbiter (P)
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Dynamic Arbitration: GALS @ LAGS - 2

e i B * in inter-processor networks (CALTECH), sources are synchronous and
October 1984 Report No. STAN-CS-84-1026
| c> acquisition is asynchronous (Global Asynchronous - Local Synchronous)
<
S » arbiters with Mueller-C gates, where:
<
= » access granted can only be canceled by source, and
: } Globally-Asynchronous . . . o e o .
2 Locally-Synchronous Systems » communication with source is impossible after Mueller-C gate is set
' :
Danicl M. Chapiro
I A~903-83.
i Depart t of C Sci r11 ,——__--—__\
Stanford University I
‘- Stanford, CA 94305 I C‘I a
- DTIC { e
;B ELECTE |
- S gwus o5 I21
!i = A g |
;= v c2
E E This document has been approved r
e kil 12 Yo g2 | @
’ 2803 S <
i 85 02 07 ol
A R S A T L S a 12 € ‘/

D.M. Chapiro, PhD thesis,
https://apps.dtic.mil/sti/pdfs/ADA154624 .pdf

» bUt piXQ' SyStemS are LAGS!! Park, Jongkil, PhD thesis,

https://escholarship.org/uc/item/0sc4s9v7
Shih-Chii Liu, et al, “Event-Based Neuromorphic

= memory is needed to avoid switching= Systems", Wiley 2015 o




Dynamic Arbitration: GALS @ LAGS -3

A B Y
A 0 o0 0
B :©_Y 0 1 | NOCHANGE
C-element 1 0 | NO CHANGE
11 1

A-qlgrA.q

B 4|

B -

A-Il:l A4

»once the C-gate is set, both inputs
must deactivate, but interaction with

* *
other side is blocked =
Park, Jongkil, PhD thesis, https://escholarship.org/uc/item/0Osc4s9v7

stage with
Seitz’s arbiter (P)
ack1 ]
rq1 S>—T
—{ >rqg_out
92—y
+—<Jack_in
ack2 (]
» Who is first, req or ack? (req blocked if ack high first)
* req goes up if any req passed through (@ ack low)
*» if req passed though any ack change will pass down!
*» this arbiter disallows any rq1 - rq2 grappling (gone +

appear again, faster than deactivation of ack, etc)

= interaction with other side is unblocked =

D.S. Gorni, G.W. Deptuch, S. Miryala, WO 2022/221068 A1 - EVENT-DRIVEN READOUT
SYSTEM WITH NON-PRIORITY ARBITRATION FOR MULTICHANNEL DATA SOURCES

17



Non-Greedy and Greedy Arbitration

o arbitration occurs between PY

, either directly from:
<« read request sources, or
< at higher levels between inputs

that have alr

arbitration
NON-GREEDY /'\
A ’
A AN
o [ ] (] o o ) ) ) eoe
v ©0
o O
| .. £

search for a new data source always resets search favors the same or neighboring source

Lt'\ Brookhaven N. Bingham and R. Manohar, in IEEE Trans. on Circuits and Systems I

National Laboratory » preference? nOt Clea rea Regular Papers, vol. 67, no. 12, pp. 4960-4969, Dec. 2020, doi: 18
10.1109/TCSI.2020.3011552.




Non-Greedy EDWARD

Zt:istgze'sw;trrlliter(P) NON-GREEDY ARBITRATION r— Event Dr|ven |th Ccess
e D ED RD = and Reset Decoder
i2 vsg ol
rat D— D™ This “clock” does not propagate
X m)e - es not propag
ra2[D—,0 Ea L unless there is read request
i 7] ﬁ/\rlJ 7 oD and
=7 DG S It is routed only to pixel with read
2 request
=2 oo
i2 o1
ack3 i 52 LIS ;2 t—Jacki
rq3D i1 1 02
rq4|:>——i2 01:>< }
i 2, Features:
_ =0 :
ack4 i2 vig O
[ J
handling of requests and responding ;. Energy-efficient 4« no clock, no strobes distributed to other but
with acknowledges being read out pixel;
° * No:
acks. < ° * built-in geo-priority;
ras [ . * timing circuitry in pixels (not like GALS);
_ra6 > » Possible multi-access to single pixel per single read request ®» data
acks <] fastest, selective, . gle p P 9 X
sk extracted in phases

ranA D> Laven dead-timeless readout

~uonal Laboratory

Automatic synchronization with data acquisition (LAGS)
rgn 19
ackn <]




Greedy EDWARD

S [ GREEDYARBITRATION ) Event Driven with Access
ack i1 02 —
E=<aN EDWARD = and Reset Decoder
::; i2 : o1:>< :)>k stage with Seitz’s arbiter (P)
_ i A 02

G Do

i1 02
iz% % o1
stage with i2 o1
Seitz’s arbiter (P) i1 02 [ =
ack3 G—Q_J_L f o2 v acki
vss| i2 o1
i2 KT
i 02
ra3[>>
rad D
i = I | LA Features:
L
vss| .
ack4<:|—<<'L__l i2 v O]
°

handling of requests and responding « * Energy-efficient @ no clock, no strobes distributed to other but
with acknowledges being read out pixel;
° * No:
acks_< . * built-in geo-priority;
a5 D . « timing circuitry in pixels (not like GALS);
o P )  Possible multi-access to single pixel per single read request ® data
ackn-1 < fastest, selective, extracted in phases

. , - dead-timeless readout . o e . . eye
o 1§,al i 3k Automatic synchronization with data acquisition (LAGS)
____rgn 20
ackn ]




Data Flow in Non-Greedy EDWARD

acki L
rq1 { end ! end
rq2 i end {  endl____
ack1 A | A |
ack2 At | A |

I L? Brookhaven
National Laboratory

( (nodata)] data1 | data2 | data3)data4|(no data))

»data can flow without any dead time=

21



Readout in Non-Greedy EDWARD

Arbitration among overlapping requests and readout of 2 data blocks / pixel

&\»

Brookhaven

National Laboratory
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Al-generated image |
by ChatGPT

pixel trigger
[ i A

PID pulse B

generator — Tp
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i TGm GG‘GID

L? Brookhaven

National Laboratory

>
L IN_,
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\V4 iy

ouT

nstead VoItagelCurrent -1

AY

G30

P D -

reading using a single line, relying on the time interval
between pulses and the position of the pixel being read

SO Sl
e l p- 6 s ) %
. » . \ "an
S e B
(b) GID delay chain

Gi| ... |e31

L. Cecconi et al 2023 JINST 18 C02025
G. Aglieri Rinella, et al., Nuclear Instruments and
Methods in Physics Research A 1056 (2023) 168589

23



Time Instead Voltage/Current -2

challenge of method:
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Intrinsic Timing Resolution
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Summary

« Optimizing Readout of segmented radiation detectors:
« Goal: data integrity at minimal resource overhead
« Challenges: balancing speed and power consumption
* Focus: efficient data acquisition for radiation detectors
« Evolutionary path for zero-suppressed readouts
from:
« ®-Y coordinate signaling
- covering large areas token passing
- static arbitration
 data polling
to event-driven no clock/strobe distributed/broadcasted and total silence before request
- voltage domain (EDWARD)
» RTL code for implementation parameterized and scalable including individual pixel
configuration available upon request to accelerate design
« time domain (DPTS)
*» very compact implementation
*» challenging calibration
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