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Moore's law in HEP (pixel detectors) '-‘
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Name D-OMEGA lon LHC1 FE-I3 FE-14 RD53
Year 1991 ~1996 ~2005 ~2011 2017/2019
Technology Node 3um 1u 250 nm 130 nm 65 nm
Chip size 8.3x6.6 mm? 8x6.35 mm? 10.8x7.6 mm?  10.2x19 mm? 20x22mm?
Pixel size 75x500 um? 50x500 pum? 50x400 um? 50%x250 pum? 50%x50 pum?
Pixel array 16x63 16x127 18x160 80x336 ~400x400
Transistor count 27?7 800k 3.5M 80M >500M
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Memory Density '_‘
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Technology node 130nm 65nm 28nm
6T SRAM cell (um?) 2.4 0.52 0.127
bit size in memory (um?) ~3.2 ~0.7 ~0.16
10bit words in 100x100um ~ 310 ~ 1430 ~ 6250
NRI/MPW* (mm?) $1000-$2000 S$3000-$S4000 S$8000-$10000
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Issues in pixel detector readout in HEP '_‘

UNIVERSITAT ERITIT

* Time stamping (40MHz)

* Hit rate (<3GHz/cm?)

* Trigger rate (up to 4MHz)

* Wait time for trigger (up to 35us)
* Cooling (+40 to -30C)

* Cables (up to 6m to DAQ)

* Power delivery/support mass
* Data Rates (>2Gbits/s/cm?)

e Resolution (<15um)

e Radiation > 5MGry
 SEU/SET

Dose (Gy)

hemperek@uni-bonn.de

E T T T ATLAS Simulation:
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Radiation levels:
= at5cm:~15 MGy (2¢10%n,,/cm?)
= at25cm:~1 MGy (10* n,/cm?)

* estimates for 10years of operations
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Hybrid Pixel evolution in HEP "
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FE-I3

CMOS 250 nm
FE-14
CMOS 130 nm

50 um

£

Passive Pixel Sensor

3 3 ¢® RD53 CMOS 65 nm 31 . CLICpix 65 nm
particle track % Cgd ~

4
<25 pm

«—> <30ps timing
JB 65/28nm + 130-180nm DMAPS
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Switch to big “D”, little “A” 4
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T | v | v o
mm-
LCD
W|F| Image
--
Comm. Appllcatlon
— e | ey [SM°

HIIRERAAANEEEER
Digital
Controls

Analog

Digital

Analog
Functions

Mixed

Traditional Mixed-signal Design Modern Mixed-signal Design
Physical hierarchy separates Digital and analog distributed
digital and analog throughout design

Same pattern for HEP
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Evolution of array organization n
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- Digital Custom - Digital Synthesized - Analog
Traditional Design: More Recent: Recent:
= design 1 pixel = design few-pixel region = synthesized entire design
= step and repeat identical = step and repeat identical with analog IP in a
copies copies hierarchical way
= custom made digital = synthesized digital
ex. FE-I13 (250nm) ex. FE-14 (130nm) ex. RD53A (65nm)
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Modeling - Introduction '_‘
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in pixel storage/FIFO

m column FIFO -

i i
_
J
compression & -
framing -
Ex
1

channel
encoding

H.

|
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pixel bus .
‘ Questions:

How to portion pixel array (buffering and readout)?
How wide buses?

How fast clocks (domain crossing)?

What data format/encoding?

How to compress?

How big the FIFOs and how many?

What data processing?

How much time to send and trigger?
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Modeling — python (C++...)

|/
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Al

-

Trigger

-

Data

impert numpy & rg

FIREL_AD = B*4D2

FIREL_AREA = SJFEQ

HIT_ARTE_CH = . 5={3d*=3] ¥ thiz I3 hit rate should e reglos rate For this
TADMER_FATE = & 3/dd

glmel_hit_rate_bn = [{Float{PINEL_AREA] {100D0~128003} = HIT_RATE_CH )/ [4@=(12="E)}
trig mem = mpoFulli(1R0203) , -1, =tpesnp.int)

stwt_trlg = np.Fulll (16268} 8,
walt_time = np.fullf[lo000) ,@,
wits_list = {}

rep_waln_tise = 8

hite_raunt = B
tedg dd = 8
trig_regq_fd = @

for BK In renpe{ 10080005 #i1B00002) ¢

trig = mp.random, rand( 1] < TRIGEER_RATE #1F tripger

ir fripg:
nlts =  n@aCowst_ponzesodsp.eandon, rand[ PIEL_MWiL « sdwel_hit_rate_bx) Slotrery
mpty = rp.shereitrig sew==-1}[&] #check in gusus sesty posdtios

trig_mem[enptp[ihite]] = trig_dd sinzert
nivs_iist[erig Ld] = [ea,mdts)
trig_dd += 1

Pevery Ind be remowe ene hit or sowe with tripges
if hx % 2 == &
reg_hits = rp.sherelirig_sen-=trig_req_L[d)i[#]
if dan(reg tdteyz #if sdte with teds trigper id
walted = b - hits_list[trdg_req_id]@)
ht = hits_bistitrig_req_Ia][1]
hits_sownt += hi
rig_walt_time += (wyited*ht)
waiz_tims[waited] == m2

irig _ses[reg_hdts{@)] = -1

reg_hits = rp.sheretrig_sess-trig_req_fa)[8]
if Hen(reg_mlesh == 3
ir grigid > trigoreq id;
trig_req_fd += 1

trig_fn_fifo = np.cowi_norerolnp.uniqueltrig_mes] -1
star_trdglirig dn_fifa) = 1
if be % 1RO == 3P5:

priet DR DR Ctrlg_nuewen, trig_in_fIfo

https.//gist.github.com/themperek/31720b7a186618b17f489a3ad504638¢
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Core-Column trigger queue, hit-rate= 1Greg/sicm, trigger=4MHz

200004 1

100000 4

Core-Column wait time, hit-rabe=1Greg/s/cm2, trigger=4MHz

TOO00 -

E0004 -

50000 1

20000

10004

Simple and good for exploration.
Use UVM?
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Digital Flow — from digital perspective "
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-~

—

J) The software zoo:
i =  Synthesis
= Place & Route
* =  Timing & Si
i =  Power Verification
v = DFT/ATPG
}l/ = Equivalence
,L = Formal
=  Simulation (many tools)
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The design (RD53A)

UMV

1x4 pixel
— region
8x8 || 8x8
pix | pix OR
192x40(
ixels 4x4 pixel
region
8x8 | 8x8
pix | pix
1 1 1
1 1 1
8x8 8x8 8x8
Pixel Pixel Pixel
Core Core Core
A wA e _ A
8x8 8x8 8x8
Pixel Pixel Pixel
Core Core Core
VA VA VA
Digital Chip Bottom
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¢
?

9.6 mm

"Analog BIAS
“Analog BIAS

Digital lines

Sensitive area
192 rows x 400
columns

‘Analog BIAS

/ MacroCOL| . E MacroCOL
Bias Bias ||| === e e e e = Bias
— Analog Chip Bottom (ACB)
£
in Digital Chip Bottom (DCB) |
2
g U U 3 i g
ADC Calib Bias DACs CDR/PL POR Sensors Ring
v ; : < 5 —
g/\| ShLDO_An || ShLDO_Dig || ShLDO_An || ShLDO_Dig | | Driver/Rec | | ShLDO_An || ShLDO_Dig || ShLDO_An || ShLDO_Dig |
~UOOO00O0O00LN eaerme JHHHHOOO0OOML

= Fully digital with analog IP
= Hierarchical
= Fully automated

= 1 day to resin and verify the whole chip

IFDEPS 2018
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Verification Introduction '_‘
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Verification takes more time then design.

It has to start before/together with the design.
Failing a S1M chip (65nm) is not a good idea.
No way out for complex digital chips.

real data

random data
bad data

ASIC Golden
- ﬁ

\?/
E3 =

Verification Plan -> Most important part (trash in trash out)
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Universal Verification Methodology (UVIM) u
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uvm Example for RD53A:
Verification Environment - - - M
Bus OVC =TT —Iwﬁ el TEST
’,"_"---._‘\ - STl {SCENA-R—ID
,’ I :xgg virtual
4 sequencer
buT : / analysis UVC
= . hit UVC fi output
: il 7 e " ¢ scoreboard UvC TESTBENCH
% | |sequencer || subscriber| '(E&E:Iﬁlj_ __________
S . _
Bl o | drver || monitor | | monitor | | a11hs|:]'ib-er-s|
e — i i § 3
. it i igger | otntput_if
: TOP
Design Under Test (DUT) MODULE
O TLM port O TLM export & TLM analysis port/export
Very complex industrial standard
Formall verification ... https://arxiv.org/pdf/1408.3232.pdf
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Verification — DAQ Integration u
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slow control Simulation

Ethernet/USB/PCle

data receiver

python tests

fifo

HDL/Simulation

Selr.cnipl'glopal cont' JL'injenLo’] = U
self.chip['global conf']['TDacLd'] =0
self.chip['global conf']['PixConflLd'] = 0O

= Exactly the same python code can be used for self.chip['global conf'].ser_wait{200)
. . . self.chip.write global() #send some test hit
testing physical chip. -
= Same firmware for FPGA (ready to use by DAQ).

while not self.chip['trigger'].1is_done():

- . . pass
DAQ specification.
: . . . . int 'fif ize', lf.chip['fifto']. fif i
= Can get first data within minutes from chip Gata = el chipl aro ] ger daval] Tl
delivery.

Solution in C++ and other languages exist,

hemperek@uni-bonn.de IFDEPS 2018 15



Work organization/procedures u
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* We use version control (for everything)
— Branching for new features
— Poll request review on request
— Features and bugs discussions via issues system (not email)

* Continuous integration
* Agile development vs waterfall

.  Funppsins |
+
1 lera
- ” =
&= fo
- m )
-
»
1 fers
X
epr
- (ea &
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Output Links u
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Channel Coding Line Driver

%

Clocking/PLL

Limitation is often cables no the transmitter.
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Output Links — Line encoding "
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1110 PATTERN,1.25Gbps

Considerations:

= Run length o

= DC balance N 1 .

= Hamming distance % T

= Support by DAQ \ / ”i\

" Framing/Streaming T~

INEA TN

| Ca b I e S J00MHz/DIVISION, CENTER FREQUENCY = 1.5GHz
K28.5+ PATTERN,1.25Gbps (1100000101 0011111010)

Examples:

8b/10b :Ethernet, Fibre Channel, high-speed video e

applications L

Ex. implemetation: Aurora 8b10b from Xilinx [ [ ] ,
SPECTRAL NULL { ?"'fﬁ:f-f:__br:l_ LL

64b66b: SONET and SDH telecommunication
Ex. implemetation: Aurora 64b66b from Xilinx

I

J00MHz/DIVISION, CENTER FREQUENCY = 1.5GHz
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Output Links - Clocking "
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Phase Locked Loop (PLL)

. Kqls A Fiz) Ko
Phase Charge Loop
"'-'rj Detector " Pump [ | Filter ".7 —* Fou

m

IFrequenqr

Divider
Serializer
‘l’ ‘I’ \I’ ‘I’ Serial
data out
——
Clock }
pulses
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Output Links — Line Driver

vV
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LVDS

0

F.

i

F.

Power: ~3-4mA
Speed: ~1Gbit/s

hemperek@uni-bonn.de

CML

0Q] |50Q

OouT+

: » OUT-

Power: ~20-30mA
Speed: >10Gbit/s

IFDEPS 2018

N

ouT+ |

e

Power: lower then CML
Speed: >10Gbit/s
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Pre-emphasis

4
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Implementation with a digital filter (FIR filter)

» 2-tapFIR
IN R
v e
a0 al
\ 4
> 2
iom
* 3-tapFIR
‘ > dt —rb dt —‘
a0 al
| }
> 2 <
Your

hemperek@uni-bonn.de

“ T T
a0=0.75 al=-0.25
Ef
£ [T ]  [O
E
==
- 0
g
| ||
2 - I |
N
2-tap FIR
- I: i-:l 15 20
Time [UI]
J T T T
a0=-0.1 al1=0.7 a2=-0.2
4
g
ji L
z -1 :
I
LI 3-tap FIR
] I:- 'I l: 20
Time [U1]
IFDEPS 2018

Transfer function [dB |

3 taps allow steeper transfer
function compared to 2 tap

\

T
or dt=500ps
— sk _
ol — 2ap FIR ||
 3_tap FIR
|
1:10" 1x10® 1x10°
Frequency [Hz]
-21-



4
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EXAMPLES
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DHP - BELLE 2 Pixel Module 4
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gate, : ’: - activearea
dear, 3y
x9x
LA
¥
gate, | 4 %
dear -
Xl .
LA
[ % pixsl canter)
DCD-B o / * SwitcherB
(analog readout) _ (32 channels
—— gate/clear)

(digital
processing)

Y

\

L/

flexible interconnect
(polyimide/copper) 75 um

active area

thickness

2mm/420pm _ |
rigid frame

= differential data
transmission (= 16 Gb/s)

conductive layers
(AVALCu)
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Examples — DHP

4
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300k Gates, >3MB SRAM(~100 Blocks)
~100 x LVDS and HSTL 10

[ (SeTERE Lashi LT £l i)
E e st G
= 2 EI'EH! :-1 iR I (S
Bl it kiRt ] gt A |
B e e R e S
IL: g o0 o i o e
Eﬂ it [ i )
Uik ok esmiih b R | ezl Wi
bt 1T feeas s |II|| R
: (ip ke oy gl i
= b4 Bl bl bl B3
£ [eka B et b il
= el EEER s HEa sE g
= i H R T .es:g! il e
= I e (S ik Ll e
i RN o AR L i
= Sl e Eiie G e
g S i als ci b=
i it IR R a
< (G s 2y R
) AR SR e ) i &
= = : - : e Ll kN
Bl His it il @
Bl lapin i s ESE R e
S e (RGE, i} kA L &)
Rl [ e e =y ey J: bz ATEIH M=y
i R i ! i i (e
om R R I BRI s 1T 118 e VI I i =
S L T T e R E)
el i il 1 i i i St 2 i i
Gz e | e e b B cme a5
Ol ek Tt i O s M
5 il e s g el e gt~ — @
P i Igél il e S el 1
A i S [ IER0
a5 B =] e
1 fasp gl b gy — e = e
N e R R st

PLL, 1.6Gb/s serial
link, CML preamhasis

12x DACs, ADC

4 Power Domains, 2 Clock Domains, Lot of
FIFOs/memory and processing.

hemperek@uni-bonn.de

To

SWITCHERS
A

768x250 pixel
DEPFET Matrix

< 192x1000 channels
(rows x cols)

~10MHz read-out
frequency (ADC)

—

DCD chip 6 channels per
256 inputs, 8-bit ADC per input DCD will be 20'6 GbpS
4:1 output MUX left unconnected (320M bpS X 64 Iines)
: <
1
) __Deserializer Per DHP chip:
AL v Offset ; :
* 8x8 bit wide data
Raw data memory memory in puts
Switcher
sequencer Pedestal ey
’ Pedestal subtraction memory o 8X2 b|t W|de Offset
c d .
oo correction outputs
FIFO 1
Hit finder
FIFO 2
Link layer framing ITAG [l
8b/10b protocol u
plL  LbGH: “ DHP
g Gbit X

one 1.6GB output link per chip

IFDEPS 2018

~ 150GBit/s per pixel detector
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DHP - Modeling/Verification 4
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C++ model UVM Test Enviromtn
DCD
fr _) rame uencerb—.[ rame driver| . w
LROW(P;Q igtfgg;mr] S & = i digial block
© — DCD-DHP IF)
= - j 12 _ E E
5 | Pedestal subtraction | Trigger ’?: (@) i
§ j Icommon m— 1 % ’—4-. s _T .8 ‘ ETJ&.G gequenceHnAG driver} DCD-DHP IF)
v "
E — .correctuon 5 DUT (DHP)
o U % JTAG IF]
§ m [ ync seﬂuencea:)—lE;ync driver | ESync "ﬂ [_(_)utpu!:_- Serial 'EESWB IE
E < I H‘
i Buffer-iI e ==
£ =5
o

Scoreboard ‘

Frame encoder | [  Serial link | £g

15 . . . 15 . 77
= HDL simulation, trigger @30kHz e C++ MOde], untriggered
w44 model, trigger @30kHz === HDL simulation, untriggered
aﬂ 10 r 10 L
un
@
u
L
]
-
(o8
T 5f 5l
(]
0 . . . . . . 1 & . Backgound occupancy, %o
1.5 2 25 3 35 4 45 5 2 25 3 35
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DHP - Output link — CML 1.6 Gbit/s 4
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Preemphasis Off Preemphasis On

20m cables
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4

ATLAS @ LHC
UNIVERSITAT ERITTT

r R = 1082mm

Lllm
R = 514mm

R = 443mm
R =371mm
R = 299mm

R =122.5mm
Pixels { R=88.5mm
R = 50.5mm
R = 33.25mm /
R =0mm
27
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RD53A — ATLAS/CMS Prototype 4
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faséesdnbdsrdrasdriidnsonnintdbure s st s )

Full operation with 2 differential lines
- 3GHz/cm? hit rate
- ~160k pixels (finally)
- 25ns time resoltion
- 12-35us trigger deleay/latency
- 1/10 trigger (4MHz)
. - 600e- threshold
pceresy piii] - ADCs

o =1 o 2 N / HHTHT ‘ - DACs

e — - LDOs/ShuntLDOs

- Temperature Sensors
- 5Gbit/s output bandwidth
- JTAG

>40k FE (~6G pixels)
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50um X 50um Pixel floorplan "
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1) 50% Analog Front End (AFE) Digital logic
50% Digital cells [:
AFE
«—32  seloy

2) The pixel matrix is built up of 8 x 8 pixel cores = 16 analog islands (quads) embedded in a flat
digital synthesized sea

2x2 quad

3) A pixel core can be simulated at transistor level with analog simulator
4) All cores (for each FE flavour) are identical = Hierarchical verifications

hemperek@uni-bonn.de IFDEPS 2018 29



Pixel array logic organization

v
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basic layout unit: 8x8 digital Pixel Core = synthesized as one digital circuit

8x8 || 8x8
pix || pix
192 x 400 pixels
8x8 | 8x8
pix || pix

1x4
pixel
region

\

OR

2x8
pixel
region

. Pixel Regions share most of logic and trigger latency buffering

~

Centralized Buffering Architecture (CBA)
* Centralized TOT storage (in region)
* Integrated with Sync FE (Fast ToT)

e

Distributed Buffering Architecture (DBA) :
* Distributed TOT storage (in pixel)
* Integrated with Lin and Diff FE

hemperek@uni-bonn.de
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One Pixel Core contains multiple Pixel Regions (PR) and some additional arbitration and clock logic
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RD53A - Centralized Buffer Architecture - 2x8

vV
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‘ Pixel Pixel Pixel
Hit Hit Disc & Hit Disc & Hit Disc &
| ToT counter ToT counter °c oo ToT counter
BX clock i
Deadtime Deadtime (X1 6 Plxels) Deadtime|
counter counter counter
region hit region hit region hit
Hit Mapper & memory address count
. — latch | ateh Tateh |
read [Hitmap (pix addr)] [ToT mem | | | || Timestamp mem |« T!mestamp count
mem | | | | | | l | Trigger |« Timestamp + Lat
| | | 6 | | | | match Trigger
B = | ' || ldcheck | Trigger Id Req
| | | | | | | | | Arbitration | Token In
l | -
. . . L y
Pixel Region Data (6 4-bit ToT, 16-bit hit map) Token Out
hemperek@uni-bonn.de IFDEPS 2018 31



~ 1500 pm

~300 um

N

(7]
Q
<
q ©
N =
iy 00
: [=)

N
MacroCOL MacroCOL MacroCOL
Bias Bias || | —--m oo e mmemm oo Bias
0 a
— . Analog Chip Bottom (ACB)

Digital Chip Bottom (DCB)
[sorting, buffering, even bilding, trigering, encoding (compresion) ...]

d 1l

ADC Calibr. Bias DACs CDR/PLL POR Bias DACs

ShLDO_An ShLDO_Dig ShLDO_An ShLDO_Dig Driver/Rec ShLDO_An ShLDO_Dig ShLDO_An ShLDO_Dig

| 100000000000 ewme J000000000DOL
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RD53A — Ouput Link

vV
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SAQ98e'T

— THDATA_N

L
e

TAF1

L

ITﬂFl

- Cable limited

> TXDATA P

- Fiber -> radiation

DIGITAL CORE
(AURORA FRAMING)
o
o0 w)
— >
§ = S 4x
-®
PLL/CDR T™> P
—— - 20b CML TX
DATA VCO=1.28G [1.28GH
160MHz “ SERIALIZER 1 PRE-EMPHASIS °
TX_N
Configurable 3-tap pre-emphasis filter:
TAPO
o o
TAP1 o ﬁm
TAP2 |
SER_DATA [ [ et
[ ” o R Nt
SER_CLK D : | | | | drl‘u'er EN " -
" |
INV_TAP1 EN_TAPI INV_TAP2 EN_TAP2 TAPO gmm g
TAP2
Tap configuration Output stage
hemperek@uni-bonn.de IFDEPS 2018
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The Low Power GBTX (LpGBTX)

4
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Low Power Dissipation and Small Footprint:

= Target: 500 mW
Bandwidth:
= Low-Power mode
= 2.56 Gb/s for the optical down link
= 5.12 Gb/s for the optical up link
= High-Speed mode:
= 2.56 Gb/s for the optical down link

10.24 Gb/s for the optical up link

5.2 ) 1028 Ghs

rEhC kA0 HE

raCkataf31.:0]

cdrCiut pe3:0] eEc[1:0]

mdc[1:0]

Control

A0 /1280 MHZ

eLinkOuwt{15:0]
ecil
A0f . f3N0 RH2
Phase peCik] 320
—

Shifter

SCA

[AReduced set)

tDatal159:0]

et 25520

txEc]3:0]

a0 BAHz

A0 F 20 160 320 f &40 1 250 MHZ

A0y, 1280 MHZ

LpGBTX

hemperek@uni-bonn.de
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—

eLinkin|27:0]

BCAOCK[ 270
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VeloPix - LHCb 4

UNIVERSITAT ERITTT

* Vertex detector surrounding collision region
— Invacuum
— Close to the beam: 5.1 mm

* From silicon strips to pixels

* New R/O chip VeloPix, derived from Timepix3
* Intotal 624 ASICs, ~41 Mpixels

» Trigger-less readout (~2.9 Thits/s)

hemperek@uni-bonn.de IFDEPS 2018 35



Examples — VeloPix u
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128 double columns

F 3
A J

Plxel matrlX 1 SP63 SP63 SP63 S5P63 SP63
— 256 x 256 pixels 1 1 1 tll 1
. . SP62 SP62 SP62 SP62 SP62
— 128 x 64 super pixels (2x4 pixels each) . ‘
- @4OMHZ PixelHit
Process. e
) Rz
Packet-based architecture: 2 e
— 8 pixels/packet + 9 bit time stamp = 30% 2 bﬁ C‘ =S
reduction in data rate & gd
SP2 SP2 [ SP2 SP2
e
Data-driven readout; ] i S [ 1] ]
SP1 SP1 W SP1 SP1
— 20 Mpackets/s/double column : ; b C# " :
SPO SPO SPO SPO SPO
40, 80, 160 and 320 MHz TMR clock domains <7 iy <7 <7 <7
in the periphery Y Eoc | | EoC | EoC [ Eoc | | EocC
Left Fabric | Center I Right Fabric
3 . 5 Node
1 to 4 configurable serializers (GWT) o e - [ ]
SLOW CONTROL 4x GWT TIMING, FAST CTRL
Similar to the GBT frame T
Frame[127:0]| OxA, 4b parity | Packet 0 | Packet 1 | Packet 2 | Packet 3 |
.n/ h‘-‘“" e,
_— "—
Packet [29:0] [ Address 13b | Time stamp 9b | Hitmap 8b l
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Periphery data path

4
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64x up to 20 Mpackets/s 64x up to 20 Mpackets/s
64 EoCs 64 EoCs
A A
| | | |
i [ | EEEE EEEN HE i
1 1
1 1
| | |
: Left --------------- Right E
i Data Fabric Data Fabric |

Data Node

160 Mpackets/s/node

hemperek@uni-bonn.de

Router/

4 x5.12 Gbps - Data
Scramblers/ - GWT link out

Framing

IFDEPS 2018
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VeloPix - GWT 4
UNIVERSITAT
* Low power 5.12 Gbps byte-interleaved serializer and wireline transmitter VDD CORE
S i | 3Q T
VDD_HS
g 7 Reg | MUX ' L gl 7o
320MHz <8:15> | 16‘phzis_ef serialized data @ 5.12 Gbps I r— —I— —1 5Q T ripples: <2mV p-p
posedge I | | Driverl dc: 13mA ,
v I : I I ripples: <2mV p-p
data =»  Reg | T I |
sggi\t/[%z <0:7> : = I | J 2 |
. i o o | 7] 2 |
negedage + b
Y ) I : I
: Multi-phase DLL Edge- | | |
phi | phi| pha] ph3 phis Combiner I I I
| | g B e
I \i)lt.‘!!_,'t‘-('ﬂll(l'“l|('(|‘ Delay Line pl.i__()’ | I D-G
: Pg-1, Bl GND_HS
Frefl : _2
‘_I_> " Phase ph 3 I
I Detector | p._—P :
¢ | - 1 |
820MHz | filter PR3 |
L I_ __________ - 3Q
GND_CORE
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Example possibilities "
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65nm
200 um

28nm

SRAM
ADC  384x40 bits

wn 00¢
wn 00T

SV
SRAM 3072x40 bits

~800x40
bits

100x198
um

368x231
um

Integrate storage and data processing it single pixels:
- pattern recognition

- histogramming (in pixel spectral analysis)
- conversion to photons -> compression

- clustering and subpixel counting (COG)

- infinite* dynamic range
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Conclusions u

UNIVERSITAT

= Move from digitally assisted analog design to analog assisted digital
" Chips are more complex with lot of memory and data processing

= New tools for design

= Different type of verification (mistakes are very expensive)

= High speed serial communication

" Lot of opportunities in exploring small feature size
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Design Flow — from analog perspective

4
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Analog Chip Bottom
Analog front-end _g P
(Virtuoso/ADE-XL) (Virtuoso/ADE-XL) PADFRAME
m (Virtuoso/ADE-XL)
-
™ =
4 ~
m
PIXEL CORE (8x8) -1
(RTL/Innovus/Verilog) L
S/ Y Digital
Top Level «—RT-— Chip Bottom
(RTL/Innovus/Verilog) (RTL/Verilog)
A
PIXEL CORE (8x8) o
(Virtuoso/ADE-XL) <
(PREIEYS) V. .vams VCD stimuli
e to an. blocks Calibre
v DRC/LVS
Simulation ]
-System Verilog/UVM o
—Python
—Verilog AMS (Wreal)
—Fast Spice Tapeout

hemperek@uni-bonn.de
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SAR ADCIN 65nm - Layout

4
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Clock
L . -
: - : Asynchronous
Analog § : e
input T S&H : logic
! Switched I Digital
i cap. network © output

External clock

|

L

Internal clock

| -t—{';ﬁ—:»I-z—{b}—:-I I

Comparator clock

Internal DAC output

L

0

| (a) =Conversion time

ib) = Standby time

[TTTITTT 'ANARER'N
Conversion RIY output
ADC output data
l [
1M 200
fime ins)

Only external sample signal needed!

hemperek@uni-bonn.de

wnQg/z

a

l
O
>
@

=

=2

Layout is not area optimal

Possible de-cup under DAC?

IFDEPS 2018
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Pre-emphasis

4
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Implementation with a digital filter (FIR filter)

» 2-tapFIR
IN R
v e
a0 al
\ 4
> 2
iom
* 3-tapFIR
‘ > dt —rb dt —‘
a0 al
| }
> 2 <
Your

hemperek@uni-bonn.de

“ T T
a0=0.75 al=-0.25
Ef
£ [T ]  [O
E
==
- 0
g
| ||
2 - I |
N
2-tap FIR
- I: i-:l 15 20
Time [UI]
J T T T
a0=-0.1 al1=0.7 a2=-0.2
4
g
ji L
z -1 :
I
LI 3-tap FIR
] I:- 'I l: 20
Time [U1]
IFDEPS 2018

Transfer function [dB |

3 taps allow steeper transfer
function compared to 2 tap

\

T
or dt=500ps
— sk _
ol — 2ap FIR ||
 3_tap FIR
|
1:10" 1x10® 1x10°
Frequency [Hz]
-44-



CML Cable Driver Implementation (RD53A) u
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Configurable 3-tap pre-emphasis filter
TAPO
TAP1 2 LR
— TXDATA N
SER_DATA [ TAP2 T omeT t O TXDATA_P
1‘>_|'_ 0 1_>_| 0 |_> pre- 423 423
SER_CLK [ : | — | | driver | . _1, . B
| i‘ |
INV_TAP1 EN_TAP1 INV_TAP2 EN_TAP2 AL i K syl e
TAP2
Tap configuration Output stage
TAP configuration CML output configuration
« INV_TAP[2:1] « EN
« EN_TAP[2:1] « TAPO_BIAS[9:0]
« TAP1_BIAS[9:0]
« TAP2_BIAS[9:0]
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CML Cable Driver Implementation (RD53A) n
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output stage

CML_Driy

main
post-tap
4 /

prog.
amplitudes

500.0 ﬂ

pre-tap

nime (f5)

CML_TX simulation

* “no-load”

* pre-and post-tap active
DEL_POST= 3, DEL_PRE =0)
IN_MAIN bias =[3, 4, 5 mA)
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Modeling — UVM/Verilog '_‘

UNIVERSITAT

e
VEPIX53 INTERFACE a ————| TEST SCENARIO | &—=
UVC REPOSITORY : rary
= o Configuration r
"‘-.______-_-_________..-
' N
Hit UVC — TESTBENCH
_— et
o] D) —————)
Trigger UVC . P?ﬁ[;']':éz Output Output UVC
2| et
Command UVC Virtual { Analysis
sequencer U e
p—
Analysis UVC
Output UVC Reference Scoreboard
| " = St |
L (o | S |
‘-...______-_____-_____,.r—
0713
g_\a_ © 7 memeory locations
L4 o @ 8 memory locations
j'f @2 memeory locations
B 0S5
Q
025 T ———mmm e
O (@]
PY @
0 : . : ®
Internally CMS Monte CMS Monte
generated Carlo data Carlo data
hits (pixel size (pixel size
50x50) 25x100) A lot of work. Can be reused for verification.
Input hits

http://ieeexplore.ieee.org/document/8069646/
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Verification Plan '_‘
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File Edit View Analysis Refinement Filter Optic

£ XN R il
eaRiEE RRsEES

Functional Requirements
Tha funsetsonad sequers moents mill De detaded hers = o sections. The fiest serteon, Funcsonsl
Invarfaces, Mscaien sperition o the ntarfac/peotorol level The functional ensrfaces of the

DUV are wn AMBA ARB buis and two Sl duples MIT witsefuces. The second saction, Cors Goal Refative vPlan: /homi
Foatunee, decuvees opervtion of the DMA tonnsfer lovel  The com Featane of the DUV o R vp'an 0 ar Rlﬂll!l‘lnl
pooformung lugr date blechs DMA wansfers Thess ennsdors oo be flom memory 10 me mary, Grade

e ry 10 et S port and recerve port 10 nenory
e DBection wsight) 2
° 1 1 Functional Interfaces
The Anctions derfncre of the DUY sonaint of two “"Exheces r 2
AHD tue Ondy o subset of the complele pratocole will verified 0“\05- cenmtanrie
et b Lim£ateons wthas the DU Y vad

o 1.1,1__Ethemnet Pornts
° 1.1.2_AMBA AHB Bus

@ 2 [33K] 2.1 funcional Imerfaces
= [35] 3.1.1 Ethernet Ponts
@ (3 [31X] 2.1.1 1 Ethernet Frame Format
@ 2 [#%7] 2.1.1.2 Mi Signaling
= 2 [35¥] 3.1.2 AMBA AHB Bus
e 0 3.1.2.1 AMBA AHB Slave Interface
@ O S 3.1.2.2 AMBA AHB Master Interface
O @50 3.1.2 3 AMBA AHB Master2 Interface
o 3.2 Core Feawres
= 2 [Nl 2 3 Code Cowverage
© O I icc_coverage * block

mml\l‘m\mlm-orymngmbiu\
* The DMA _MAC block can tanamet frames sut of s
-n—-u--mums-m-qmmm\.
¢ The DMA_MAC block cen move duts from ene 1ocation m the AN
wnothes lsenlion wn the AMBA AHD memory
* The vanoas Ansteonal Pratuees will it dacueed in the followsag sectians. The 3
10 w0t map direcly b0 design or vealie sluon stivuonnenl hissschy

¢ 1.2,1_DPMA Controller
¢ 2 Design Roquiromoms

* Jection waight)

° 2.1_§ndn_cpyorago

AT Vavilinatine \iea e

Most important part.
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Waterfall vs Agile

Requirements
W Reqguirements w

[ Design J
) R
[Implementatiun]
w [ Prioritize J W
‘\[ Verification J

Agile development interpreted in the waterfall model

Waterfall model

Changing and unclear specifications?
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Verification - Formal

f(a) a 1 O—ﬂ:D—‘T

initial
states _ .
// SystemVerilog Assertion

property p_arb;

@(posedge clk)
0,=1 req |=> ##[0:2] gnt;
0,=0 endproperty

assert property (p_arb);

Single Event Upsets ...
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Design Flow "
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Design in “big A small D” methodology

Blocks designed and verified individually

Full chip digital and mixed-signal verification

Work synchronization with integrated Revision Control System
Big chip = many difficulties with software and PDK!

Analog Block Digital Block
Design & Verification Design & Verification

Functional Design and Verification

System-Lovel Dasign

Chip Planning

RTL Design and Design and
Verification Analysis
‘ ' Synthesis and Circuit
Block-Level Design Verification Simulation
Place and
Route Custom Layout
Integration
DRC, LVS, RCX
Chip Assembly Chip Assembly
: " Full Chip Physical Verification,
FU.| | Ch| p Physical Verification Extraction, and Analysis
Verification
Full Chip System-Level Verification
System Verification Analog, Digital, RF
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