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ETROC Development: divide & conquer

ETROCO: 1x1 pixel channel with preamp + discriminator (submitted Dec 2018)

Goal: core front-end analog performance
the first prototype chip works well and agrees with simulation

ETROC1: 4x4 clock tree, preamp + discriminator + TDC (submitted Aug 2019)

Goal: full chain front-end with TDC, 4x4 clock tree
This is the first full chain precision timing prototype

=

ETROC2: 8x8 - 16x16, full functionality (Q1 2021)
Aug 2021
(Covid delay)

Goal: supporting circuitries, clock tree
PLL, phase shifter, fast/slow control, 1/0O, L1 buffer...

/ ETROC3: 16x16 (full size):  (Ql2022)
A QOct 2022

Goal: full size with full clock tree
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16 x 16 clock H-Tree
We have followed this plan since project started (Sept. 2018) ...



Timeline: ALTIROC VS ETROC

ATLAS HGTD

Started early 2016
Submission Dec 2016

Submission Dec 2017

ALTIROC1-v1

Submission June 2018

ALTIROC1-v2

Submission Feb 2019

ALTIROC1-v3

Submitted April 2020

ALTIROC2-v1

Submission scheduled Nov 2020

CMS ETL

ETROC design started (from scratch)
about 2.5 years later than ALTIROC...

In addition, with waveform sampler

e Started Sept 2018

* Submission Dec 2018 Other ETROC chips:
Single channel ADC

e« ETROCI1 (7 months) (May 2019)
e Submission Aug 2019 Waveform sampler
. (March 2020)
ETROC2 PLL mini-ASIC
< » « Scheduled for Q12021 (May 2020)

A few months «  COVID delay to Aug 2021



Outline: ETROC status

'ROC development strategy and plan

TROCO status (front-end)
TROC1 status (front-end + TDC)

'ROC Waveform Sampler prototype status

TROC PLL prototype status

TROC2 design status

= All critical components have been prototyped (above)

» The rest of digital blocks and system interfaces being
implemented and prototyped in the ETROC emulator
= ETROC emulator status



ASIC designers from FNAL/SMU

From ETROCO to ETROC1 to ETROC2/3 & in collaboration with IpGBT team

(Testing: FNAL/SMU/UIC/KNU)
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o Aim to submit in Aug 2021

ETROCO

Submitted in Dec. 2018 Submitted in Aug. 2019
© © . 9 . o) Designed to be compatible with 16 X 16
o) Analog Front-end o 4 X 4 pixel array with full _ ) _ .
: . : pixel array with full functionalities
o First round beam test early front-end including TDC K desian blocks:
2020, reached ~30ps o  Chips received middle Dec ~ ° €y new aesign DIocks.
5 g00d 2019 o Waveform sampler:
0 1st ADC mini-ASIC good
o) TDC block: good 3-ch | ler chi
o Full chain: good © -channersampier chips

received in May 2020 good
o) PLL: submitted in May 2020
o) Initial results promising

Since project started Sept 2018, o Laser: just started
Designed 5 different kinds of prototype chips
to address different design challenges: ETROC3

Aim to submit in Q3 2022
All successful .uu, ETROC status © ! ubmitin Q3
o Pre-production version



ETROC prototyping status

= ETROCO
= Charge injection done
= Cosmic done
= Laser testing done
= TID test to 100Mrads done
= Beam testing ~30ps achieved in beam
= ETROC1 (good progress made despite COVID delay)
= TDC extensively tested: excellent performance (<~6ps resolution)

= Full array full chain ETROC1 charge injection testing: results good

= ETROC1 and 5x5 LGAD sensor bump-bonded
= Laser testing (on going) followed by beam testing (Dec — Feb 2021)

= Waveform sampler prototype: works well
= PLL mini-ASIC chips: first day test results promising

= ETROC emulator: design completed, firmware advanced

= fast command decoding, pixel DAQ readout, system interfaces
= The main digital blocks being prototyped in the emulator



.mary (after two years very hard work)

" ETROCO status summary: front-end good (TID & beam)

=" ETROC1 status summary: front-end+TDC good
= TID and SEU test to be done
= Beam test to be done (heed more bump-bonded with sensors)

= Waveform Sampler prototype chips: good
= TID test to be done
= Testing/interfacing with ETROCO preamp output

" PLL prototype chips: initial results promising (1% day test)
= TID and SEU test to be done (collaboration with lpGBT team)

" ETROC2 design status: marching forward
= All critical components are prototyped

» The rest of the digital circuitries and system interfaces are
being implemented/prototyped in ETROC2 emulator

= To be tested with the system (including backend) soon

T. Llu, ETROC status



ASIC resource needs in FY21 and beyond

Post ETROC3 (pre-production

TDR/ETROCO/ETROC1 stages ETROC2 stage ETROC3 stage & production)
< > « > ¢ > ¢ >
Total (hour Total (FTE) FY19 (hours) FTE FY20 FTE FY21 FTE FY22 FTE FY23 FTE FY24

ASIC resources needed (designers + EE students) 4 4 ~1

Quan Sun (FNAL) full time on ETROC 1.0 1.0 ~0.5

Datao Gong (SMU) 0.5 0.5 ~0.2

SMU EE students ? ? ?

Design verification effort mostly needed from FNAL 1.5 1.5 Production
expected
Year 2024

* Note: additional ETROC revisions are reserved in risk registers. So the numbers above
should be considered as minimal... and may need more in FY23 and FY24

tons of testing work to be done in FY21, 22 and 23.
resource needs for testing not included here



Backup: Highlights of testing results in 2020

=" ETROCO beam test
= ETROC1 TDC prototype test
= ETROC1 4x4 array prototype test

= Waveform sampler prototype test
= PLL mini-ASIC prototype test

= ETROC2 design status
= ETROC2 Emulator prototype in FPGA



ETROC1 pixel: uses ETROCO front-end

ETROCO is used directly in ETROC1

New in ETROC1 pixel

charge injection

4 = o
—1_ :
X |
: Dlagnostlc
I Readout
PreAmp >—
\ TDC
Bump Pad / ﬂ- — s |
imp e
Readout
7L) DAC

Digital buffer can be
disabled via 12C

The TDC is brand new design (low power)

~ one year development effort
T. Llu, ETROC status



ETROC1 Top Layout
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Extensive design verification

has been done, mostly by
EE students.

Low power TDC: <0.1mW

clk40
Global i
clock g [Reference strobe
autoReset |
enable !
12C testMode
Slow T
Control polaritySel
resetn

TDC
Controller

Red dashed line part: TDC Controller

Blue dashed line part: TDC Delay Line

467 um
TOTCnA i
start i
TOTCNB jeulICod0
TOA_ck TOTRaw | TOACode
TOT_clk TOACNA i CalCode
TOA_Latch DelayLine |—1QACNS i
TOARaw i hitFlag
TOTReset CalCniA
TOAReset CalCntB Encader
CalRaw
: TOTerror
tCIk | TOAerror
lEncdalaWnCIk Calerror
ResetFlag
TDC

- 166 um

/
v

Readout
Circuits

TDC core logic: gated ring oscillator




.oc1 TDC Design

= TDC requirements
= TOA bin size < ~30ps, TOT bin size < ~100ps

= Lower power highly desirable
= ETROC TDC design goal: < 0.2mW per pixel

=" ETROC TDC design optimized for low power

= A simple delay line without the need for DLL’s to control
individual delay cells, with a cyclic structure to reduce the
number of delay cells, to measure TOA & TOT at the same time

= In-situ delay cell self-calibration technique

= For each hit, will use two consecutive rising clock edges to
record two time stamps, with a time difference of the known
320 MHz clock period: 3.125ns

= Crucial to reach the required precision using a tapped delay
line with uncontrolled delay cells (thus lower power)

T. Llu, ETROC status



ETROC1 TDC standalone testing
ETROCI Top Layout
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and transfer function

At different hit occupancy
For ETL, expected hit occupancy: ~1% up to a few %
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TDC bin size is measured to be: 17.82ps (design goal: <30ps)

T. Llu, ETROC status



At different hit occupancy

Calibration code distribution

Calibration code distribution

bration code: double snapshots/timestamps

For ETL, expected hit occupancy: ~1% up to a few %

Calibration code distribution
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TDC bin size derived from calibration is consistent: ~18
320 MHz period (3.125ns) / 18ps ~ 174

T. Llu, ETROC status



Standard deviation (ps)

Standard deviation (ps)

ecision vs occupancy: achieved ~ 5.5ps

At different hit occupancy
For ETL, expected hit occupancy: ~1% up to a few %

8 hRes2 2 sfF hRes2 2 F hRes2
N Entries 646 E = | Entries 646 g SF Entries 646
- Mean 352.724 5 75F Mean 352.755 5 E | Mean 352.459
7‘ 1 | Std Dev 186.463 3 - i l I | Std Dev 186.656 3 7“: Std Dev 186.72
- x2/ ndf 8771645 3 E | | %2/ ndf 746.41645 3 E x2/ ndf 664.6 /645
Prob 2.713e-09 ks Prob 0.003415 s 7 Prob 0.2882
po 5.371+0.039 8 65 po 5.518 +0.039 8 po 5.811+0.039
6 73 a 65
6
6
5.5
5 5.
5
45 °
4 1 | : ;
[ a ST |
B 100% L [ OV I £
- - 0. F (0)
3 0 351 - 1 A)
100 200 300 400 500 600 100 200 300 400 500 600 100 200 300 400 500 600
TOA code TOA code TOA code
8 hRes2 g u | hRes2 z 8 hRes2
I Entries 646 c 8 Entries 646 § 75E- Entries 646
: Mean 352.269 k- : Mean 2.582 '% “E Mean 352.47
= Std Dev 186.553 3 Std Dev 186.608 3 4k | || % (T Std Dev 186.611
7 ‘ ¥2/ ndf 746.8/645 2 " ; : %2/ ndf 54.8 /645 3 X2/ ndf 758.6 /645
B ; Prob 0.0033 s 'L Prob 0.001763 8 65 Prob 0.001297
i po 5.529 +0.039 8 ] po 5.528 +0.039 < ) 5515+ 0.039
ST TG I n
| [t FUL Y @ IR ® e
5] | L U 6l
] . | S SR T ]
5.5
fd ! i i
5 ‘ | 1 I | | 5
5 i
5 | : ‘ 45
4 | ! ! Y o | 1 | R -4y
- T - T e LA L e R B SRR .y AL
i % C | | i% | 35 o
100 200 300 400 500 600 100 200 300 400 500 600 100 200 300 400 500 600
TOA code TOA code TOA code

TDC bin size: 17.83 ps /sqrt (12) = Quantization ~5.15ps
Precision dominated by quantization

T. Llu, ETROC status



er consumption as expected

vs () o puse [ Curren | Power components
clk320_pulse TOA_codeReg=
e — e m— status t(mA)
ulse TDC_autoReset —
pul _P TDC_enable TDC Cal_codeReg<! 3 170 TDC +TDC +eRX
pulse N¢ ) y _TDC testmode | hitFl sta occu on
- TDC_polaritySel itlag

—TDC resetn_| on off 1.132  TDC,+eRx,,
RV %- R Pttt
off on 0.068  TDC,+eRx
off - 0.007  eRx.¢(Estimate from
simulation)

=  The power domain of TDC includes both eRx and TDC core, we measure their current directly from the power supply. Both TDC and eRx can
be turned on/off by 12C interface.

= TDC power comprises of standby power, corresponding to power when input signal occupancy is 0, and occupancy power which proportional
to occupancy of input signal.

= |nput signal typical case: TOA: 3.125 ns, signal width(TOT): 6.25 ns

= The measured TDC occupancy power is 2.446 mW = 1.2x(3.170-1.132);

= The current of eRx is estimated to be 7uA when it is off, the standby power of TDC is 73 = 1.2*(68-7) uW
=  When occupancy is 100%, the TDC power is 2.519 = 2.446+0.073 mW

=  When occupancy is 1%, the TDC power is 73+2446*1% = 97 uW (agree w simulation)

Design specis: < 200uW at 1% occupancy

T. Llu, ETROC status



pixel array
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Chip peripherals
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ETROC1 4x4 array testing board

ETROC1 Top Layout
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Test done so far with bare
ETROC1 chips (good enough for
initial charge injection testing).

ETROC1-LGAD bump-bonding

L7E s = ; at Barcelona (chips received last
{ =]l ‘ Friday)



ETROC1 4x4 array test-stand at SMU

D g Pg/vér supply

e

40 MHz Reference CLK 1.25 MHz Qinj Pulse

ETR@C1 Array
Test Board

Signal
Generator 1.28 GHz CLK

/)
N

Ethernet Cable connected to B

ETROC1 Test at SMU

o 1.28 GHz clock as the input clock of ETROC1

o generating lower frequency internal clocks

o data transmission
FPGA o 1.25 MHz clock(pulse) for charge injection
EVB o Insync with 1.28 GHz clock

o One discriminator pulse in 32 clock cycle

1.28 Gbps serial data sent to a FPGA EVB
The FPGA EVB also acts as the 12C master
A PC communicates with FPGA through ethernet

The setup allows remote testing

12C Data 1.28 Gbps

PC

o
Simplified block diagram of the test bench 5
o
o

Test setup was prepared as soon as COVID lockdown opening up in Texas ...
Now much of the testing is done remotely from home ...

T. Llu, ETROC status




S-curve measurement

 Procedure for S-curve measurement

* Injected various charge: 4fC, 5 fC, 6 fC, 8
fC, 10 fC, 15 fC, 20 fC

* Scan threshold of the discriminator for
each injected charge

* Charge injection rate: 1.25MHz

number of hits

Example shown for Pixel 13

3 fC threshold for the results in rest of talk

/

number of hits vs DAC, P13

6000 A

5000 A

4000 A

3000 A

2000 -

1000 -

P 0O P01 P02 P03
index: 0 | index:4 | index: 8 |index: 12
P10 P_1.1 P12 P13
index: 1 | index:5 | index:9 |index: 13
L
P20 P21 P22 P23
index: 2 | index: 6 |index: 10 | index: 14
P30 P31 P32 P33
index: 3 | index: 7 | index: 11 | index: 15
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Chip peripherals
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Time of Arrival (TOA) with charge injection

PA in default gain, low power

TOA Mean vs DAC, P13

140 - o The TOA vs the threshold look reasonable.
r T “ o The higher the threshold, the late the
discriminator fires(smaller TOA Code)
= 1201 | o With one feature observed:
a | o When the threshold is approaching
S 100 - | the peak, the TOA/TOT/Cal are not
s | well determined, which is not
S unexpected
= —ye— 4 fC \ . ..
80 1 . stc o Some of the discriminator pulses
—— 6 fC . ’ (a ’
—— 8fc didn’t reach to ‘high’ level due to the
o 4~ 10fc small inputs
= 2 :g o Usually accompanied by wrong Cal
500 550 600 650 700 value , ,
DAC o Inreal operation, this would only happen to
very small signal
e

DAC scan

T. Llu, ETROC status



TOA View it differently ...

o PA in default gain, low power
— e — - O
- M~
DAC scan
o
«— O o The TOA vs the threshold look reasonable.
"m o The higher the threshold, the late the
- discriminator fires(smaller TOA Code)
2 o o With one feature observed:
a (3 o When the threshold is approaching
- -l a the peak, the TOA/TOT/Cal are not
o well determined, which is not
i = B unexpected
|9 A o Some of the discriminator pulses
didn’t reach to ‘high’ level due to the
small inputs
o o Usually accompanied by wrong Cal
Uuuuggg-g v value
vnowod AR o Inreal operation, this would only happen to
Fttied very small signal
s g 8 8 g
— — —

(857) uesi YOL
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TOA Mean (LSB)

140

120 A

100

(o]
o

60 1

ETROC1 TOA mean and std, with charge injection

TOA Mean vs DAC, P13

—r— 4 fC

T - 5fc

—— 6fC
—— 8fC

—4- 1w0fc
—A— 15fC
¥ 20fC

R

500

550 600
DAC
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650

700

TOA STD (LSB)

TOA STD vs DAC, P13

2.0
—r— 4fC
—k— 5 fC
—— 61fC

1 5__—)— 8 fC

’ -4 101fC
—A- 15 fC
¥ 20fC

1.0

9 ps line

0.5 1
Y
0.0
-0.5
500 550 600 650 700
DAC

o 1LSB=18ps
o PAin default gain, low power

Performance as expected

l




TOA Mean (LSB)

TOA mean and std

TOA Mean vs DAC, P13

140 A
120 A
100 A S’
<
80 e
60 -
5(|)0 5!%0 6(I)O GéO 7(I)O
DAC

With sensor bump-bonded

On a different board/chip

(pixel 0)

Now with sensor

capacitance loaded

18ps line
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-0.5

Bare ETRCO1, pixel 13
1LSB =18 ps

(©)
(©)

PA in default gain, low power

TOA STD vs DAC, P13

2.0

1.5 1

1.0

0.5m=

0.0 A

TOA STD
w P

N
1

550

600

650

700

DAC
TOA STD vs DAC, 20 fC
= Pix0
L
460 470 480 490 500 510 520 530
DAC

9 ps line




TOT Mean (LSB)

ETROC1 TOT mean and std with charge injection

TOT Mean vs DAC, P13
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80

]
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o
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N
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TOT STD (LSB)

TOT STD vs DAC, P13
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o 1LSB=18*2ps
o  Preamp in default gain, low power

Performance as expected
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ETROC1 TOA histogram
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TOA Code
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Performance as expected




Occurrence

Occurrence

Occurrence

Occurrence

ETROC1 TOA histogram of the array at 15 fC

TOA Hist of 15 fC, Pix0

TOA Hist of 15 fC, Pix4
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TOA Hist of 15 fC, Pix12
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TOA Code

TOA Code

TOA Code

Performance as expected
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ETROC1 TOA histogram

TOA Hist of 20 fC, Pix0

TOA Hist of 20 fC, Pix4

of the array at 20 fC
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TOA Hist of 20 fC, Pix12
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The timing is so good that it often falls within one TDC bin
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TOA Code

TOA Code

TOA Code

Performance as expected




ETROC1: TOA vs TOT of the array

TOA vs TOT, Pix0

TOA vs TOT, Pix4

TOA vs TOT, Pix8

TOA vs TOT, Pix12

2200 -08° 22001 2200 22001
ote 80 it oge
= 20001 oté® & 20001 — 2000 §6 & 20001 ooé
& of8e & o0 0% & oo’ & hpelee
& & o & &
S 1800 .““o & 1800 L S 1800 'm.‘“. S 1800
= - lﬂl g6 = F o
1600 - 1600 4 niss L 1600 - o.““.. 1600 -
1400 . . . . : . 1400 : . . . . . 1400 : . . . . . 1400 : : . : . :
1000 1200 1400 1600 1800 2000 2200 2400 1000 1200 1400 1600 1800 2000 2200 2400 1000 1200 1400 1600 1800 2000 2200 2400 1000 1200 1400 1600 1800 2000 2200 2400
TOT(ps) TOT(ps) TOT(ps) TOT(ps)
TOA vs TOT, Pix1 TOA vs TOT, Pix5 TOA vs TOT, Pix9 TOA vs TOT, Pix13
2200 22001 2200 22001
& 2000 1 w & 20001 4 P & 2000 1 & 20001 .'.0“
H < oo 80 < st I oonte
S 1800 S 1800 siiEd S 1800 .“'" S 1800 s
2 e g sote i o : e
1600 - 1600 '”.o 1600 - . "..m 1600 1
1400 . . . . : : 1400 + . . . . . . 1400 . . . . . : 1400 : : . . . :
1000 1200 1400 1600 1800 2000 2200 2400 1000 1200 1400 1600 1800 2000 2200 2400 1000 1200 1400 1600 1800 2000 2200 2400 1000 1200 1400 1600 1800 2000 2200 2400
TOT(ps) TOT(ps) TOT(ps) TOT(ps)
TOA vs TOT, Pix2 TOA vs TOT, Pix6 TOA vs TOT, Pix10 TOA vs TOT, Pix14
2200 22001 2200 1 e 22001
o8° o0t . g0t
& 2000 w & 20001 ”". & 2000 ....0“ & 20001 shee
3 o040t £ o080 £ W £ . oltee
< 1800 & 18001 < 1800 & 18001 i.“
; ; el : i :
1600 - 1600 - 1600 - 1600 -
1400 . . . : : : 1400 : : . . : : 1400 . . . : . : 1400 : : . . : :
1000 1200 1400 1600 1800 2000 2200 2400 1000 1200 1400 1600 1800 2000 2200 2400 1000 1200 1400 1600 1800 2000 2200 2400 1000 1200 1400 1600 1800 2000 2200 2400
TOT(ps) TOT(ps) TOT(ps) TOT(ps)
TOA vs TOT, Pix3 TOA vs TOT, Pix7 TOA vs TOT, Pix11 TOA vs TOT, Pix15
2200 ) 22001 2200 o 22001
....ll. o0
& 2000 ogie® & 2000 g oo & 2000 see & 2000 'Y
g sftlle g o °0° g o0 ] g L
S 1800 1 m S 18001 e S 1800 4 W' S 1800 1 $8° L
[ = o [ F = ([ ]
1600 1600{ =888 1600 1600 it
o8t
14

00 T u U T T T
1000 1200 1400 1600 1800 2000 2200 2400

TOT(ps)

T. Llu, ETROC status

1400 U T y U T T
1000 1200 1400 1600 1800 2000 2200 2400

TOT(ps)

1400 U U T T U T
1000 1200 1400 1600 1800 2000 2200 2400

TOT(ps)

1400 U T u U T T
1000 1200 1400 1600 1800 2000 2200 2400

TOT(ps)

Performance as expected




TOA bin(ps)

Measured TOA bin size based on self-calibration (online)
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Occurrence
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~18 ps bin size from the
calibration code
Good uniformity among pixels

Performance as expected

P0O P01 P02 P03
index: 0 | index:4 | index: 8 | index: 12
P10 P11 P12 P13
index: 1 index: 5 | index:9 | index: 13
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index: 2 | index: 6 | index: 10 | index: 14
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index: 3 | index: 7 | index: 11 | index: 15

Chip peripherals




IN

40 MHz
input

1.28 GHz
input

Testing ETROC1 phase shifter

Coarse Delay

Delay<7:3>

Fine Delay

320 MHz

I

— N‘—DE'—WO}

Load

jj}

N I I
I——-{ 8-tap Voltage Controlled Delay Line I 20 MH
z
320 MH; | i
_bi | O
Cgutr’:tter | I U T
[ [ T T T T ]
40 MHz 8-tap Voltage Controlled Delay Line |—
p
_‘ Vetrl 1
° 9 Ph Ch
1.28 GHz o— |_>_> o — ’—' Deleacstir 7 Puar;gpe LPF

Clock

Generator [ |

Trigger

Y

Clock

Phase
Shifter

Y

Oscilloscope

|-

Time (ps)

25000

15000

-5000

32 64 96 128 160 192 224 256

Preliminary test results of
the phase shifter look good

Phase shifter step: 98ps



Use phase shifter to perform full chain Phase scan (like in real operation)

6 fC charge injection
1.25MHz rate

Pixel 15

Threshold ~ 3 fC

TOA Code VS Phase Setting, #events = 6250

A different way to measure TDC bin size (online)

fitted TOA mean vs phase setting:
600 A a=-2.12e+02, b=7.38e+00

| TOA

500 A 5.38 > ~18ps
The slope = TDC TOA bin size

400 A

300 A

TOA Code

200 ~

100 A

1 1

60 80 100 120 140 160
phase setting
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With bump bonded sensor/ETROC1
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14t floor)

(

Laser testing setup at FNAL

T. Llu, ETROC status



. th Very first ETROCL1 laser response from Chris Edwards
Laser testing setup at FNAL (14" floor) | riday (discriminator output)

Jitter Pertormance
Saw values of 14ps-25ps depending on location of trigger and spot where jitter is measured.fVill investigate this more in further

testing.

10.0na/div 50.0GS/s IT 1.0paipt
Run Sample ‘
1173 2cqe RL:100.0k

Auto September 11,2020 11:31:04

Next Steps
T. Llu, ETROC StHIS to test full chain readout with TDC data being output to the KC705 FPGA development board. This has previously been
demonstrated so I’m very optimistic about this next phase of testing.




ETROC1 Beam Telescope design

§
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Designed by Chris Edwards (FNAL)




IR drop on VREF for ETROC1

l
!

Pixel-dependent IR drop was observed
on the voltage reference (VREF)

The IR drop is observed because that
the trace resistance is not negligible
when the circuits draw current from
VREF

The IR drop does not affect ETROC1
testing much because DAC output still
convers the range that is required

This issue has been identified soon after
the ETROC1 submission during ETROC2
full size floor planning and power
distribution study.

An improved design for VREF
distribution has been prototyped in the
PLL chip.
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Reference voltage generator for ETROC2

in pixel

Buffer

OUT(1V)

generator

200 mV
Bandgap m WV oo
voltage ‘

global

T. Llu, ETROC status

Buffer

4[»1—@ OUT(1V)

Pixel array

VREF generator is used to provide
1V reference voltage to the charge
injection and the DAC in each pixel.
A global bandgap voltage
generator(from |pGBT) generates
200mV voltage.

The RC filters are used to reduce
noise and the Amplifiers generate 1
V voltage from bandgap.

Buffer in each pixel provide stable
1V voltage

This design block has been
implemented in the PLL test chip,
and we are ready to test it



© Woows, Dimm -

1.2mm

From ETROCO - ETROC1 - ETROC2

Trigger-driven

Sapiec] RO Controller TOC Clock Gen | Gen ’;m
h A
Fast Command WS Ctrl &
N sl S ]

. Single channel ADC mini-ASIC (submitted May 2019)
8-channel ADC waveform sampler (submitted March 2020)

€5

]

ETROC-PLL mini-ASIC (submitted May 2020)

Fast command decoding, slow control (12C), pixel readout,
digital 1/0, all being prototyped in ETROC emulator (FPGA)

(no time to cover the details)



i refclk \ K40M_OUT_P

CLK320M_OUT_P

CLK320M_OUT_N

n

—

(]

>
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CLK1G28_OUT_P

CLK1GR8_OUT_N

AMP_PD

CLKSG12_0UT_P
CLK5G12_0UT

* Size of the chip: 2000 pm x 1000 pm lpGBT’s
* Size of the ETROC PLL core : ~ 1170 um x 685 um Low-jitter Clock and Data Recovery (LICDR)
Extensively simulated. Reviewed by IpGBT experts. PLL core Power: 60mW

Submitted on May-20™, 2020 (to be verified with mini-ASIC)



PLL chip submitted during COVID lockdown (May), arrived early Sept

ETROC PLL Testing preparation

The PLL chip test started last Friday

First day results very promising ...

PLL mini-ASIC

- - CML
(B (2] (o] “flidh I

Origin
(0, 0)

2 mm



ETROC PLL Test results on day one :

Fresh results from the first day:

| Automatic frequency calibration (AFC) works

e | PLL locks at 5.12 GHz after AFC

All clocks rms jitter ~ 2ps

* | Power consumption as expected

e | All four boards fully consistent

Very good for the very first try

40MHz
trigger
CLK40M
CLK320M
CLK1G28 | |
I E-Scope
Pulse . refclk4aom CLK5G12
enerator d CLK2G56
_generator |
AFCBusy
PLL chip vp
IZC »| SDA P | o
controller > SCt vss,_puLf—1
» RSTN
Jumpers »|VREF_PD VREF_OUT
e AMP_OUT
VBG_OUT
Power 1.2V (x4)
M Test board

Four boards prepared
Passed smoke test on Sept 10
First results on Sept 11" shown here




AFC calibration

O Test procedure:

O Apply 40-MHz reference clock to the test board.
o O Keep the default settings for PLL core.

T, O Follow the fully automatic calibration flow (see left), launch the binary
) search for the optimal VCO capacitor DAC setting.
Reset AFC O Check if the PLL is settled by:
I L Observing the output clocks on the oscilloscope.
AFCL;TiECr*a‘ﬁon O Reading back the values of read-only register REGIn_20.

Revise
PLL
config

A

O Test results:
O PLL loop locks at 5.12 GHz.
O The values of REGIn_20 are within expectation and shown below:

AFCbusy
is low?

BIT
REGIn_20 7 6 | 5 | a | 3 | 2 | 1 0
INSTLOCK_PLL AFCcalCap<5:0> AFCBuSsY
Board1l 1 0 1 0 1 0 0 0
Board2 1 0 1 0 1 0 0 0
Board3 1 0 1 0 1 0 0 0
Board4 1 0 1 0 » 1 0 0 0

The optimal VCO capacitor DAC setting of each test board is the same!

Four boards tested on day one, and all consistent

46



PLL power consumption

: imul
Operating Simulated Test values when PLL locks at 5.12 GHz (mW)

current values'™
(mW) Bl

B2 B3 B4

|dd_|0[2 78.0 74.4 73.2 73.2 74.4

|dd_Dig 10.413] 13.2 13.2 12.0 12.0
50.6

Idd_PLL (PLL core: 47.2) 51.6 51.6 51.6 51.6
(eRx: 3.4)

[11 The nominal pre-schematic simulation of power consumption is with tt corner, 1.2 V power supplies and room
temperature of 27°C.

[2] All the output clocks are enabled and with the maximum output amplitudes.

31 The power consumptions of AFC and I12C are estimated to be 2 mW.

The total power consumption of PLL core is about 60 mW, which agrees with the simulations.
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Sample
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) . . N
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Jitter measurements (preliminary)

5.12 GHz

Im Histogram Of Clock TIE1(Ch4) Q@@

Select /
- = s[5

Ay Histogram Of Clock TIE1(Ch1)

LN
L] View

Y GV &Y BN Bm

4.0000p P m P

13 File Measurements Results Plot Log Utility Help TDSJIT3 ditter Analysis - x|

Duty

Total @ BER

Menu: Results->TIE:R|D-BER Status : Ready Menu: Results->TIE:R|D-BER Status : Ready

Frequency

40 MHz

320 MHz

1.28 GHz

2.56 GHz

5.12 GHz

Random jitter (ps) 1.5

1.6

1.5

1.6

1.9

Periodic jitter (ps) 1.2

111

8.2

2.2

7.2

The random (rms) jitter ~ 2 ps



Time resolution (ps)

Waveform Sampler Requirements for ETL (TDR)

Time resolution (LE + TOT) Time resolution (LE + TOT)

100y FBK W6 8E14 @ 520V g F
902 . § - FBK W6 8E14 @ 520V
8oF & 501
= | = 500 MHz Low-Pass - \
PETT " NoFilter " aof
- (0] -
60— : C \\
B
40§ i"kt-r = o - 20 - A
30F . = = -
= 10
20f C
0_|||2I||4|||6III.I|I1()I 0_||||||||||||||||||||||||||||
Sampling Frequency (Gs/s) 3 4 5 6 7 8 Numbergof Bits
Sampling Frequency (GS/s) Number of Bits

o Analysis based on beam test data sampled by a high-performance
oscilloscope

o =2GS/s sampling rate and ~ 6 bits resolution good
(since preamp output signal is small, we will need a high performance

waveform sampler in order to reach ~6 bits resolution)



Preliminary Measurement Results of 2.56GS/s 10-bit Waveform Sampler

2mm

Measurement Resdults

Sampling Rate Up to 2.56 GS/s

ENOB (Effective Number of Bits) 9.4 bits @ 13MHz and 8.4 bit at @1GHz input
Power Consumption 92 mW (when continuous operating)

Core area 1mm x 0.8mm

Topology Pipelined-SAR

Technology 65nm CMOS

Chip design submitted in March 2020 right before COVID lockdown; More measurements are on-going

@SM U | somm b it e pgui@smu.edu



Measurement Results:
Dynamic Performance vs. Fin (Sampling Rate = 2.56GS/s)

Two main metrics:

« SNDR: Signal to Noise and Distortion Ratio

 SFDR: Spurious Free Dyanmic Range

« ENOB: Effective number of bits; ENOB = (SNDR-1.76dB) / 6.02

SNDR/SFDR vs. Fin ENOB vs. Fin
80 66.8 20
. 65
Zg 59.7 "y 576 »
) 50 58.4 * ©
=) - 55.8 56.9 55 5. Q12
z *— —_—— —— o
% 30 bl 8 —)
20
4
10
0 0
13.125 114.375 354.375 634.375 1001.875 13.125 114.375 354.375 634.375  1001.875
Fin (MHz) Fin (MHz)

~——SNDR ==@=SFDR

e BOBBY B. LYLE .
m SMU S(()I]l(l)\()l.()}‘\:{l.\‘(;l.\'l-.rl{l.\‘(; ng|@SmU.edU




2.56GS/s 10-bit 8-channel Waveform Sampler
— on-Chip Memory

« Consisting of 8 RAMs (8 x 512 depth x 13 width) that write in parallel and
read in series.

- Speed: Write speed of each small RAM = 320MHz; Read speed = 30MHz
« Overall memory storage size: 4096(depth) x 13(width)

- Overall sampling rate: 2.56GS/s(one sample every ~391ps) > RAM working
time frame: 4096x391ps = 1.6us (64 bunch crossings)

* 4096 points FFT: Noise floor is 36dB lower than SNR > Clear spectrum for
waveform sampler analysis

- Memory size can be reduced to save area and power

=\ BOBBY B. LYLE .
‘@SMU SCHOOL OF ENGINEERING ng |@Smu -ed u




O

O

ETROC2: all critical components prototyped

Aim to submit in Aug 2021
Full size with full mask engineering run
o 16 X 16 pixel array
o 20.8mmX22.0 mm
Full frontend: PA + Discri + TDC
L1 latency-matched hit buffer
L1 trigger-driven readout with zero
suppression
o 320 Mbps Serial data to [pGBT
320 Mbps fast command from IpGBT
40 MHz reference from IpGBT
o High performance PLL from |pGBT
12C slow control
fast waveform sampling for some pixels
On-chip temperature sensor
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ETROC2 pixel readout design

Merge cell approach

One Column of 16 pixels
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FNAL FPGA designers: Jinyuan Wu & Jamieson Olsen
SMU Phys ASIC designer: Datao Gong

TDC

Upstream

col(4b)/row(4b) l l T T
. Data(37b)l
29 bits Data Buffer — >
30 bits Circular . (29x32 SRAM) ”
»  Buffer Hit UnreadHit Switchi
(32x512) > Hit Buffer Parity Wgc "o
(3x32 SRAM) Read e
A A Load
TOA: 10 bits WrAddr RdAddr
Cal: 10 bits
L?f-lr: 9_ t1>|tts). t Read/Write [
thag: 10l Controller [¢
Downstream

T. Llu, ETROC status

advanced (two approaches developed)

Switch network approach

Both implemented in VHDL,
Simulated/tested in FPGA,
and will be used in

ETROC2 emulator




ETROC Fast Command Decoding

. . . bit 4 bit 3 bit2 | bitl |, . .
bit 7 | bit 6 | bit 5 Cal Req | Link Reset | L1A | BCO bit 0 [meaning
1 1 0 0 0 0 0 1 [hone
1 1 0 0 0 0 1 1 |BCO
1 1 0 0 0 1 0 1 |L1A
1 1 0 0 0 1 1 1 |BCOandL1A
1 1 0 0 1 0 0 1 |Link reset
1 1 0 0 1 0 1 1 |BCO and link reset
1 1 0 0 1 1 0 1 |L1A and link reset
1 1 0 0 1 1 1 1 |BCOand L1A and link reset
1 1 0 1 0 0 0 1 [CalReq
1 1 0 1 0 0 1 1 |BCOand cal req
1 1 0 1 0 1 0 1 |L1Aandcalreq
1 1 0 1 0 1 1 1 |BCOand L1A and cal req
1 1 0 1 1 0 0 1 |Link reset and cal req
1 1 0 1 1 0 1 1 |BCO and link reset and cal req
1 1 0 1 1 1 0 1 |L1A and link reset and cal req
1 1 0 1 1 1 1 1 |BCO and L1A and link reset and cal req

* Orbit Sync / Orbit Counter Reset : required for ETROC to maintain BCID counter
e L1ACC : drives/triggers ETROC readout

* Link-Reset : force the ETROC output link into known test/training pattern

* CalibrationReq : enable front end charge injection circuit

* CalibrationL1A : reserved/TBD

T. Llu, ETROC status



ETROC?2 interface

o 40 MHz clock

O
O

Low jitter clock from IpGBT
Point to point differential signaling,
not shared

o Fast command

O
O
O

320 Mbps, differential
8 bits per BX
Multi-drop, shared by 2 ETROC2

o Data output

O
O

From 320 Mbps to 1.28 Gbps
Point to point link back to IpGBT

o Slow controls 12C & Reset

O
O

SCA or IpGBT
Address pins hardwired to the board

o Waveform sampler interface with
dedicated 12C

T. Llu, ETROC status
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ETROC2 emulator

¢ BXclock Logic
BCO ]

tgBCID

Go

. 16X16 pixel cefiarray|
ETROC system interfaces can be -
emulated by FPGA:
12C interface a e

«  Data readout : P |1

«  Clock input (40MHz distribution) R

Fast command interface !

RE dO Ut \j‘ |
¥ ! || i J{J

1.2 mm

The ETROC interface emulator would allow us to

decouple the service hybrid /system development from the ETROC development: in other words, the service hybrid
and system (front-end and backend) can be developed and tested before ETROC2 chips are available ... and the ETROC
interface emulator can help optimize the system interface as well .... To identify issues early.




ETROC Interface

ETROC is configured via an 12C
interface from lpGBT/SCA.

ETROC receives a differential
40-MHz clock from IpGBT.

ETROC is controlled by a
differential 320-Mbps fast

command signal from the
|pGBT.

ETROC sends its data on a
differential 320-Mbps
(expandable to 640 Mbps or
1.28 Gbps) output to the [pGBT
and the off-detector.

TDC Clocks €

Measurement Phase

Control Shifter

DAC Data

TOT Theshold
BX offset

12C
Slave

12C Bus

A

11

Readout
Control Logic

< Fast Command Decoder

BX Clock 40MHz
BCO
L1Accept

Charge Inject

Clock Fast
Command

—]

Data




ETROC Interface

\VDD_QInj VSS_QlInj
VDD PA |VSS PA

VDD_DIS |VSS_DIS [1.2 V and ground
Power |VDD_TDC [VSS_TDC
supply [vDD D |VSS D [The emulator may emulate the load of the
VDD_CLK [VSS_CLK [ETROC power consumption for monitoring

VD D_I O VSS_I O M r t Ph lRe:oul E:m
VDD_WS [VSS_WS 06 Clooks € Conrol [ Shifter M comrioge | outer
CLK_P, CLK_N Input 40M clock
q $3$$:eih od € Fast Command Decoder A 4
Fast diff [FCMD P, FCMD N [Input fast command at 320 Mbps ’—'axmt Seﬁﬂ
signals Digital output at 320 Mbps, expendable to BX Clack oMz
el Dot 640 Mbps and 1.28Gbps e Lk ‘
slow SCL, SDA 12C 7y i
control [RESETb Reset v éb J L ! Do
i i i 12C Bus © Com?:and =
Monitor [Vref Output internal analog Vref for monitoring

or receive external Vref
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IpGBT

VTRX+ |

IpGBT /SCA
Controller

Flex cables
wirebonded
to adapter board

12C

I 5

IO

DN

FoMON

Regulators

-

ETROC Emulator Board
(4 channel version shown)

Backend
Readout
Boards

FPGA
(ETROC)
Target

Ports

High Speed
Clock VO

JTAG, I12C,
Testpoints,
etc.

3. FPGA update (1)

The emulator uses a single FPGA to emulate
the functions of a few ETROCs.

The FPGA interfaces with the IpGBT (or SCA
for 12C) located on the readout board.

The FPGA must be compatible with the
|pGBT (or SCA for 12C) on the logic level.

For 12C configuration, the IpGBT (or SCA) is
the 12C controller, while the FPGA (ETROC) is
the 12C target.

The 12C signals (SCL, SDA, RESETb) are 1.2 V
CMOS logic (1.5 V CMOS for SCA).

It is not hard for the FPGA to be compatible
with 1.2 V (1.5 V) CMOS logic.



ETROC Emulator Firmware

CLK40 256 event buffers

PLL

Merge/switch cells

FCMDLI Fast cmD

—| decoder Global buffer
12C Frame builder
<P
— | 12C target l
Serializer
FPGA

ut

The FPGA emulates the following functions of each ETROC: a PLL, a
fast command decoder, an 12C target, and a readout logic.

The PLL generates the internal 320 MHz and 40 MHz clocks.

The fast command decoder uses the 40-MHz clock as the
command boundary and the 320-MHz clock as the sampling clock
to recover BCO, L1A, link reset, and other fast commands.

The 12C target receives slow commands and stores the internal
operational states.

The readout logic fetches the data from the event buffer and
transmits the data out of the FPGA. The readout logic
implements:

* 256 event buffers store trigﬁered data (Data Valid flag, TOA, TOT,
Calibration) of each pixel. The buffer depth, which depends on the
readout algorithms, is to be decided later.

* Merge cells or switch cells transfer the triggered data in proper order
from 256 event buffers to a global output buffer.

* Aglobal buffer stores triggered data before framing.

* A frame builder adds frame headers, frame trailers, and frame fillers
(when no event is triggered).

* Aserializer converts parallel data to serial data.

The firmware development is in progress. Fast command decoder, 12C target,

frame builder/aligner (constant word length option) have been implemented and verified.
Readout logic has been simulated or implemented.

All the firmware blocks will be migrated and integrated to the new FPGA platform.



Overall expected ETROC performance

Time resolution

LGAD+ preamp/discriminator + TDC bin 35 ps 40/46
Time-walk correction residual <10 ps

Internal clock distribution <10 ps

System clock distribution <15 ps

Per hit total time resolution 41 ps 45/50
Per track (2 hits) total time resolution 29 ps

Power consumption
Circuit component Power per channel [mW] | Power per ASIC [mW]
Preamplifier (low-setting) | 0.67 171.5
Preamplifier (high-setting) | 1.25 } All confirmed 320
Discriminator 0.71 181.8
TDC 0.2 —»achieved 0.1mW | 51.2
SRAM 0.35 89.6
Supporting circuitry 0.2 51.2
Global circuitry 200
Total (low-setting) 2.13 745 —
Total (high-setting) 2.71 894

;’. To be verified with ETROC1

With safety margin:

design specification is

32/35 —> ~ 35ps per track (~50ps per hit),
< ~ 60ps per track at end of life

(~80 ps per hit)

With some safety margin:

> design specification is

~ 1W per chip



.DC power consumption measurements

Final ETROCO/1 design simulation results /

Circuit component Power per channel [mW] | P6wer per ASIC [mW]
Preamplifier (low-setting) | 0.67 \0.76 0.74* 1715

Preamplifier (high-setting) | 1.25 1.31 1.27 | 320

Discriminator 0.71 0.87 0.84 | 181.8

TDC 0.2 0.07 0.1 |51.2

SRAM 0.35 0.25 (new) | 89.6

Supporting circuitry 0.2 0.2 (reserve] 51.2

Global circuitry 200 226.5 »

Measurements agree with simulation of ETROCO and 1 design
 TT corner numbers shown, mostly agree reasonably well
e But should assume up to 20% variation with real production
* Note: preamp highest setting (4t gear) power is 1.52mW (measured)
The new 0.25mW SRAM is based on most recent estimate by expert
The “supporting circuitry”: reserved for circuitry hard to be separated clearly
The “global circuitry” (a guess back then for TDR, with large uncertainty)
* A lotis known now about global circuitry blocks (ETROC2 simulation)™
 PLL: 60mW:; Phase shifter: 2 mW; Clock distribution: 25mW;
e Tx:16mW; Rx ImW. Fast command decoder: 2mW ot
* Voltage reference generator: 0.5mW,.
* Readout: 100mW (guess so far); other misc: 20mW (guess) _|

=226.5 mW

T. Llu, ETROC status



.DC power consumption update

Final ETROCO/1 design simulation results vs measured

Circuit component Power per channel [mW] | Power per ASIC [mW]
Preamplifier (low-setting) | 0.67 \0.76 0.74 | 1715 190
Preamplifier (high-setting) | 1.25 1.31 1.27 | 320 325
Discriminator 0.71 0.87 0.84 | 181.8 215
TDC 0.2 0.07 0.1 51.2 26
SRAM 0.35 0.25 (new) | 89.6 64
Supporting circuitry 0.2 0.2 (reserve| 51.2 51
Global circuitry 200 226.5
Total (low-setting) 2.13 2.13 | 745 773
Total (high-setting) 2.71 2.66 | 894 908
Total (highest setting) 2.91 972

Measurements agree with simulation of ETROCO and 1 design

We are still within

1W/chip spec!

e TT corner numbers shown, mostly agree reasonably well

* But should assume up to 20% variation with real production

* Note: preamp highest setting power is 1.52mW x 256 = 389 mW

« TDC power is assuming 1% occupancy.... (see next slide)
e At 10% occupancy, from 0.1mW to 0.32mW (0.22mW x 256 = 56mW)
*  Will need to add 56mW to the total power IF 10% TDC occupancy.

T. Llu, ETROC status



Towards ETROC2 and Front-end System Design

l|‘- l‘- ll‘. Il- ll‘-

] s

wa ek |

ETROCO

P

ETROC1

Sensor design

All designs have to be
mature enough in order to
finalize ETROC2 design

T. Llu, ETROC status

ETROC2 readout design is critical from system point of view

ETROC3

ETROC2

o
o

Aim to submit in Q2 2021
Designed to be compatible
with 16 X 16 pixel array with
full functionalities

Readout bofd design
V 4

Power board design

ETROC2 emulator

/

All prototypes have to be good
enough in order to test ETROC2
at system level in time to move to
ETROC3

Backend firmware/software




A simple ETROCO Beam Telescope (3 boards)

Jan-Feb 2020 Simple “suitcase” setup in parasitic mode running at FNAL MTest

Designer: Chris Edwards

i ‘ 120 GeV proton Beam
<




A simple Beam Telescope (with 3 HPK-ETROCO boards)

Jan-Feb 2020 Simple "suitcase” setup in parasitic mode running at FNAL MTest

o, = \[0.5 - (0%, + 0%, — dZ)
/ ~ 33 (ps)
t3t21tl
Ch3 2 1

1 | LURRRRRRR T |

April — May 2020
parasitic run

cancelled due to
CoVID-19

120 GeV proton Beam
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Strip and Pixel Telescope

HPK-ETROCO testing with full tracking

®| MTD Beam Test Setup at FNAL MTest

* Independent scintillator provides trigger

* Telescope provides proton track

* Oscilloscope saves waveforms LGAD boards MCP (Photek)
* Study At(LGAD,MCP) on cooling blocks  time reference
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HPK-ETROCO testing with full tracking

®| MTD Beam Test Setup at FNAL MTest
* Independent scintillator provides trigger

* Telescope provides proton track
* Oscilloscope saves waveforms
* Study At(LGAD,MCP)

ETROCO

la oo wo

LGAD boards

on cooling blocks

MCP (Photek)

time reference



