
Design and performance evaluation of an 
Adapter Board used in the mass production of 

new ATLAS pixel detectors for the HL-LHC
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ATLAS DETECTOR - CERN
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LHC ➡ High Luminosity LHC
2027 ~2008 - 2024

The pixels have to be replaced for HL-LHC
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PIXEL MODULE
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Current ASIC New ASIC
Data Rate of 0.16 Gbps 

Trigger 
Rate x5

Data Rate of 5.12 Gbps 

Module with current ASIC

~ 
4 

cm
 x 

4 
cm

Pixel Size of 50 µm X 250 µm Pixel Size of 50 µm X 50 µm

FPC Connector

4 x RD53A  ASIC's

Silicon Sensor

Patch Cable
Flexible PCB

Cooling System

Wire Bonding

Bump Bonding

ASIC : Application Specific Integrated Circuit

Proposed module with new ASIC

Beam 
Intensity x8

Compres
sion x0.8



 4YAMANAKA LAB & KUNO LAB - YEAR END PRESENTATION 2019

QA/QC OF THE NEW MODULES
ATLAS Japan will produce ~2000 modules

QA - Quality Assurance         
QC - Quality Control

FPGA

Pixel Module

Computer

?

Molex FPC Connector

DisplayPort 
Connector

We need an adapter card which has the 
following features
✦  FPC Connector ➡ DisplayPort conversion 
✦  Can transmit 1.28 Gbps 
✦  Impedance controlled
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ADAPTER CARDS 
4 DISPLAYPORT VERSION 1 DISPLAYPORT VERSION

Versions : 1.0, 2.0, 2.1 Versions : 1.0

Can be used to control 
4 ASIC’s separately Can be used to 

control 4 modules

I designed 2 types of adapter cards



HIGH SPEED READOUT TESTS - USING 4 DP VERSION 1.0

 6

✓ Test 1 - High speed readout at different data rates  

✓ Test 2 - Mating Cycles of the patch cable & connector 

✓ Test 3 - Patch Cable-Cable Dependance  

✓ Test 4 - Cross-talk test (Between Data Lanes) 

✓ Test 5 - Readout test with the Single Chip Card (SCC)
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I will only talk about Test 1, Test 
2, Test 5 today. Please check the 
backup slides for details on Test 
3 and Test 4.

FPGA

DisplayPort 
Connector

Molex FPC Connector

Patch 
Cable



HIGH SPEED READOUT TESTS - SETUP
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Tests 
1,2,3,4 Test 5

Made a Dummy Board
This will mirror the connections, so it 
will act as the module for the tests



TESTING FOR HIGH SPEED READOUT - IBERT

 8

FPGA TX (P,N) FPGA RX (P,N)

IBERT : Integrated Bit Error Ratio Test

1011001011 1001011001DISTORTION

Errors : 3 per 10 bits sent BER : 0.3

2D-eye scan

Vth

Vth Vo
lta

ge
 (C

od
es

)

Unit Interval

BER
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TEST 1 - DATA SPEEDS
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TX (P,N) to SMA to DP to FPC to 
RX (P,N)

❖  Tested at 1.56 Gbps 

✓ No errors 

✓ All channels passed

Unit Interval

Vo
lta

ge
 (C

od
es

)

BER

1.5
6 G

BP
S

3.1
25

 GB
PS

6.2
5 G

BP
S
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ge
 (C
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es

)
Vo
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ge

 (C
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)

DP1 Ch1

DP1 Ch1

DP1 Ch1

Please check backup slides for more details

IT’S POSSIBLE TO SEND A 1.28 Gbps SIGNAL
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❖  To check the upper limit, 
tested at 6.25 Gbps 

๏ 2 channels didn’t pass
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FPC ⬌ DisplayPort 
adapter board

Pixel Module

FPC Connector
๏ Molex ⟶  ~10 times  
๏ JAE  ⟶ ~20 times 

Patch Cable
❖ Abrasion ⟶  ~1000 times  

❖ Bending  ⟶ ~20 times 

To keep the contact resistance below 60 Ω

Quality Assurance and Control for ~2000 modules

TEST 2 - MATING CYCLES
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Number of cycles
0

1000

2000

3000

4000

5000

6000

7000

8000

9000

0 100 200 300 400 500 600 700 800 900 1000

Changed the workplace 
(Different version of Vivado)

The open area hasn’t 
changed much! The 
connector + cable is 
still good.

CONTACT RESISTANCE DOESN’T SEEM TO BE A HUGE 
ISSUE FOR SIGNAL TRANSMISSION AT 1.28 GBPS

1000 times mating cycle Result
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TEST 5 - READOUT TEST WITH SCC  

SCC

Dummy Card Version 1.0

Adapter Card Version 1.0

Patch cable
To computer
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Regulator Powered

Directly Powered

SCC : Single Chip Card, 
which has 1 ASIC

Check backup slides for 
details

?



 12

SUMMARY & FUTURE PLAN

✦ Designed an adapter card which can transmit data at 1.28 Gbps, and 
conducted several data transmission test with it 

✦ Performed several tests to make sure the connectors and cables are 
durable for multiple tests 

✦ Performed scans to identify optimum voltage regions where the RD53A 
ASIC can be operated properly 

✦ Distribute ~40 boards (1 DP and 4 DP) to tests sites across the world  

✦ Develop FPGA firmware which is needed to operate different boards in 
the future 

Summary

Future Plan
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BACK UP
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Cable Average Std.Dev
1 7677 221
2 6841 214
3 6835 239
4 6893 191
5 6950 343

TEST 3 - CABLE-CABLE DEPENDANCE 

Model Number : 150150433       Length : 10.16 cm 

Cable Average Std.Dev
1 6042 285
2 6285 307
3 5619 243
4 5734 396
5 5734 272

Model Number : 150151033       Length : 25.4 cm 

THE SIZE OF 
THE EYE HAS 
DECREASED 

FOR THE 
LONG CABLE

SH
OR

T P
AT

CH
 CA

BL
E 

LO
NG

 PA
TC

H C
AB

LE
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❖ Measured BER at 1.953 Gbps

FPGA TX (P,N)

FPGA RX (P,N)

DUMMY BOARD

ADAPTER BOARD

SMA BOARD

SMA BOARD

SMA Cable

SMA Cable

DisplayPort Cable

DisplayPort Cable

Patch Cable

SMA MEZZANINE CARD

SMA MEZZANINE CARD
FMC Connector

FMC Connector

CROSS-TALK TEST
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❖ Measured BER at 1.953 Gbps for 
10 times 

❖ Measured BER for DP1 Channel 2

W/O signals in the 
neighboring channels

Vo
lta

ge
 (C

od
es

)

Unit Interval BER

Cross-talk Average Std.Dev

With 11002 119

Without 12320 110

Channel 1    Channel 2    Channel 3

Channel 1    Channel 2    Channel 3
With signals in the 

neighboring channels

10 % reduction in the open area

NO SIGNIFICANT ISSUE FROM CROSS TALK FOR 
SIGNAL TRANSMISSION AT 1.28 GBPS

TEST 4 - CROSSTALK  
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JAPAN QA/QC 
SYSTEM 

Trigger

HV source

Scinti + MPPC

Amp + 
Discri

Sr 90

CPU Cooler Fans

Peltier x 2  {
CPU Cooler  {

FPC CableModule

Thermistor

Vacuum 
Chuck Vacuum 

Pump

12V DC

Takasago ZX/KX

Nanjo Board

BME
280

Transport Card

Cooling System

Adapter Board

Power
Board

Styrofoam  Box

LV Source

HV Source

Raspi

DCS 
Controller

DCS

PCI Express

KC705 
FPGA

Ohio Board

Ohio Extension Board

YARR
Firmware

Database/DAQ

Local DB

ViewerTimeseries DB

YARR
Software

Dry N2
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1.19 V

1.20 V

1.21 V

1.22 V

1.23 V

1.24 V

1.25 V

1.23 V 1.24 V 1.25 V 1.26 V 1.27 V 1.28 V 1.29 V 1.30 V

No Errors Almost Perfect Too many errors

Configured but YARR doesn’t work Not configured

VDDD

VDDA

A : 0.227 A 

D : 0.294 A
A : 0.216 A 

D : 0.313 A

A : 0.230 A 

D : 0.321 A

A : 0.226 A 

D : 0.327 A

A : 0.235 A 

D : 0.317 A

A : 0.224 A 

D : 0.337 A

A : 0.232 A 

D : 0.324 A

A : 0.228 A 

D : 0.330 A

A : 0.220 A 

D : 0.344 A

A : 0.237 A 

D : 0.320 A

A : 0.225 A 

D : 0.340 A

A : 0.233 A 

D : 0.327 A

A : 0.229 A 

D : 0.333 A

A : 0.222 A 

D : 0.347 A

A : 0.239 A 

D : 0.323 A

A : 0.227 A 

D : 0.343 A

A : 0.235 A 

D : 0.330 A

A : 0.231 A 

D : 0.337 A

A : 0.223 A 

D : 0.350 A

A : 0.241 A 

D : 0.326 A

A : 0.229 A 

D : 0.346 A

A : 0.237 A 

D : 0.332 A

A : 0.233 A 

D : 0.339 A

A : 0.243 A 

D : 0.329 A

A : 0.238 A 

D : 0.335 A

A : 0.234 A 

D : 0.342 A

A : 0.244 A 

D : 0.331 A

A : 0.240 A 

D : 0.338 A

A : VDDA Current 
D : VDDD Current
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DIRECTLY POWERED OHIO ➡ DUMMY ➡ 
DUMMY ➡  SCC VOLTAGE SCAN 2D GRAPH
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REGULATOR POWERED OHIO ➡ 
SCC VOLTAGE SCAN 2D GRAPH No Errors Almost Perfect Too many errors

Configured but strange Not configured
Digital 
Trim

15 (~1.10 V)

Analog 
Trim

16 (~1.119 V) 17 (~1.125 V) 18 (~1.138 V) 19 (~1.146 V) 20 (~1.163 V) 21 (~1.173 V) 22 (~1.187 V)

2 (~1.05V)
3
4 (~1.07 V)
5
6 (~1.08 V)
7
8 (~1.10 V)
9

10 (~1.12 V)
11
12 (~1.14 V)
13 (~1.14 V)
14 (~1.15 V)
15 (~1.16 V)
16 (~1.18 V)
17 (~1.19 V)
18 (~1.20 V)
19 (~1.21 V)
20 (~1.23 V)
21 (~1.24 V)
22 (~1.26 V)
23 (~1.27 V)
24 (~1.29 V)
25 (~1.30 V)

YAMANAKA LAB & KUNO LAB - YEAR END PRESENTATION 2019

0.260 \ 0.253
0.256 \ 0.251
0.209 \ 0.361

0.218 \ 0.346
0.220 \ 0.342
0.229 \ 0.326

0.236 \ 0.315

0.246 \ 0.300
0.248 \ 0.295

0.255 \ 0.283

0.265 \ 0.267

0.271 \ 0.256

0.277 \ 0.245

0.260 \ 0.253
0.256 \ 0.251
0.209 \ 0.361
0.260 \ 0.253
0.256 \ 0.251
0.209 \ 0.361
0.209 \ 0.361
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DEFINITION OF REGIONS - VOLTAGE SCAN
No ErrorsAlmost PerfectToo many errors
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SCHEMATIC DIAGRAM

FPC Connector

FLEX SIDE

ADAPTER BOARD SIDE
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PIN ASSIGNMENT ACCORDING 
TO THE RD53 QUAD V3.6
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LINE IMPEDANCE - CALCULATION
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Changed this from 
4 mil to 6 mil

Differential line 
impedance is ~ 100 Ω

Single line 
impedance is ~ 50 Ω
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VIA IMPEDANCE - CALCULATION
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I didn’t consider via 
impedance earlier

Single lane 
impedance 
is ~ 50 Ω
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4 DISPLAY PORT ADAPTER CARD VERSION 2.1 
 24

Updates 
compared to the 
previous version 
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Front

Back
Similar changes as the previous slide were made !

Features 
‣ The skew is corrected 
‣ All lines (except CMD) are of 

same length  
‣ No meanders on the lines
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1 DISPLAY PORT ADAPTER CARD VERSION 1.0 



IBERT - STEP 1
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TX (P,N) to SMA to RX (P,N)

Unit Interval

Vo
lta

ge
 (C

od
es

)

BER

1.5
6 G

BP
S

3.1
25

 GB
PS

6.2
5 G

BP
S

Vo
lta

ge
 (C

od
es

)
Vo

lta
ge

 (C
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es
)

FPGA TX (P,N)

FPGA RX (P,N)

SMA BOARD

SMA BOARD

SMA Cable

SMA Cable

DisplayPort Cable

Please check backup slides for more 
details
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DisplayPort 1

DisplayPort 2

DisplayPort 3

DisplayPort 4

Channel 1 Channel 2

1.56 Gbps  
SCANS

Channel 3

Pa
ss

 S
M

A

D
ire

ct
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DisplayPort 1

DisplayPort 2

DisplayPort 3

DisplayPort 4

Channel 1 Channel 2

3.125 Gbps  
SCANS

Channel 3

Pa
ss

 S
M

A

D
ire

ct
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DisplayPort 1

DisplayPort 2

DisplayPort 3

DisplayPort 4

Channel 1 Channel 2

6.25 Gbps  
SCANS

Channel 3

Pa
ss

 S
M

A

D
ire

ct
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DURABILITY OF THE CONNECTOR - 1000 TIMES

Open Area of IBERT 2D scan 

Fr
eq

ue
nc

y 

THE 
PROBABILITY 

OF >7000 
HAS 

REDUCED, 
WITH 

INCREASING 
CYCLES.

0

20

40
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80
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140

6000 6200 6400 6600 6800 7000 7200 7400 7600 7800 8000

Fr
eq
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} All 900 times

1-100 times 400-500 times
800-900 times

O
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a 
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Number of cycles

0

2

4

6

8
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16

6000 6200 6400 6600 6800 7000 7200 7400 7600 7800 8000

Changed the workplace
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REASON FOR THE SPLITTING - GUESS

Vertical Variation - More Discrete

Vo
lta

ge
 (C

od
es

)

Unit Interval BER

Open Area : 7296

Open Area : 6400
Horizontal Variation - More 
Continuous
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MEANING OF THE AREA
❖ Vertical Increment : 8, Horizontal Increment : 8 

❖ Unit increment in area : 64

The horizontal axis increases 
in 8 units & the vertical axis 
increases in 8 units
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IBERT OPEN AREA VARIATION - 100 TIMES

O
pe

n 
A
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a 

of
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2D
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Number of cycles

For every reading there is a variation. This should be taken into consideration.

7700
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7800

7850
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7950

0 20 40 60 80 100 120
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47
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Open Area of IBERT 2D scan 
Fr
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❖ Without connecting/disconnecting (DP1Ch3)
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OTHER CHANNELS - 1000 TIMES

O
pe

n 
A

re
a 

of
 IB
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2D
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an
 

Number of cycles

‣ Dashed line channels show a big variation compared to solid line channels.

5000

5500

6000

6500

7000

7500

8000

8500

0 100 200 300 400 500 600 700 800 900 1000

Changed the workplace

} Less 
variation 

DP3CH1
DP4CH1

DP2CH3

DP2CH1

DP4CH3

DP1CH1
DP4CH2
DP3CH2
DP2CH2
DP1CH2
DP3CH3
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CURRENT SET-UP

RD53A SCC 
Board

Ohio Board

Dummy Board Old Design

Adapter Board Old Design

DisplayPort ➡ DisplayPort Cable DisplayPort ➡ Mini DisplayPort Cable 
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MANAGED TO SOLVE THE READOUT PROBLEM

Compare the Green and Blue Columns

Made a new constraint file, and edited to this configuration
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DIGITAL SCAN - 3 CHANNELS (THROUGH ADAPTER DUMMY SETUP)
 In the rd53a_test.json file, changed “OutputActiveLanes” to 7

En
M
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O
cc

up
an

cy
M

ap
.d

at

En
M

as
k.

pn
g

O
cc

up
an

cy
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M
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O
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M
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Some masked 
pixels are here

Trigger Frequency : 30 kHz Trigger Frequency : 20 kHz Trigger Frequency : 18 kHz 

 Changed the Trigger frequency in std_digitalscan.json file
Directly powered 
VDDA: 1.186 V   VDDD: 1.208 V 
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Some masked 
pixels are here

Trigger Frequency : 30 kHz Trigger Frequency : 18 kHz Trigger Frequency : 15 kHz 

DIGITAL SCAN - 2 CHANNELS (THROUGH ADAPTER DUMMY SETUP)
 In the rd53a_test.json file, changed “OutputActiveLanes” to 3
 Changed the Trigger frequency in std_digitalscan.json file

Directly powered 
VDDA: 1.186 V   VDDD: 1.208 V 
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Trigger Frequency : 15 kHz Trigger Frequency : 12 kHz Trigger Frequency : 10 kHz 

DIGITAL SCAN - 1 CHANNELS (THROUGH ADAPTER DUMMY SETUP)
 In the rd53a_test.json file, changed “OutputActiveLanes” to 1
 Changed the Trigger frequency in std_digitalscan.json file

Directly powered 
VDDA: 1.186 V   VDDD: 1.208 V 
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DUMMY CARD VERSION 2.1 
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1. All lines are curved, but different in length. 

2. Impedance controlled for via’s (according to calculation).
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TESTING SIGNAL TRANSMISSION - CMD LINE

There 
is an 
offset 
of 1V

1V

CMD -

CMD +

CMD -

CMD +

There are 4 more via’s in the CMD- line compared to CMD+ line

OHIO ➡ SCC OHIO ➡ ADAPTER ➡ DUMMY ➡ SCC

20 ns 20 ns
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COMPARISON - CMD LINE (DIFFERENTIAL)
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~ 100 mV

THE ISSUE IS LIKELY TO BE CAUSED BY EXTRA VIAS IN THE CMD- LINE

RD53A SCC 
Board Ohio Board RD53A SCC 

Board

Ohio Board

Dummy Board Old Design

Adapter Board Old Design
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COMPARISON - CMD LINE (COMMON MODE)
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RD53A SCC 
Board Ohio Board RD53A SCC 

Board

Ohio Board

Dummy Board Old Design

Adapter Board Old Design
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1V

GTX -

GTX +

AT SCC AT ADAPTERAT DUMMY

GTX -

GTX +

GTX -

GTX +
20 ns

At SCC

At Dummy

At Adapter

TESTING SIGNAL TRANSMISSION - GTX1 LINE
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POLARITY FEATURE
 45

Polarity is switched 
at this DisplayPort

Polarity is 
corrected here

YARR 
Firmware

Cannot use the 
same Firmware

But …

Polarity is switched 
here now

RD53A Single 
Chip Card

Ohio Board

Ohio Board

YARR 
Firmware

RD53A Quad 
Module

Adapter Board

For a differential pair, P goes to N & N goes to P at the 
DisplayPort

Single Chip Card 

Quad Module 
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POLARITY FEATURE - SOLUTIONS
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YARR 
Firmware

Polarity is switched 
here now

Option 2 : 
Switch here

Option 1 : 
Switch here

Ohio Board

RD53A Quad 
Module

Adapter Board

Note : Polarity will be switched in the RD53B SCC

Decided on option 2
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ADAPTER BOARD - PIN MAPPING

Compare 
the Green 
and Blue 
Columns

DisplayPort ➡ Mini DisplayPort Cable 
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