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Introduction and Broad Boundary Conditions

Step - I: Experimental Characterisation (18 cm FPC)
= S-Parameter Measurements

= Extracting Fundamental FPC Properties

Step - lI: Comparing Measurements w/ Simulations
®» |ntroduction to Simulation Framework

= Benchmarking Signal Loss Model w/ Measurements

Step - lll: Adding Other Elements in Signal Chain
= Transmitter - Jitter and Pre-Emphasis

= |Interconnections — Wirebonds, ZIF Connector, Vias

Step - IV: Extrapolating to Longer FPCs (40 cm)
= Quantifying Affect of Tx Data Rates
= QOther Mitigations ...
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INTRODUCTION

= MOSAIX Left End Cap (LEC) Hadron Endcap Disks

8 high-speed diff. lines for data throughput (5.12/ 10.24 Gb/s)
8 low-speed diff. lines for sensor slow control (5 ... 160 Mb/s)

=  Segment Interface Board (SIB)
VTRx+ Tx uplink for electrical-to-optical data conversion
VTRx+ Rx downlink for sensor slow control
Located outside the acceptance of the forward disks

Segment Interface Boards

Signal FPCs

CAD Snapshot - EPC-CTR-SVT-SUP-ASM-V02-PST_June2026_SnapshotA.1.stp
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= MOSAIX Left End Cap (LEC) Hadron Endcap Disks

8 high-speed diff. lines for data throughput (5.12/ 10.24 Gb/s)
8 low-speed diff. lines for sensor slow control (5 ... 160 Mb/s)

=  Segment Interface Board (SIB)

VTRx+ Tx uplink for electrical-to-optical data conversion
VTRx+ Rx downlink for sensor slow control
Located outside the acceptance of the forward disks

= SIBs are now located outside the acceptance of the hadron endcap
disks via longer signal FPCs

SVT-IB Parameters Layer-0 Layer-1 Layer-2
Barrel Radius [mm] 38 50 126
No. of MOSAIX Segments 12 16 40
Ol 181 159 84
Signal FPC Length [mm]
New 415 387 310

Segment Interface Boards

Signal FPCs
CAD Snapshot - EPC-CTR-SVT-SUP-ASM-V02-PST_June2026_SnapshotA.1.stp
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INTRODUCTION

=  MOSAIX Left End Cap (LEC)

8 high-speed diff. lines for data throughput (5.12/ 10.24 Gb/s)
8 low-speed diff. lines for sensor slow control (5 ... 160 Mb/s)

=  Segment Interface Board (SIB)

VTRx+ Tx uplink for electrical-to-optical data conversion
VTRx+ Rx downlink for sensor slow control
Located outside the acceptance of the forward disks

= SIBs are now located outside the acceptance of the hadron endcap
disks via longer signal FPCs

SVT-IB Parameters Layer-0 Layer-1 Layer-2

Barrel Radius [mm] 38 50 126
No. of MOSAIX Segments 12 16 40
oud 181 159 84
Signal FPC Length [mm]
New 415 387 310

Problem Statement: Impact on signal integrity performance of high-
speed differential data lines due to > 2x longer sighal FPC lengths

Hadron Endcap Disks

CAD Snapshot - EPC-CTR-SVT-SUP-ASM-V02-PST_June2026_SnapshotA.1.stp
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Segment Interface Boards

Signal FPCs




STEP - |
EXPERIMENTAL CHARACTERISATION
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FIRST LTU SAMPLES

First FPC prototypes from LTU are being tested with LeCroy WavePulser 40iX

=
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S-PARAMETER MEASUREMENTS C

Sppap - Insertion Loss

* Frequency Domain Analysis

(Signal Reflection/Transmission vs Frequency) . Sopyi - Return Loss
Gating auxiliary connections to extract FPC S-parameters -10 3
-15 F

Insertion loss (Spp,,) is largely dominating over 10 GHz
Return loss (Spp,4) remains suppressed below 20 dB

Spp Magnitude [dB]

I -
Sppa; - Insertion Loss | ]
Parameter Value 500 F N
I tion L S ) 2.56 GHz 4.7 dB = . .
nsertion Loss ) L : ]
Pb21 5.12 GHz 8.6 dB 3 1000 |
2 : !
_g -1500 : —
A~ L : :
2 -2000 | ; 5 ]
w2 C ! ! ]
-2500 | L P .
- i 5
-3000 T B R 'E. ] ] |E§. M ] L l ]
0 1 2 3 4 5 6 7 8 9 10

Frequency [GHz]
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S-PARAMETER MEASUREMENTS

co
=

= Frequency Domain Analysis 130

- ‘ L
(Signal Reflection/Transmission vs Frequency) o —— Z[26GHz] = 1031 + 84 Q| E ToaLoss w
Gating auxiliary connections to extract FPC S-parameters =) = 60 f Dielectric Loss (p)
Insertion loss (Spp,,) is largely dominating over 10 GHz E 110 | é
Return loss (Spp,4) remains suppressed below 20 dB 3 = 40
£ 100 | ; ﬂé .
. —_ ] o 1
=  Fundamental FPC Properties " ! g= 20 ;
o— i = r T
Differential impedance (Z,) ® 100 Q = Matches specifications /901 . r 8 . P
. . 8 E < 8 2
Conductor losses (a) > Dielectric losses (ap) %0 z S 0 . g
Access to dielectric material properties (tan 9, €,)
3.2 ‘ 0.04 , ,
Parameter Value €, [2-6 GHz] = 2.668 + 0.036 | tand [2-6 GHz] = 0.020 + 0.004
3.0t €ror|2-6 GHzZI =2.122 + 0,024 | { - !
Insertion Loss (S, 2.56 GHz 4.7 dB = . ‘ = 0.03 |
nsertion LOSS — c
op2 5.12 GHz 8.6 dB g 238 S
< =)
Differential Impedance (Z,) 2...6GHz 103.1£8.4Q 5 31 ,
O 26 & 002} :
Dielectric Constant (g,) 2...6GHz 2.668 = 0.036 2 g ;
Dissipation Factor (tan ) 2...6GHz 0.020 = 0.004 g 247 2 0 :
S 2. 0.01 :
2.56 GHz 21.9.dB/m S =
Conductor Loss (ag) ' £ 8
5.12 GHz 30.9 dB/m : 5
) = | i Lo ] = )
. . 2.56 GHz 4.5dB/m 2 2 4 6 8 0 % 2 4 6 8 10
Dielectric Loss (ap)
5.12 GHz 16.7 dB/m Frequency [GHz] Frequency [GHz]

21.07.2026 - ePIC-SVT DSC Meeting SVT-TS - Ongoing Activities on Signal FPCs 9



StEP - I
BENCHMARKING SIMULATIONS
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MATLAB CALCULATION FRAMEWORK ’\
TX1
svt_serdes
Tx RX1
svi_serdes_tx svt_serdes
195.312ps w1 Rx
None $W1:W_Model svt_serdes_rx
$W1:Length
AAAR YV ' I Y'Y YN
L1 e L3 e 15 i L7 o
3.25nH L2 0.084nH L4 0.084nH L6 0.43nH L8
3.25nH 0.084nH 0.084nH 0.43nH

Various SVT-IB FPC stackups studied in conjunction with various elements from Tx to Rx in the signhal transmission chain
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MATLAB CALCULATION FRAMEWORK
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TX1
svt_serdes
T - RX1
svi_serdes_tx l I svt_serdes
195.312ps I W1 Rx
None 1 $WA1 :W_Modef svt_serdes_rx
| $W1:Length |
!
!
e
L1 3 s L7
3.25nH L2 0.084nH L4 ! 0.084nH L6 0.43nH L8
3.25nH 0.084nH | ' 0.084nH 0.43nH
L - I
FPC Channel
Stackup

Various SVT-IB FPC stackups studied in conjunction with various elements from Tx to Rx in the signal transmission chain

= Based on MATLAB and Simulink’s SerDes and Serial Integrity toolboxes

21.07.2026 - ePIC-SVT DSC Meeting
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BENCHMARKING SIGNAL Loss MoDEL WITH MEASUREMENTS

= MATLAB Serial Link Designer to simulate differential lines
Geometric definitions as per nominal specifications

Material definitions varying as per S-parameter measurements

Dielectric Er

Reference Plane

21.07.2026 - ePIC-SVT DSC Meeting

Parameter

Value

Trace Width (W)

Trace Thickness (T)
Dielectric Height (H1)
Differential Separation (S)

Conductor Roughness

70,60 pm
15 um
40 pm
80 um
0.3 um

Trace Conductivity

35.5 Meg S/m

Dielectric (¢,) @ 4 GHz
Dissipation (tan 8) @ 4 GHz

2.668 +0.036
0.020 £ 0.004

SVT-TS - Ongoing Activities on Signal FPCs
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BENCHMARKING SIGNAL Loss MoDEL WITH MEASUREMENTS

= MATLAB Serial Link Designer to simulate differential lines

Geometric definitions as per nominal specifications

Material definitions varying as per S-parameter measurements

=  Fundamental FPC Properties

Reasonable agreement b/w simulations and measurements,

especially around Nyquist frequencies for 5.12 and 10.24 Gbps

Slight underestimation of insertion loss (Spp,,)

Slight overestimation of effective dielectric coefficient(g, .¢)

Dielectric Er

Reference Plane

Parameter Value
Trace Width (W) 70,60 pm
Trace Thickness (T) 15 um
Dielectric Height (H1) 40 um
Differential Separation (S) 80 um
Conductor Roughness 0.3um
Trace Conductivity 35.5 Meg S/m
Dielectric (g,) @ 4 GHz 2.668 £ 0.036
Dissipation (tan d) @4 GHz  0.020+ 0.004

21.07.2026 - ePIC-SVT DSC Meeting

Spp21 Phase [deg]

Spp Magnitude [dB]
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Sppai - Simulations

Spp11 - Simulations

Spp21 - Measurement

Sbpi11 - Measurement

| N | | AL
i L

Is2Gos
10.24 Gb/s

Spp21 - Simulations
Spp2; - Measurement

4 6 8 10
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StEP - |
ADDING OTHER ELEMENTS IN SIMULATIONS
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MATLAB CALCULATION FRAMEWORK
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l
: TX1 I
svt_serdes I
L S . RX1
I svt_serdes_tx : l I svt_serdes
I 195.312ps l I W1 Rx
I None | 1 $WA1 :W_Modef svt_serdes_rx
I I | $W1:Length |
l l I I
| b —Al o —a—— 1—m A b
. v 2222 | N2aa nmm
l L L3 s L7
[ I 3.25nH L2 0.084nH L4 ! 0.084nH L6 0.43nH L8
l l 3.25nH 0.084nH | ' 0.084nH 0.43nH
| | L e m o — — :
b= ' FPC Channel
MOSAIX Stackup

Transmitter

Various SVT-IB FPC stackups studied in conjunction with various elements from Tx to Rx in the signal transmission chain

= Based on MATLAB and Simulink’s SerDes and Serial Integrity toolboxes

=  Transmitter (Tx): MOSAIX-like serialiser with nominal jitter and pre-emphasis settings

21.07.2026 - ePIC-SVT DSC Meeting
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SETTING UP TRANSMITTER (GWT-PSI) — PRE-EMPHASIS

= Feed Forward Equaliser (FEE) for transmitter pre-emphasis

N
h
§§ H(f) :zck .e_jzn'fkTsym
é% k
§§§ =  For GWT-PSI transmitter with two taps, 1 cursor and 1 post-cursor
< o)
‘§§~§ k : Tapindices [0, +1]
gL .
8§39 Tsym : Symbol period or 1 UI(1/10.24Gbps = 97.66 ps)
P
SER Cx : Tap coefficients (X |ck| = 1)
33\3‘ |Vsteady| + |Vpeak| |Vsteady| - |Vpeak|
53 0 = L=
823 2 |Vpeak| 2 |Vpeak|
ge
» I
O - 1 1 1 1 | 1 1
Pre-Emphasis Mod 1 ;
re-empnasis Mode _ =
(serializer cfqg 2) Cursor Tap (cq) Post-Cursor Tap (c4) :—JT JE ]
=
Off (2’ b00) +1.000 0.000 =
g 3 ]
Mild (2’b01) +0.933 -0.067 & ——
Moderate (2’ b10) +0.865 -0.135 “F 2 o1s ]
- 2'b11
Max (Z,bll) +0.801 -0.199 ,50--1-1;1---é-...;....;....;....;}....;..
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SETTING UP TRANSMITTER (GWT-PSI) — JITTER

Random lJitter (RJ) Deterministic Jitter (DJ )

< Scenario Total Jitter
= (T).) Q=V2 -erfc™1(2- BER) Duty Cycle .
g (BER) Distortion (DCD,,)
2
<
g ~ GWT_PSI Qualification Plan 0.300 UI 0.0100 Ul 0.141 Ul 0.050 UI 0.109 Ul
g 5
< . 7.035
8 GWT_PSI First Measurements 1.043 Ul 0.0612 Ul (1% 10-12) 0.860 Ul 0.140 Ul
L O
=g .
95 VTRx+ Tx Input Requirements 0.260 Ul 0.0085 Ul 0.120 Ul 0.140 Ul
S &
£ g . 7.035
5§ GWT_PSI Potential Performance 0.703 Ul 0.0400 UI (1 X 10-12) 0.563 Ul 0.140 Ul
@B

<
(]
2 <
(23RS
S g ° . o ° . .
g% I Safe to assume oy, to be close to simulations and DJ,, to remain consistent with first measurements I
n @
fo
IR
S5
2= Jitter Analysis — PLL2 (PRBS31_CLK10G_0x9_Ox1)
< Q . . Acceptance
32 Test Name Configuration Criteria Reference BER Bathtub [dualDirac model]
T
i § Total Jitter 10 — :Eg(flgglwm Table 5: VTRx* module electro-optical specifications.
ﬁ b (T)): 107 # Specification Min. Typ. Max. Unit

o < 0.8
%" g < 0.30 U1 [OIF-CEI] 11G-MR Tx Spec, Table 9-3. 1075 4 4.2.1  Tx Differential input voltage 200 1200 mV
39 o d = J_" RJ = 0.15 UL, /16 = 0.0094 Ulpys 10 422 Tx Input rise/fall time® 30 40 ps
N S Tx Output Rate: 10.24 Gbps :P om AEer N derived from Uncorrelated High é 4.2.3 Tx Input Total Jitter® 0.26 ul
53 J,’:t wpd Pattern: PRES-31 { (:'04 Ul [ Probabilty Jitter req. Note the big 10 4.2.4  Tx Input Deterministic Jitter 0.14 ul
LJU.] S ; :_r i©) Pre-emph: OFF e lati fMS discrepancies between the standard 102 4 4.25 Tx Input Eye Mask see Tab.’e@& Figurelg
S B (Intrinsic (cfg=00) 5':‘;?: ISF ==l and the simulation expectations, pos [T T 4.2.6 Tx Differential input impedance 90 100 110 Q
% T% (;lar;dard) fiMs thtfs TJ requirement is probably too R}‘T"f%ﬂz;;"‘ﬁ‘i ?gkég:ﬁ glgéﬁﬁgrlgs
- trict. 101 T T T T
T S Duty Cycle s -04 -0.2 0.0 02 0.4
a < )
g 8 Distortion: Timing offset from eye centre (UI) Alan Prosseret al., Versatile Link Plus Technical Specification - Part 1,
» = < 0.05 UI Q. Wittermans, ALICE ITS3 WP3 Meeting, 19.05.2026 | Link EDMS Document No.1719328(2019)

Q. Wittermans, Private Communication, 16.06.2026 J. Troska et al., Versatile Link+ Transceiver (VTRx+), EDMS Document No.
GWT-PSI Chiplet Characterisation and Qualification Plan (2026) | Link S. Caregari, ALICE ITS3 WP3 Meeting, 28.04.2026 | Link 1719329(2023)-v.2.9

21.07.2026 - ePIC-SVT DSC Meeting SVT-TS - Ongoing Activities on Signal FPCs 18
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MATLAB CALCULATION FRAMEWORK

I

: TX1 :

svt_serdes I
L S . RX1
I svt_serdes_tx : l I svt_serdes
I 195.312ps l I W1 Rx
I None | 1 $WA1 :W_Modef svt_serdes_rx
I I | $W1:Length |
I pre-—s-==- T T 11 br=======" p I " |
| nb HLm ——m Ry m—— L : bn
l g I L3 1 O:i'LS I L7 [
| I 13.25nH L2 I ! 0.084nH L& | | I'0.084nH L6 1! 0.43nH L8 |
[ 11 3.25nH | | 0.084nH | I 0.084nH | | 0.43nH,
I L I T S | a Lo Jd
- I Wirebonds Vias FPC Channel Vias ZIF Connector

MOSAIX Stackup

Transmitter

Various SVT-IB FPC stackups studied in conjunction with various elements from Tx to Rx in the signal transmission chain

= Based on MATLAB and Simulink’s SerDes and Serial Integrity toolboxes
=  Transmitter (Tx): MOSAIX-like serialiser with nominal jitter and pre-emphasis settings

= Connectors and Vias: Inductances caused from wirebonds (LEC-end), ZIF connector (SIB-end)
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STEP - |V
EXTRAPOLATING TO LONGER FPCs
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MAXIMUM DATA RATES AND MINIMUM FPC MATERIAL

SVT-IB signal FPCs from LTU-Kharkiv

= lightest option based on 15 pm thick aluminium per layer
= Comparable variants without (A1) or with cover layer (A2)

Properties Variant A1 Variant A2
Differential Impedance [Q] 100

Trace Width [um] 70, 60
Differential Separation [pm] 80

Cover Layer Thickness [pm] N/A 50
Dielectric Thickness [um] 25+10 50+10

21.07.2026 - ePIC-SVT DSC Meeting SVT-TS - Ongoing Activities on Signal FPCs 21



MAXIMUM DATA RATES AND MINIMUM FPC MATERIAL

SVT-IB signal FPCs from LTU-Kharkiv

= Lightest option based on 15 pm thick aluminium per layer

= Comparable variants without (A1) or with cover layer (A2)

Properties Variant A1 Variant A2
Differential Impedance [Q] 100

Trace Width [pm] 70, 60
Differential Separation [pm] 80

Cover Layer Thickness [um] N/A 50
Dielectric Thickness [um] 25+10 50+10

= Signalintegrity compared to ITS3 FPCs in terms of “Eye Area”
contour at target BER of 101"

0.60 4

0.40 1 Shadedareain black shows the “Eye Area” at BER = 10"

0.20 A1
0.00

Amplitude [V]

-0.20 1
-0.40 1
-0.60

Example case with ITS3 FPCs at 10 Gb/s and no pre-emphasis

1.4E-02

2.0E-04

4.1E-08

4.5E-38

21.07.2026 - ePIC-SVT DSC Meeting

80 100
Time [ps]

T Probability
180
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MAXIMUM DATA RATES AND MINIMUM FPC MATERIAL

SVT-IB signal FPCs from LTU-Kharkiv Eye is effectively close for IB FPCs (= 40 cm long) at

= Lightest option based on 15 pm thick aluminium per layer max. data rates (10 Gb/s) and min. FPC material (15 pm Al)

= Comparable variants without (A1) or with cover layer (A2) 30 ' . . . .
i SVT AI-FPC vA2
Properties Variant A1 Variant A2 i 0.0792% X, p;ak
Differential Impedance [Q] 100 25 I L
Trace Width [pm] 70, 60 3-5 :
Differential Separation [um] 80 — g 20 [ i ®
Cover Layer Thickness [pm] N/A 50 e [ [ °
= L l
Dielectric Thickness [um] 25+10 50+10 >, = 15 ] ]
< - -
o=
) I |
= Signalintegrity compared to ITS3 FPCs in terms of “Eye Area” < & i i
o — IB FPC Lengths
contour at target BER of 10" 0 Q'é 1ol — I
@ [ Z
an] I
0.60 1.4E-02 += o
Example case with ITS3 FPCs at 10 Gb/s and no pre-emphasis "-— « _
0.40 Shaded area in black shows the “Eye Area” at BER = 107" 0.5 |
2 0.20 SaE03 L | ITS3 Cu-FPC
3 F r|0.5925% X, peak
£ 0.00 2.0E-04 - i
_g- 020 0-0 .............. s W — . M
< 4.1E-08 0 10 20 30 40 50 25
040 Signal FPC Length [cm]
-0.60 4.5E-38
T T T T T T T T T PrObablllty Transmitter Prf:—EmphaSiS Settings
0 20 40 60 80 100 120 140 160 180 —&— Off —&— Mild Moderate —@— Maximum

Time [ps]

21.07.2026 - ePIC-SVT DSC Meeting SVT-TS - Ongoing Activities on Signal FPCs
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MITIGATION #1: LOWER DATA RATES

Configurable high-speed data transmission from MOSAIX

= Tiles (self-contained sensor block) can throughput 80 or 160 Mb/s
= Scenario nr. 2 and 4 allow MOSAIX to operate at 5.12 Gb/s

21.07.2026 - ePIC-SVT DSC Meeting

Parameter Scenario1 Scenario2 Scenario3 Scenario4
Uplink Data Rate [Gb/s] 10.24 5.12 10.24 5.12
Tile Serialiser Speed [Mb/s] 160 160 80 80
Tiles per Uplink 48 24 48 48
Uplink Required 3 6 3 3
LEC 12x REPEATED SENSOR UNIT REC
A [ =T, =T [ [, =T =, | —
g g E E E E
PERIALIZER Z|| prxeLmatrix | 3| pxeLmatrix | [F]| PixeL maTRIX Z|l poecmarix | (3| poeLmatrix | B prxeL matrix
. Ei |8 o .
S < % é . E g
'g ukg g E < BIASING UNIT BIASING UNIT [ BIASINGUNIT | | BIASINGUNIT | [ BIASINGUNIT | | BIASINGUNIT | %
E Sl §
S i
§ SERIALIZER| ; PIXEL MATRIX PIXEL MATRIX PIXEL MATRIX PIXEL MATRIX
Q - ISERIALIZER ‘g E
% ISERIALIZER 2
: SERIALIZER| -
S v [ o= e 0 ] 8 5 ey 2 a2 -
g ————————————— > = > -
4.5 mm 21.566 mm 1.5 mm

SVT-TS - Ongoing Activities on Signal FPCs
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MITIGATION #1: LOWER DATA RATES

Configurable high-speed data transmission from MOSAIX Lowering transmitter data rates from 10.24 Gb/s to 5.12 Gb/s

i - -11 ~
= Tiles (self-contained sensor block) can throughput 80 or 160 Mb/s results in Eye Area >0 at BER = 107" for # 40 cm long IB FPCs

= Scenario nr. 2 and 4 allow MOSAIX to operate at 5.12 Gb/s 15.0 . . . . .
[ SVT ALFPC vA2
Parameter Scenario1l Scenario2 Scenario3 Scenario4 [ 0.0792% X, peak
Uplink Data Rate [Gb/s] 10.24 5.12 10.24 5.12 125y 17 H ]
= I
Tile Serialiser Speed [Mb/s] 160 160 80 80 @
Tiles per Uplink 48 24 48 48 — 2100 b 1t -
STRYe) [
Uplink Required 3 6 3 3 e [ IB FPC Lengths
> £ [ —
s= T35 . ] |
LEC 12x REPEATED SENSOR UNIT REC L L I
A - ==T == = = == = = — < = [
° I
SERIALIZER| o >‘I || I
SERIALIZER| EE n o i " " " m m 5.0 B i ]
SERIALIZER| E E E E E E E m L
BERIALIZER) E PIXEL MATRIX i PIXEL MATRIX E PIXEL MATRIX E PIXEL MATRIX i PIXEL MATRIX E PIXEL MATRIX m I
- E e ¢ 3 257 I ]
S < gl o 8 swsisonr | [ spsmeunr | [swsweunr [, | [E I
g o & : - N et | [ ereneonT ] [ Eremcoat | [ ErSmGuNT ] [ EASWGUNT | % L ITS3 Cu-FPC
% o [€]8 = F 0.5925% X peak
§ é 0-0 . PR R S R S SR S SRS S RS S T T ST S N 1
8 A SERIALIZER| . ; PIXEL MATRIX PIXEL MATRIX PIXEL MATRIX PIXEL MATRIX PIXEL MATRIX O 10 20 30 40 50 25
9 SERIALIZER| =§ E .
2 ==| Signal FPC Length [cm]
>\< ISERIALIZER| E
§ G vy L El:l e ) ] |—,L—,| =1 =1 = _ Transmitter Pre-Emphasis Settings
z e« - > —0— Off —@— Mild Moderate —@— Maximum

21.07.2026 - ePIC-SVT DSC Meeting SVT-TS - Ongoing Activities on Signal FPCs 25


https://mosaixdoc.docs.cern.ch/

N\

MITIGATION #2: HIGHER FPC MATERIAL

Maximising trace cross-section to minimise conductor loss

= Conductor loss is the dominating contributor to signal loss
= Matching conductor loss between the FPCs, i.e., IB Aland ITS3 Cu

JP

ac <« ——-

pig (Al
prrs3(Cu)

lig
> W+t)ig=W+t)rs3 - lirs .
3

~ 500 um
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MITIGATION #2: HIGHER FPC MATERIAL

Maximising trace cross-section to minimise conductor loss

= Conductor loss is the dominating contributor to signal loss
= Matching conductor loss between the FPCs, i.e., IB Aland ITS3 Cu

JP

ac <« ——-

> W+t)ig=W+t)rs3 - ] .
ITS3

pig (Al
prrs3(Cu)

lIB

~ 500 um

=  Constraints to maximise trace cross-section and fill factor:

Trace width -
Trace thickness =

MOSAIX pad layout and slow control lines
Available LTU foils

SVT IB Aluminium ITS3

Properties

Variant A2 Variant A2-1 Copper
Differential Impedance [Q] =100
Trace Thickness [pm] 15 50 35
Trace Width [pm] 70, 60 350, 310 220, 200
Differential Separation [pm] 80 300 160
Cover Layer Thickness [pm] 50 50 40
Dielectric Thickness [um] 50+10 250 + 20 150

21.07.2026 - ePIC-SVT DSC Meeting
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MITIGATION #2: HIGHER FPC MATERIAL

Maximising trace cross-section to minimise conductor loss

= Conductor loss is the dominating contributor to signal loss

Increasing the FPC trace cross-section can sizably open
the Eye Area at BER=10"" and 5.12 Gb/s for * 40 cm long IB FPCs

SVT AI-FPC vA2-1
0.2349% X, peak

—>
IB FPC Lengths

Potential to explore
more variants!

ITS3 Cu-FPC
0.5925% X, peak

= Matching conductor loss between the FPCs, i.e., IB Aland ITS3 Cu 15.0
I3
we P
w+t 125
72}
i pig (Al =
=> W+ =W+ sz : ~ 500 um ©
litsz 4| Prrs3(Cu) — 2100}
an I
- . . T i
=  Constraints to maximise trace cross-section and fill factor: > £ [
Trace width > MOSAIX pad layout and slow control lines ;’E :}D 757
Trace thickness -2 Available LTU foils o ] [
B~ 50 I
SVT IB Aluminium ITS3 - [
Properties = -
Variant A2 Variant A2-1 Copper < 25-
Differential Impedance [Q] =100 T
Trace Thickness [pm] 15 50 35
Trace Width [pm] 70, 60 350, 310 220, 200 0.0 0 '
Differential Separation [pm] 80 300 160
Cover Layer Thickness [pm] 50 50 40
Dielectric Thickness [um] 50+10 250 + 20 150

21.07.2026 - ePIC-SVT DSC Meeting
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Signal FPC Length [cm]
Transmitter Pre-Emphasis Settings

—8— Off —®— Mild Moderate —@— Maximum
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OVERVIEW

21.07.2026 - ePIC-SVT DSC Meeting

N\

Introduction and Broad Boundary Conditions

Step - I: Experimental Characterisation (18 cm FPC)
= S-Parameter Measurements

= Extracting Fundamental FPC Properties

Step - lI: Comparing Measurements w/ Simulations
®» |ntroduction to Simulation Framework

= Benchmarking Signal Loss Model w/ Measurements

Step - lll: Adding Other Elements in Signal Chain
= Transmitter - Jitter and Pre-Emphasis

= |Interconnections — Wirebonds, ZIF Connector, Vias

Step - IV: Extrapolating to Longer FPCs (40 cm)
= Quantifying Affect of Tx Data Rates
= QOther Mitigations ...

SVT-TS - Ongoing Activities on Signal FPCs
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MOVING AHEAD : ITS3 FPC CHARACTERISATION

Establishing concrete benchmarks with ITS3 FPCs

= Bit Error Rate (BER) Tests
Setting up Tx and Rx FPGA emulator
First results show BER<10'%at 5.12 Gb/s for 3 hours
Long terms measurements ongoing at 5.12 and 10.24 Gb/s

= Network Analysis
Received LeCroy WavePulser Interconnect Analyzer
Access to FPC properties by de-embedding auxiliary connections
Time Domain Reflectometry (TDR) measurements
S-parameters measurements
Eye-diagram simulations

= Time-Domain Analysis
Eye-diagram measurements (not simulations)
Jitter Analysis
High-bandwidth Oscilloscope to be tender this year

N\
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ANSYS SIGNAL INTEGRITY SIMULATIONS

10250

“TDRZ(Diff1)
101.25 -
TDR Impedance
-h\\___ 98.75
LTU Prototype A1 s
97.50 —
96.25 —
95.00 —
9375 T T T
200 400 600 800 1000
Time [ps]
0.00
— dB(S(Dif,Diff2))
025 - oum
Signal Return Loss S,,
0.50 7
0.75 - dB(S(DIfi2,Diff1)) [
> SB(SIOI,Dif))
-1.25 4 Setup3 : Sweep I
150
75
-2.00 +
225 T T T T
00 25 50 75 100 125 150
Freq [GHz]
ANSYS simulations based on (quasi-) realistic CAD drawings

= |Imports manufacturer drawings, thus minimising assumptions

N\

= Allows understanding subtler features, such as trace roughness,

etching factors and skin depth effects
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THANK YOu
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EXTRA SLIDES
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FIRST LOOK INTO LTU FPC PROPERTIES

Measurements with entire sighal transmission chain

i
f

AL
le' \ 1 | II\, (
/ l'hl \L i (
f N
\l i

Input Output

FPC Trace
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Y | /i s
avavay

” I\\‘\II 'U‘”‘
i

e

£ i i,
T4 |\\‘{'J‘ \‘
\
j

A 51 SD1D1dBIS2  SD1D2dB1 53 SD2D1.dB) sS4 SD2D2.dB
\ N

FREQUENCY DOMA
MEASUREMENTS

32 GHz 36 GHz 40 GHz

S9SD1D1.71510 SD2D2

Back inthe WavePulser

Time Domain Analysis
(Diff. Impedance vs One-Way Travel Time)

N\

Substantial impedance mismatches primarily due to wirebonds

FPC differentialimpedance =100 ... 125 Q

FPC length is reasonably acceptable (= 15 cm for g, = 3)

Object tare [PS] t..q[Ps] At [ps]
Input SMA Connector 0 70 70
Input Half-Moon PCB 70 320 250
Input Wirebonds 320 380 60
LTU FPC 380 1230 850
Output Wirebonds 1230

Output Half-Moon PCB 330
Output SMA Connector 1560

Frequency Domain Analysis

(Signal Reflection/Transmission vs Frequency)
Reflection losses are dominating > 5 GHz = Interconnections

saiadoad 9d4 jeIUBWIEBPUNY SSBD0E

Resonating structures are clearly visible > 10 GHz = FPC length

SVT-TS - Ongoing Activities on Signal FPCs
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FIRST LOOK INTO LTU FPC PROPERTIES

Without De-embedding / Gating (Auxiliary Connections + FPC)

| "

51 SD1D1dBIS2  SD1D2dB1 53 SD2D1.dB) sS4 SD2D2.dB

/

-15 dB

-20 dB
-25dB

\
3048 |

\ L FREQUENCY DOMAIN

-35dB

i
M - MEASUREMENTS
0B R
GHz 4 GHz 8 GHz 12 GHz 16 GHz 20 GHz 24 GHz 28 GHz 32 GHz 36 GHz 40 GHz
2000
59 SD1D1.7)1510 SD2D2
usa - INPUL FPC Trace Output Back inthe WavePulser
Aux. Aux.
1700 % < > < re—— ———_———
1550
1400
1250
1100
TIME DOMAIN
950
MEASUREMENTS
80
@f] ps 500 ps 1ns 1.5ns 2ns 25ns 3ns 35ns 4ns 45ns 5ns
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-25dB
-30dB

-35dB

-40 dE

With De-embedding / Gating (FPC)

0,
58 FREQUENCY DOMAIN
1008 MEASUREMENTS

-'-WW

|

'W oL i

32 GHz 36 GHz

% GHz

2000
59 SD1D1.71510 SD2D2
1850 FPC Trace Backin the WavePulser
TIME DOMAIN
e T MEASUREMENTS
1550
1400
1250
MMW\M
950
EO@
f] ps 500 ps 1ns 1.5ns 2ns 25ns 3ns 35ns 4ns 45ns
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FIRST LOOK INTO LTU FPC PROPERTIES

™
Case #1: Without De-embedding W Eye Diagrams Simulations with WavePulser’s Simulation Tool
= (Quasi-)Realistic Transmitter Definition
Signal Type = PRBS13 NRZ Symbols perBit = 16S
Data Rate = 10.24 Gb/s Signal Length = 1 s (=164 kS)
| Signal Amplitude = 1V Tx Jitter = MOSAIX-like
g~ TELEDE Signal Rise Time = 20 ps Pre-Emphasis = OFF

Case #2: With De-embedding = FPC only

= BERtarget of 10" inaccessible despite turning off Tx jitter (case #3;
unrealistic), although pre-emphasis might marginally help (to be done)

Parameter Case #1 Case#2 Case#3
Signal FPC ON ON ON
Input Auxiliary Conn. (incl. wirebonds) ON OFF OFF
Output Auxiliary Conn. (incl. wirebonds) ON OFF OFF
Transmitter Jitter ON ON OFF
Transmitter Pre-Emphasis OFF OFF OFF

Bit Error Rate @ 5% Central Slice Width 0.53E-3 0.16E-3 0.11E-3
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WIREBONDS B/W MOSAIX AND SIGNAL FPC

MOSAIX_FPC_L0_V1 A side

FPC_DIG

PPREG no flow: 50 um | ——1 500 um

A. Junique, TWEPP 2025 | Link EYRALUX HPSG2500: 28 _ : | ::ggg u
M. Imhoff, TWEPP 2025 | Link E - 1 ] ~ ul
A. Junique, JINST 21 (2026) 03, C03001 R ,;* % I : ~;ggg um
2 g } { ~4800 um
PYRALUX HP502500: 75 pm =
D. Colella (Uni. & INFN Bari), Private Communication, 09.06.2026
= Signal FPC is at the bottom of the FPC stackup, i.e., shortest bond wire < 3 mm
= Inductance (L) for a straight bond wire
r . Bondwireradius (25uym/2=12.5 um)
[ : Bondwire length (3 mm) For the sighal FPC, the bond wire
Mo : Permeability of free space (1.2566 pH/m) inductance is # 3.25 nH, or* 1 nH/mm
L uoxlxl l+ 1+l2 1+r2+r+1 ”Oxlxl 0.75
= — n| - — | — —+ -+ = — n|{—|]—0.
2T T T2 12 1 4| 2=m r . _ . o .
Xiaoning Qi, PhD Dissertation, Stanford University (2001) | Link

Joerg Berkner, Klaus-Willi Pieper, Bondwire Inductance, Infineon | Link
Straight-wire model overestimates the inductance by 10 to 50%
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https://indico.cern.ch/event/1603472/contributions/6756797
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VIAS B/W FPC SIGNAL AND RETURN PLANE

75 pm thick, coverlay Pyralux HP

35 um thick, Copper

35 pm thick =~ 160 m =1\, 35 pmthick /
7\ 75 pm thick

— - —

A. Junique, JINST 21 (2026) 03, C03001
A. Junique, ALICE ITS3 WP6 Meeting, 14.02.2024 | Link

A. Junique, TWEPP 2025 | Link

P

200 pm 220 pm

—— 500 um

—

~1200 um
~1600 um
~1980 um
~3900 um
~4800 um

N\

D. Colella (Uni. & INFN Bari), Private Communication, 09.06.2026

= Through-vias to bring signal and return layers on the same plane

= Inductance (L) for through via

T
h

Ho

Ho
L=—
2T

Via radius (eyeballing to = 50 pm)
Via height (= dielectric height = 150 pm)

Permeability of free space (1.2566 pH/m)

hZ

h 3r
Xhx|Inf =+ [1+—= |- |[1+5+5=
r r
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7"2
h2

2h

_Ho

T om

For the sighal FPC, the via
inductance is £ 0.084 nH

X h X

Cadence System Analysis, Is There a Via Inductance Rule of Thumb? | Link

In(— | +1
( r > M.E. Goldfarb and R.A. Pucel, IEEE Microwave and Guided Wave Letters (Vol.1, Iss.6, June 1991) | Link

Samtec White Paperon Current Distribution, Resistance, and Inductance in Power Connectors, DesignCon 2020 | Link
Approximation considers loop inductance in addition to the self inductance from the IEEE paper

SVT-TS - Ongoing Activities on Signal FPCs

38


https://ieeexplore.ieee.org/document/91090
https://resources.system-analysis.cadence.com/blog/msa2021-is-there-a-via-inductance-rule-of-thumb
https://suddendocs.samtec.com/notesandwhitepapers/samtec-slides_current-distribution-resistance-and-inductance_designcon-2020.pdf
https://indico.cern.ch/event/1603472/contributions/6756797
https://indico.cern.ch/event/1380622/#4-fpc-development-status

ZIF CONNECTOR B/W SIGNAL FPC AND SIB

58.7 mm

LO sensor

e - -
N ESSHE| BN
- ll- .--

246 mm

na | K

ZIF Connector Part Nr. FH34SRJ-40S-0.5SH | Link

A. Junique, JINST 21 (2026) 03, C03001

A. Junique, TWEPP 2025 | Link

78.5 mm

21.07.2026 - ePIC-SVT DSC Meeting

Wire bonding area

------

LO sensor
C side

High speed ZIF Connector
Service side

= Treating connector’s contact path as a transmission line embedded in plastic

* Inductance (L) for through via

Z . Contact’s localimpedance (50 Q)
l : Conductor length b/w SIB pad and FPC pad (= 1.5 mm)
g . Plastic dielectric constant (= 3)

l l
L=/ZXTtT=/ZX—=/7X
‘ v /e

Equivalent inductance for ZIF
connector’s pinis £ 0.43 nH

Segment Interface Board v-B2

SVT-TS - Ongoing Activities on Signal FPCs

Segment Interface Board v-A2

N\
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https://indico.cern.ch/event/1589827/contributions/6699537/attachments/3136975/5567202/20250917-WP5update-SIB-patch-panel.pdf

MATLAB CALCULATION FRAMEWORK

N\

| I I
I X1 : I
svt_serdes I
L S . I RX1
I svt_serdes_tx | l | ! svt_serdes
I 195.312ps l I W1 I Rx
I None | |$W1:W_Modef | svt_serdes_rx
I I | $W1:Length | [
I r|"====== L 11 : I—==-=-=-=-=-- 1T -=-=-=-=" 11
| Hrom " ——e——— ——"" ——m —
: v ;L1 | ° L3 I 1 Q i I L5 [ i L7 VYL 1
| I 13.25nH L2 I ! 0.084nH L4 | l'0.084nH L6 I | 0.43nH L8 | |
[ 1| 3.25nH | 0.084nH, | I 0.084nH | | 0.43nH;
I L I T S | a Lo 4 |
- I Wirebonds Vias FPC Channel Vias ZIF Connector -
MOSAIX Stackup VTRx+

Transmitter

Receiver (SIB)

Various SVT-IB FPC stackups studied in conjunction with various elements from Tx to Rx in the signal transmission chain

= Based on MATLAB and Simulink’s SerDes and Serial Integrity toolboxes

=  Transmitter (Tx):
= Connectors and Vias:

* Receiver (Rx):

21.07.2026 - ePIC-SVT DSC Meeting

MOSAIX-like serialiser with nominal jitter and pre-emphasis settings
Inductances caused from wirebonds (LEC-end), ZIF connector (SIB-end)

Eye behaviour (area) comparison with ITS3 FPCs on the SIB with VTRx+

SVT-TS - Ongoing Activities on Signal FPCs
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SETTING UP RECEIVER (VTRX+) EYE MASK

N\

Y2

Y1

R

= Mask specs based on Optical Internetworking Forum’s guidelines
(OIF-CEI-05.3 Clause 8) for NRZ baud rates 0f 9.95 ... 11.2 Gsym/s

Implementation Agreement OIF-CEI-03.0, Common Electrical I/0 (CEl) (2011) | Lin

Table 7.2. Uplink Electrical and optical eye mask for VTRx+ and TRx
(Ul = 97.66 ps)

VTx+ Elec. Input @TP1; X1 X2 X3 Y1l Y2 Y3
(Mask 1, Fig. 7.1)
0 o/ : \ 7.2.1 Value 10.7 30.3 95 350
1 i Unit ps pS mV mV
: : VTx+ Optical Output
' ' @TP2
Yl eccaaae ; ' - (Mask 3, Fig. 7.3)
: . ' : o Value 225 | 33.2 42 0.27 | 0.35 0.40
i ' : ' Unit ps ps ps Norm. | Norm. Norm.
: . . ' Amp.* | Amp.* | Amp.*
1 ' [
L P . COTS Rx Elec. Output
L " [ L] @TP4
. : . . 723 (Mask 2, Fig. 7.2)
Value 28.3 48.8 150 425
*Normalized Amplitude
5 Alan Prosseretal., Versatile Link Plus Technical Specification - Part 1, EDMS Document No.1719328 (2019)
Fl g ure 7 . 1 MaSk 1 J. Troska et al., The Versatile Link+ Application Note, EDMS Document No. 2149674 (2021)
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https://www.oiforum.com/wp-content/uploads/2019/01/OIF_CEI_03.0.pdf

MAXIMUM DATA RATES AND MINIMUM FPC MATERIAL

N

SVT-IB signal FPCs from LTU-Kharkiv Prototype A-1
» Lightest option based on 15 pm thick aluminium per layer Top Signal Layer -
= Comparable variants without (A1) or with cover layer (A2) LTU-15-10 Polyimide 10 um
Properties Variant A1 Variant A2 Middle Spacer Layer Polyimide 25 pm
Differential Impedance [Q] 100
Bottom Ground L -
Trace Width [pm] 70, 60 it Aluminium 15 pm

Differential Separation [um] 80 L ————
Cover Layer Thickness [um] N/A 50 p
Dielectric Thickness [um] 25+10 50+10 Prototype A-2
Cover Layer Polyimide 50 pm
TOp Signal Layer Aluminium 15 pm
LTU-15-10 Polyimide 10 pm
Middle Spacer Layer Polyimide 50 um
Bottom Ground Layer Aluminium 15 pm
LTU-15-10
Polyimide 10 pm
g
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IMPLEMENTING ITS3 SIGNAL FPC

]

Vs
. ’ o . ) )
A. Junique’s Calculations and Observations A. Junique, TWEPP 2025 | Link
. + . . MOSAIX_FPC_SIG
75 pm thick, coverlay Pyralux HP ORE ot Hi [ 1e000
Edge-Coupled Embe Substrate 1 Dielectric En 3_25‘]]::]J
35 pm thick, Copper Substile 2 Height H2 0]
Substrate 2 Dielectric Er2 30000 j
Lower Trace Width w1 210,00 :IJ
Upper Trace Width W2 210,00 j H
Trace Separation 51 170,00 j
SSpm hick /= e\ 35 pm thick S— Do Jl W
s\ 75 pm thick E
- - - - Differential Impedance Zdiff 9508
200 pm 220 pm
\_
4
MATLAB Simulations
Lossy Transmission Line Editor T - [m] X . A . .
e MATLAB uses a relatively simple FPC simulator, which
ransmission Line Model - _* diff_micro_950hm.mod (System Generated Model)
| © singe Conductor ® Difterenti requires calculating effective dielectric constant (&, )
Air = T eff
[ Coupled Aggressors: [\ | | Conductors:2 = e
[ s -‘-‘-*—*—MM of the FPC cross-section
7 Simple Lossy T-Line O Rectangle [ Enable
O Microstrip _ Tab Pitch (um) . .
* S ot i | _ &y chiteyhy
) Stripline Angle (45 - 90 degrees) Top Width (um) e 81,. = = 3. 1 3 ForITS3, &, =3.2,hy =150um
s Wt eff h, +h 50 hy
| Save H Save As H Close ‘ Reference Plane oz | wo Tab Height (um} 1 2 &, =3.0, hy =75pum
Differential Tpd Resistance | Inductance | Capacitance | Conductivity Trace Trace Thickness | Dielectric Height | Dielectric Height f Eratf Loss | Table-Driven Differential Conductor Roughness
Impedance(Ohms sim, mChmsim, nHim Fim, Meg S/m) | Width (um um H1inum H2inum GH. Tangent| Loss Model | Separation (um, Microns M M M
e || suss wmas | semsa o | o | sso | o | 100 | 10|51 | o Mese e 00 | a0 Comparable differential impedance (= 95Q)
\_ J
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https://indico.cern.ch/event/1603472/contributions/6756797

MOSAIX ASIC Documentation -

21.07.2026 - ePIC-SVT DSC Meeting

TXKNOBS - PREEMPHASIS AND DATA RATE

Configurable high-speed data transmission from MOSAIX

= Tiles (self-contained sensor block) can throughput 80 or 160 Mb/s
= Scenario nr. 2 and 4 allow MOSAIX to operate at 5.12 Gb/s

N\

Parameter Off Mild Moderate Max
Cursor Tap +1.000 +0.933 +0.865 +0.801
Post-Cursor Tap 0.000 -0.067 -0.135 -0.199

DC Gain at 10.24 Gbps [dB]
DC Gain at 5.12 Gbps [dB]

https://mosaixdoc.docs.cern.ch/

Parameter Scenario1 Scenario2 Scenario3 Scenario4
Uplink Data Rate [Gb/s] 10.24 5.12 10.24 5.12
Tile Serialiser Speed [Mb/s] 160 160 80 80
Tiles per Uplink 48 24 48 48
Uplink Required 3 6 3 3
LEC 12x REPEATED SENSOR UNIT REC
? - L[?]_l L[IZ_I Ll|:]_| |_[|:'_| E]I —
i SERIALIZER % § % § § §
| [BERIALIZER] £ PIXEL MATRIX PIXEL MATRIX § PIXEL MATRIX g ﬁ PIXEL MATRIX z PIXEL MATRIX E PIXEL MATRIEX
EI el |8 % g i
| i Bk UNTT ] [T STTRGURIT—T] [ SSWGWIT—| _ [ SWSINGUNT—] [ siistiG ] [ SUStiG U™ g
o g[8 E i
— Q
- 2 2
v L Smmen 215 o ) v 2 B = e -
e —— -
4.5 mm 21.566 mm 1.5 mm

SVT-TS - Ongoing Activities on Signal FPCs
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