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The pillars of a timing distribution system

TIMING DISTRIBUTION

SIGNAL PHASE PHASE
INTEGRITY MEASUREMENT SHIFTING

10’s of picoseconds
in most PLLs & FPGAs
(Si5395 = 70 ps)

\\\\

>1.5 ps with AMD’s
proprietary
Phase Interpolator

10’s of
femtoseconds
(Si5395 = 70 fs)

Delay lines:
Sub-ps but
limited range

10’s of femtoseconds
(DDMTD = 10 fs)
Limited by signal integrity
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System-Agnostic Method for Biphasic Alignment

* SAMBA is a system-agnostic technique for improving the phase-

shift resolution of clocking resources by orders of magnitude.

* SAMBA can be implemented in FPGAs or outside using only COTS

components. It does not require new hardware.

* The limiting factor is signal integrity.
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PLL-based Phase Shifting

fin_’

Phase
Detector

Low-Pass
Filter

=M
Divider

—>1 VCO

The clock phase can be shifted by
shortening or extending a single output
clock cycle by one VCO period.
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I Shifting your body with SAMBA

— T
* SAMBA is also a dance characterized by steps forward and backward

* |If you want to move forward in the samba parade, you adjust your forward steps

U
2 &

to be longer than the backward steps:

Step forward

Step backward

Net position shift
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I Shifting your body with SAMBA

— T
* SAMBA is also a dance characterized by steps forward and backward

* If you wa DISCLAIMER: our forward steps

The presenter does NOT actually know
i
—8

to be lon

how to samba.

Step forward

Step backward

—

Net position shift
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'SAMBA Clock Shifting Method in a Nutshell

e Typical PLL-based clock distribution

Reference clock
156.25 MHz

156.25
MHz

Si5395 PLL
VCO: 13.750 GHz
Phase Step: 72.727 ps

156.25
MHz

The Si5395 shifts the phase in steps of the VCO period.

For a 156.25 MHz output, the VCO is 13.75 GHz, therefore...

May. 27th, 2026

Phase shift resolution: 72.727 ps
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'SAMBA Clock Shifting Method in a Nutshell

* Improved clock-shifting resolution with SAMBA

156.25 156.25214846704

Ref. clock
156.25 MHz

MHz MHz

Si5395 PLL #1 Si5395 PLL #2

\ 4

\ 4

VCO: 13.75018906509952 GHz VCO: 13.750 GHz
Phase Step: 72.726272 ps Phase Step: 72.727272 ps

156.25

MHz

Shifting PLL #2 forward and PLL #1 backward gives a net shift of:

72.727272 ps
— 72.726272 ps

0.001000 ps

Phase shift resolution: 1 fs

A 4

Synchronous
System

But just like the DDMTD phase measurement, SAMBA phase-shift is limited by signal integrity.
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I SAMBA on LHCb’s PCle40

SAMBA Shifting Resolution - Intel Arria 10

System Agnostic Method for Biphasic Alignment

120 ps

110ps 3 First SAMBA Version -

100 ps . _,.-"m.‘"'

Increasing the Arria 10 phase-shift resolution ey
0ps , .
'5 by 2 orders of magnitude v

7P " Arria 10 native shift resolution: ~100ps el

tay

60 ps _L e
} SAMBA shift resolution: ~1.5ps on average

& '-...'

50 ps . .‘
40 ps !
oo
o 70 steps of 1.5 ps 1
10ps — L.
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SAMBA on Intel’s Cyclone 10 GX

+ SAMBA Output Phase - Ideal Linear Phase

110 ps e
0o, 3000stepsof13.75fs £~ =, 8,000 steps of 13.75fs ¢
S .
P (On average, measured every 8 steps) ?ﬁ"ﬁ’ W,
90 ps 7 %,
r %
80 ps 2 o
Ly y ps
70 pS “:‘q"}r?\'ﬁ 49 ps
@5:*#' 48 ps . ot y’-z.‘
60 o _ eityii it
P> “&"J 47 ps ..“..7'." o
90 ps }ﬁ?;,,:"w Zooming in 46 ps ) L f_;'.»‘ i
40 PS aﬂ"fi‘ 45 ps ‘ . % ” ,._I.-Q ’ ..:‘ﬁ
' . 9’ .’ S W,
30 ps gﬁ == ; N
-'5'3?- 43 ps r - v,
7 =
20 ps 7 . R%ﬁ%
10 pS ,*.'5 41 ps / fat, .
.;}‘fﬂ 40 ps ‘.\hed
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SAMBA on ATLAS" FLX-155

+ SAMBA Output Phase - Ideal Linear Phase

100 ps
. 100,000stepsofifs® . 100,000 steps of 1fs &
(On average, measured every 100 steps) f’f"’
80 ps ‘/‘f \\.\b
~ N
70 ps ‘,f'f 50 ps
60 ps s e

*, %
s *
. *
/ 48 ps M.“.’N
50 ps *

Zooming in 47ps s
. ﬁ 46 ps ..:.’ o

40 ps .
45 ps ’:o‘.o S
30 ps . o 9
43 ps re .\\
20 ps ] : >
Signal Integrity 42 ps R .\\
10 ps # : Ref. Clock Jitter: 300fs 41 ps :ﬂ:". \,
4 Output Jitter: 100fs 40ps <

Ve
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'SAMBA Phase Stability

* Phase after a RESET:

®* The phase stability after a reset depends on the PLLs used
* SAMBA does NOT rely on post-reset phase stability

® The phase needs to be precisely adjusted after each reset

* Phase over time:

* If both PLL output frequencies don’t share a common divider, phase

will drift over time.

* The drift can be calculated to be insignificant or easily corrected.
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ChOOSIng SAM BA Pa ra meters The challenge is finding values
' for the desired shift step while
Four = (M T F)  f, keeping the drift low enough
out D n

* PLL Output Freq

M, +F\ (M,+F,
* SAMBA Output Freq  four = |~ "\  fin
1 2

1 1 Dy — (M; + Fy) - fin

Vco, VCo, (My + F5) - (Mg + Fy) - fin

* Phase Shift Step =

 Phase Drift —

fout — fin <M1 + F1> . <M2 + Fz) 1
fin D, D,
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Choosing SAMBA Parameters (Cyclone 10 GX)

PLL 1 PLL 2

fPLL Intel Arria 10/Cyclone 10 FPGA IP fPLL Intel Arria 10/Cyclone 10 FPGA IP
altera_xcvr_fpll_alo altera_xcvr_fpll_alo
( PLL | Dynamic Reconfiguration |* Clock Switchover |* Gene ( PLL | Dynamic Reconfiguration | Clock Switchover | Gent ~40 M HZ
40 M HZ Parameter Names Parameter Values 39 . 995 M HZ Parameter Names Parameter Values
> C-counter-0 1 > C-counter-0 50
C-counter-1 1 C-counter-1 1
C-counter-2 1 39995599, HZ C-counter-2 1
C- ter-3 50 C- ter-3 1
— : 78079051 i :
M-counter 99 M-counter 100
N-counter 1 N-counter 1
VCO Frequency 7999.119956 MHz VCO Frequency 7999.999843 MHz
pll_dsm_fractional_div...|4247720302 pll_dsm_fractional_div...|47252192
----——m
100 4247720302 47252192 13.75 fs -612 fs / hour
100 99 50 50 2152470774 2153230077 -623 fs 74 fs | hour
126 124 62 63 - - 1.5 ps 0 fs / hour

* 64 bits are not enough! | used the “decimal” Python lib for these calculations.

May. 27th, 2026 mauricio@bnl.gov 14



SAMBA Linearity

* Phase step linearity also depends on the PLLs used

* Si5395: Skips VCO periods to shift (?) -> Perfectly linear

* Si5345: Uses delay-line to shift (?) -> Not linear and limited range

Si5345 Rev. B - Phase Shifting Resolution
160 ps
150 ps T
03 ¢
140 ps ~.’o{,:‘¢, &
130 ps ‘,.\\d‘
el
120 ps Lt 0{‘,"’“‘ v
-,
110 ps *, e LA
100 ps ‘.:;’4 s
A
il *e gy LT

&
80 ps s 4 %
P » ’rt J&

70 ps YL

60 ps >

s
A &
AAES

* oWy
L2

. ﬁ"'“‘“
30 ps o l¥ ':

)
sop o
20 ps Q.”Q\o.
s L A
10 ps S

Q“
i Tl
Ops ¢ #47%
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SAMBA Linearity

¢ |nte| FPGA Plls: The lack of linearity from the PLLs used propagates to the SAMBA shifts,
) producing a periodic pattern.

* IOPLL: Linear every 8 steps For linear shifts, either:
® fPLL: Linear every 4 steps \ 1. Shift in steps of the PLL number of taps (4 or 8) and sacrifice resolution

2. Make the shift resolution so low that the non-linearity is not perceivable

1 2 3 4 5 6 7 8

100

50

0

]
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SAMBA Linearity

¢ |nte| FPGA Plls: The lack of linearity from the PLLs used propagates to the SAMBA shifts,
) producing a periodic pattern.

® IOPLL: Linear every 8 steps For linear shifts, either:

° e 1. Shift in steps of the PLL number of taps (4 or 8) and sacrifice resolution
fPLL: Linear every 4 steps 2. Make the shift resolution so low that the non-linearity is not perceivable

100

50

0 N ! n!M |
M Ii Wwv W
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I SAMBA on LHCb’s PCle40

SAMBA Shifting Resolution - Intel Arria 10

System Agnostic Method for Biphasic Alignment

120 ps

110ps -*

No drift. PLLs in integer mode.
Linear every 4 steps. (~6ps)

100 ps

80ps — B

70 ps e

= Arria 10 native shift resolution: ~100ps A

60 ps s S

8.9

i L
S0ps — s

40 ps g i

70 steps of 1.5 ps 1

20ps — P e

0 p 5 1 i’i;:- ] L] b B 9 m n 12 1
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SAMBA on Intel’s Cyclone 10 GX

+ SAMBA Output Phase - Ideal Linear Phase

110 ps ¥ a : :
8,000 steps of 13.75 fs > " PLLs in fractional mode.
100 ps Y iy, :
(On average, measured every 8 steps) !ﬂ s | Drift 600 fs / houir.
90 ps ﬁf’ Linear every 4 steps? (~55 fs)
80 ps ﬁﬁ 50 ps
70 PS '39":'5?,‘ 49 ps
2 3
o 48 ps . P ——
60 ps P eitait [ .
P 7 47 ps L 4ps drift after
90 ps #f Zooming inI 46 ps i R s 7 hours
40 ps ﬁ”'y : 45ps s o o
30 ps & we—=n — D
“:_‘:3-3?' 43 ps .: g v
20 ps 7 P \’"‘-‘u.
. e ‘"‘Ab
10 ps (‘;\j 41ps ?"ﬁ?
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SAMBA on ATLAS" FLX-155

+ SAMBA Output Phase - Ideal Linear Phase

100 ps
. 100,000stepsofifs® . 100,000 steps of 1fs &
(On average, measured every 100 steps) f’f"’
80 ps ‘/‘f \\.\b
~ N
70 ps ‘,f'f 50 ps
60 ps s e

*, %
s *
. *
/ 48 ps M.“.’N
50 ps *

Zooming in 47ps s
; ' 46 ps ,’:’o °;

40 ps .
45 ps ’:o‘.o S
30 ps . o 9
43 ps re .\\
20 ps ] : >
Signal Integrity 42 ps R .\\
10 ps # : Ref. Clock Jitter: 300fs 41 ps :ﬂ:". \,
4 Output Jitter: 100fs 40ps <
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I Conclusion and SAMBA Future Prospects

« SAMBA is still in its early stages

e Further measurements with a climate chamber, better clock source, and in a low noise
environment are planned in order to evaluate SAMBA'’s potential and limitations

* To be done:
e Evaluation of the best PLLs for SAMBA
* Production of a custom PCB with a SAMBA shifter
* Characterization with precise measurements
» Study the viability of an integrated implementation in silicon

* Your ideas, suggestions, and criticism are very welcome!

May. 27th, 2026 mauricio@bnl.gov
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Obrigado!

-y

Questions and comments are welcome
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SAMBA Linearity vs Temperature — Cyclone 10

Phase Variance vs Temperature
SAMBA Cyclone 10 GX

+ Phase Variance = 4.23*x+2.2R?=0.975

15 ps

10 ps

5ps

0 ps

-5ps

-10 ps 34

-15 ps
-3°C -2°C -1°C 0°C 1°C
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SAMBA Linearity vs Temperature - Cyclone10 GX

= Phase Variance = Temperature Variance

15ps +

10 ps +

5ps +

0 ps

- 3°C

220,

- 1°C

- 0°C

-5 ps +

-10 ps +

-15ps +
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- -1°C
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-3°C

- -4°C
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. SAMBA Linearity vs Temperature - FLX-155

SAMBA Linearity Study - FLX155

Phase Variance vs. Tem peratu re Linearity Variance vs Temperature: - Phase Variance - Board Temperature
e Phase Variance - 1.42*x +-0.355 20ps
39,0 °C
15ps
0]
o 385°C
c
g 1.0ps
(>“ . Y = e < - . .: o S e s -"
) - '..- . -- . ." % % e C . .
@ i T L] .
2 a2 T A ¢ 0.5ps 38.0°C
o AT Sl . A
-2 ps I 0.0 ps
0°C 1°C 1°C 2°C
375°C
Temperature 05 ps
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Timing Distribution at CERN Experiments

ATLAS Phase-ll TTC tree
High-speed point-2-point

* The front-end clock needs to be phase-aligned optical serial bi-direct. links

LHC RF
bunch-clock 40.08 MHz

with the LHC clock o LocT
(AMD US+)
USA15
ATCA
* But phase drifts with temperature AMD /
Intel
FPGAs
GBTx Phase Recovered After Clock Loss T e e Sk
15 oom Temperature 22500 Fiber
9; . _._‘_\\ _;!’ : 2 y b . A 22.0°C o
5 s . ~ \. /a /* L 5 Jo |\ N o= 21.00C
Y s '. H % 4 ': o . » H ! i .0°
0 ?"‘ ?“ :’" - f’ e ?-. \ ;,. Y : . ; et ;f 205°C DFI
L s s, ! v 7 5 % g L 00
e A O S S ¥ T B S Sy S U A , ; DAk
d0ps \¥ \J % ¢ w Ny v/ ¥
d ¢ v % P 19.0°C
“13ps 0 =3 < - -] ™~ o~ © ; 0 @ 18.5%c O&Q
ooy o e 400 ey s
Detector
Front-end phase vs Room Temperature (from LHCb’s PCle40) front-end v
AFS;CS \ ADC Recovered bunch-clock
Coom Eueel BC embedded in TTC downLinks
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https://cds.cern.ch/record/2909732/files/ATL-COM-DAQ-2024-081.pdf

Timing Distribution at CERN Experiments

* A timing system should measure the phase drift and shift the FE phase to compensate

Master Clock
@ TCLink Downlink .
Phase Detector ! Master D+ AD Slave
e
PD |+ CTRL PS > Tx Rx > Slave
Recovered Clock
ART [ Controller Phase Shifter
Rx Tx
‘—
Master
Recovered Clock U+ AU
Uplink

TCLink: a solution fromm CERN EP-ESE

£ 3 ]
May. 27th, 2026 mauricio@bnl.gov From Eduardo Mendes' paper
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https://cds.cern.ch/record/2724958/files/PoS(TWEPP2019)057.pdf

'SAMBA Clock Shifting Method in a Nutshell

e Typical PLL-based clock distribution

156.25 Gi5395 PLL 156.25
MHz ! MHz
Relfsge;;iﬂcll_ffk ep | \/CO: 13.750 GHz =~ [ Synsc:;‘;;ous
' Phase Step: 72.727 ps Y

Si5395 phase shift resolution: 72.727 ps

* Improved clock-shifting resolution with SAMBA

156.25 109 156.25
MHz MHz MHz
Reference clock 515395 PLL #1 515395 PLL #2 Synchronous
156.95 MHz — VCO: 13.734 GHz pr— VCO: 13.750 GHz > System
Phase Step: 72.812 ps Phase Step: 72.727 ps

Shifting PLL #1 forward and PLL #2 backward gives a net shift of 72.812 —72.727 ps

SAMBA phase shift resolution: 0.085 ps

May. 27th, 2026 mauricio@bnl.gov
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