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= How to cope with High Pileup?

1. Increasing granularity (e.g., CMS-ECAL: x25)—
2. Increasing sampling. E.g, CMS-ECAL: x4

= Sampling needs to be precise and -

= High Precision = Low clock jitter

= High - —> Clock phase repeatability each time the system restarts

= Achieving low clock jitter

Pileup = Granularity, clock precision and accuracy
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= Properly design Firmware as well as Schematics and Layout = +1 ps of Jitter

. - is more challenging.

= We calibrate using Physics events every time
the detector restarts ?

o ...and how much time eventually this will take ?
= Also does the clock drift inside FPGASs ?

Representation precision and

ac ui Abeanooe
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Clock distribution in general

FPGA
slv/mst
Recovered Recovered
Clock Clock

= The Clock is distributed in a tree of FPGA nodes

= FPGA are interconnected with fibers

= At CERN Time Compensation (TC)link
(E.Mendes) has been developed to
cope with slow clock phase drifts
caused by temperature changes

I 1
along the fibers [ l -
sr%!/ ]<:

= However, thereis a known issuein ™S
AMD UltraScale(+) transceivers ... Stage2 <

Stage3 StageN

)i O S S S S I - — - — S
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= When running the system (no MGT reset), : ! L st'}
the skew of the Recovered minus the | ! 10ps? P
Master Clock phase gives one of the two I
(left or right) gaussians distributions above. : /i\'
10ps? | :<:
= But, when we are resetting the MGT, we are L1 l |
getting two gaussians which impacts accuracy : : !
= ~50% probability to jump by ~10 ps'! 5}%|/’:<
= System-wise (as we have a tree of FPGASs), ?\'<
it can happen that a node can end-up 0, 10, Stage2
20, ...0r N x ~10 ps apart in skew from its neighbor. Stage3 siagen
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BCP-V1 clock tests

= Barrel Calorimeter Processor - Version 1 was designed to

output the RXRECCLKOUT from MGT’s REFCLK pins to SMAs

GTYE3/4_CHANNEL (GTY Transceiver Primitive)

=  AMD Transceivers UG578, Figure 4-16 ==

RX PMA
| RX DATA
data streami[] = [ =
Phase <D IS IS
qaie ein [ o

1. RXOUTCLK (this is the one most people use) —p

2. RXOUTCLKPCS (no jumps but drifts with temp. change)

RX PROG.
| DY

RMPLLCLKSEL

RNRECCLKOUT

3. RXRECCLKOUT (plotting the modulo of 2Ul of the bit rate) o S
. CPLL R}(SYSi.KSEL
" We keep the temperature stable and start resetting s 1
= Only the RXOUTCLK gives two Gaussians ] _ i
= So, this is caused by the Delay Aligher (a Process-Voltage-Temperature, —— S oo
PVT compensation circuit)... which however use is required. — :

= RXRECCLKOUT = 0 =604 fs!!!

Skew Distribution

B Master - BCP RXUSRCLK
| W Master - BCP RXOUTCLKPCS
B Master - BCP RXRECCLKOUT

K= 31.852ps
o = 0.604 ps
Pk-Pk = 3.365 ps

[Master - BCP RXRECCLKOUT] Stats:
N = 804

o
o
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I
wn

[Master - BCP RXOUTCLKPCS] Stats:
K= 22.659 ps

o = 1.469 ps

Pk-Pk = 9.903 ps

N = 1000

o
~

o
w

Count Density

[Master - BCP RXUSRCLK] Stats:
M1 =-19.981 ps

o1 =1.785 ps

Pk-Pk1 = 9.884 ps

N1 = 505

[Master - BCP RXUSRCLK] Stats:
Mz = -10.982 ps

oz =1.379 ps

Pk-Pk: = 7.866 ps

Nz = 495

30 -20 -10 0 10 20 30 40
Skew [ps]

REFCLK_HROW_CK_SEL
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https://docs.amd.com/v/u/en-US/ug578-ultrascale-gty-transceivers
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RXUSRCLK -,
(RXOUTCLK)
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-8 ps -6 ps

4

RXRECCLK

Jitter comparison (clock precision)

GTYE3/4_CHANNEL (GTY Transceiver Primitive)

RX PMA RXPCS

““““ r RX DATA
| COR sIPO
Phase <D + +
Interp. T‘ (:dz';j 4R 48]
RX PROG.
I DIV

D 1 00 RNRECCLKOUT

ceilocik | RXSYSCLKSEL
CPLL

OPLLOREFCLE 10 —v—Ei
QPLLIREFCLE
1

.
For a master clock with TIE = 1.4ps StdDev

= RXUSRCLK output gives 2.6 ps (~1.2 ps more
than master)

= RXRECCLK gives 1.7 ps (0.3 ps more than
master, 3 times better)

RNOUTCLK

The Jitter penalty using RXRECCLK per
node is 4 times less than RXUSRCLK

The Jitter at the detector sampling point
accumulates with the number of FPGA
nodes. To give a rough estimation, if 4
nodes and starting at 1.4 ps the floor:

= Using RXUSRCLK we would expect: 5.8 ps TIE

* Using RXRECCLK we would expect: 2.2 ps TIE
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BCP-V2 DDMTD

= “BCP-V1 showed that, RXRECCLK is good
reference to monitor the clock phase of
RXOUTCLK.

) «— master So0
— [WVVIEE

o
J

" S0, on BCP-V2 we added a Digital Dual Mixer
Time Difference (DDMTD) using discrete
FI|p Flops (FF)

Discrete have ~100 times smalling Setup and Hold

times than FPGA’s FF = Higher resolution no the
DDMTD

= Bypassing FPGA fabric
o Areference Independent of Firmware builds

e

a
->

19-MTO4SNXHY

E

RXUSRCLK

= DDMTD firmware blocks on ZynqUs+
FW blocks 1: RXUSRCLK-bit period amplifier, RXRECCLK-bit period amplifier
FW blocks 2 : RXUSRCLK-bit amplifier out, edge detection of RXRECCLK-bit amplifier out.
FW block 3 : Counting difference between the two Edge detectors = Skew (RXRECCLK - RXUSRCLK)

= CMS: Line-rate =10.260224 Gb/s

= RXUSRCLK Frequency 320.632 MHz = Credits

* RXRECCLK Frequency 320.632 MHz * Idea of discrete Flip-Flops = Univ. of Minn (R.Rusack, E.Frahm, R.Saradhy)
= Offset Frequency 320.624 MHz = CERN paper on DDMTD _

" n=40078 * Tunning edoardo.orzes@cern.ch DDMTD firmware for the Zyngon BCP-V2
= Measurement precision --> ~78 fs
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Calculation on ZyngUs+ (almalinux)

[ | DDMTD Measuring Sequen Ce : Gzi:::_CHANNEL[GTYT rrrrrr i\der’Pl‘imHi\de)R"Pcs :::
= Optionally Reset the MGT data stréami[].=| i
= Wait MGT and RX_PROG DIV to lock Reset =

DDMTD and wait CDR
= Read DDMTD output and calculate the clock
modulo of DDMTD with the 2UlI B

= Not reset = just read DDMTD out == B S

= Why calculating the modulo ? ]
= As we know the CDR of the MGT lock on e S LT

any of the bits of the bit stream (1 Unit e =
Interval, UI).

= Above 6.25GCb/s (CMS;10.26G) MGTs are
configured in DDR > (194.928 ps )

* LHC dock 40.079 MHz = Bunch
Crossing (BX) period: 24950.722 ps

" Therefore, RXRECCLK canlock to
any of the BX period / =128 phases

= Example : DDMTD measures 1338 ps
%194.928 = ~168 ps
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mgtrefclkslave_p

Linearity
X: DDMTD, y: Scope

slave_mgt

odelaye3_inst

BUFG_GT_inst
CE

CEMASK

CLR o

—{casc_in
CASC_RETURN
CE

CLK

mgtrefclkslavd p 0

casc_out |-
CNTVALUEQUT(8:0]
DATAOUT

CNTVALUEIN[8:0]
EN_VTC

— CEB o DIV[2:0]

INC
LOAD

ODATAIN
RST

— 1B
IBUFDS_GTE3

BUFG_GT

cmp_slave_mrefclk_IBUFDS_GTE3 CLRMASK

‘ 1 0oDIvV2 1

Telink_slave_symmetric_10G

ODELAYE3

To evalu inearity of BCP’s DDMTD we
added a to the firmware

= Start delaying the phase of the RXUSRCLK clock

Recording BCP’s DDMTD and compare with the
measurement taken from a Lecroy
Oscilloscope

BCP’s DDMTD circuit measures the clock phase
v" Error peak-peak 1.5 ps
v" Error Std Dev : 0.34 ps
v' Linearity is acceptable : factor 0.996

Observation : with ODELAYE3, delay steps are
not fixed but span from 1to 5 ps per tap

root@elm10011:~/bepd_clock. X + o~

[root@elmlBBll scripts]# ./odelay.sh -s 510

Asserting EN_VTC
Reseting ODELAYE3
De-assert EN_VTC
loading CNTVALUEIN = ((CNTVALUEOUT -136.8) * (518/580))+136.8 = 2U5.80 taps

Tap size is 4.673 ps, the requested new phase is 510 ps and the expected 509.3

Asserting EN_VTC

Linearity of BCP DDMTD Measurement

0
linearity .
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CMS-ECAL Firmware with heaters

= Thisis the ﬂoorpla ning of the ECAL firmware = Heater Firmware was adopted from Dr. Rui Zou
= Showing 1/4t" of the VU13P FPGA repo. Credits also to the authors of this Paper
= Highlighted are the main blocks -
. — e — e
= Inlight blue, are the heaters I e

= Oscillating LUTs
* Are consuming VCCINT Power generating heat
= Are controlled by AXI bus

= Heaters are aiming for thermal management

= Compensate for temperature changes as in
general a recovered clock phase drifts with it

::::::::

= Below enabling 1/4%" of the heaters
= Core Power (Vccint):3 A2 35A
* FPGA temp: 36C 246C

wul
o

N
w

w
(6]

Temperature (C)
ey
o

w
o

A AN TN ONODDO A AN M N ONOOOO A N < .i:‘ﬁ}'ll:ll- .'
NSO®wgqIgagulNIaagnsessey B = o
Measurment Here only 1/4 of the FPGA (SLRO) was implemented
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https://github.com/apollo-lhc/CM_Common_FW/tree/master/heater
https://doi.org/10.1016/j.micpro.2013.12.001

ng run, not resetting the MGT

Scope master -Slave clock phase (ps)

= DDMTD vs Scope error:
" peak to peak 1.6 ps
= Standard deviation 0.3 ps
= Stable temperature

Recovered Clock Phase Monitoring - No reset

... . DDMTD - Scope error
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Measurement number
®  BCP DDMTD (ps) ® lecroy Skew (ps) Temp (C)  coveeeeee 5 per. Mov. Avg. ( Temp (C))
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Phase drift trend for DDMTD and Lecroy Scope over

h Temp.
H e at u p t e F P GA -10.0 0.0 10.0 20.0 30.0 40.0
] 5.0
= Gradually enabling heaters, increasing power consumption o T y = -0.4795x +0.0024
* Heating FPGA, shifts the recovered clock % 50 [
Sa00 T T
= DDMTD measurement drifts less than LecroyScope 2 150 W
. . ey : L
measurement with temperature so we apply asubtraction = y=-0.7648x + 0.0239 ™.
factor [0.7648 - 0.4795 = 0.2853] per Celsius on the DDMTD 200
-25.0
OUtp ut. Temperature (C)
Heating the FPGA - BCP-DDMTD vs Lecroy
5.0 . 70.0
/ Vccint 105 A
0.0 ._-‘
'_.-"' 60.0
50 . g .
£ Vccint 83 A L3 { 550 O
Q % put
%) 35
<2 -10.0 - : : 50.0 ®
< Vccint 61 A / ‘ ‘ g
8 et .': e
© " X 50 &
-15.0 : .
. ' : %: .
Vceint 3 A Vecint 38 A !. .o Vecint 3A | a0
~a R ¥ _ .
20,0 e vt
- . u o
-25.0 30.0
AN DN OO A NN A MO N A O NOO A MO A NN A NN A OO NN A MO WIS O N WS
AR A =R NE . Rh R R BRSNS AN R R Sr g R R SR e R R R R
Measurements
® BCP DDMTD (ps) @  Lecroy Skew (ps) Temp (C)  coeeeeeee 5 per. Mov. Avg. ( Temp (C))
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Resetting the MGT

Resetting MGT — stable temperature

master - slave skew (ps)

0N ANOOLOUMONSTTHOLANOODOOMONS TS0 ANOOOUMONSAHOWL AN OO
ml\\—1<l‘OONLDO\Ml\OgOOHLDO\MLDOQ’I\HLOOONLDOMI\HQOONLf')Ch
A A N ANANNDON SN LW OWORNRNMNOONNOOODOOO HAAANNN
R T e T e B e B B T B B o |
measurment
® BCP DDMTD (ps) ® Lecroy Skew (ps) Temp (C)  coeeeeeee 10 per. Mov. Avg. ( Temp (C))

= As with the KU FPGA (on BCP-V1), VU+ FPGA (on
BCP-V2) give two discrete Zones.

= DDMTD is tracking the clock phase jump
= Error: peak-peak 4.3 ps

= Error: Standard Deviation 0.6 ps

Temperature (c)

180
160
140
120
100

Scope measurment (ps)
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DDMTD - Scope error (ps)
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Clock circuit upgrade on BCP-V3

Rxwf - TX Slave FPGA

Tx »  RX

RXRECCLK-bit RXRECCLK: CDR
= Instead of 320.632 MHz, [E:j
RXRECCLKOUT and ~ g |
RXUSRCLK are 40.079 MHz

3

> Using RXRECCLKOUT
instead of the RXUSRCLK as

LHC recovered CIOCk RXUSRCLK-bit RXUSRCLK
offset :
1. Measure the course 515395
DDMTD (faster) without
Calculating the mOd UIO GTYE3/4_CHANNEL (GTY Transceiver Primitive) :::
>, Reset the RX PROG. DIV iR i e = e el

Contral

Phase +D + . RNOUTCLKPCS
Interp. T 023815 oumy [] s

(Flip-Flop dividers) until
DDMTD shows a phase

p
less than 2UI (~197 ps) mggoe-fl
v" This procedure moves the N — _ ——
RXRECCLKOUT to the 2Ul cue | 1T — =
Chosen by the LHC allgn — @g RISYSCL'KSEL RXOUTCLKPMA E: l RXMTLE
firmware (e.g., CMS TCDS) N = o,
S J = Rremoconcix |
@'@ moTe RYOUTCLKFABRIC
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“Aligning” RXRECCLK with the LHC machine

= How fastthisis? Seconds to align RXRECCLK with RXUSRCLK

1600 100%

= We scanned 2763 times and plot the time:
= 52% of the times took < 1 sec

1400 90%

80%
= 20% of the times took 1to 2 sec 1200
= 11% of the times took 2 t0 3 sec 1000

= 8% of the times took 3 to 4 sec 800

70%
60%
50%

600 40%

" 0.04% of the times took 13 to 14 sec 30%

400

* The time to choose the RXRECCLK phase close to the 200
Bunch Crossing will be reduced by replacing the bash |

20%

217
106 10%
--363312105 2.2 1 0
(]

script with automated firmwar oS BN Dy D24 1) ), 9

oMM e O b 0 (w3

RXPRGDIVRESETDONE

RXPROGDIVRESET
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Conclusions

1. RXUSRCLK on AMD’s MGTs (KU, VUp) has ~50% probability to jump 10 ps
after areset

» Reduces accuracy which makes calibration required every time CMS restarts

* Also, it drifts 0.7 ps per Celsius

Skew [ps]

2.  RXRECCLK is bypassing the FPGA fabric - DOMTD error (ps)
= RXUSRCLK s still the LHC clock

150

v RXRECCLK is a good representation of the master clock so can be used as a reference to
measure the RXUSRCLK phase jum 100 | ‘l

Al ...

v" DDMTD monitors for FPGA clock phase drifts caused by temperature variations >

o

v' Worst case DDMTD measurement error : peak-to-peak ~4 ps and SdtDev<1ps = 0

v" Current clock phase jump compensation strategy : Since RXUSRCLK has 50% probabilityto L. W% FeN Ao
be in the correct position, reset MGT and measure DDMTD until is in the “correct” place. A ATACAC A A

e — ———

3. Using RXRECCLK as the recovered LHC clock instead of the RXUSRCLK

In this case no need for clock phase monitoring (above #2.)

We just choose the closest RXKRECCLK phase to the Bunch Crossing (RXUSRCLK domain)
RXRECCLK offers sub-picosecond (StdDev) in accuracy as well as in presession (jitter)

Finally remark: the usage of the RXRECCLK may also improve IClink performance as is
bypassing the FPGA fabric in the slave FPGA making TClink loop (master <-> slave) more
symmetric

vV < X

» Overall conclusion: For clock phase monitoring, utilize RXRECCLK and a DDMTD.
For deterministic clock phase, avoid FPGA fabric. Instead use the RXRECCLK.

Recovered Clock Phase Monitoring — FDF26 N.Loukas, May 29, 2026


https://ieeexplore.ieee.org/document/10029896

"BACKUP SLIDES

Recovered Clock Phase Monitoring — FDF26 N.Loukas, May 29, 2026



Delay Aligner

GTYE3/4_CHANNEL (GTY Transceiver Primitive)

RXPMA Rxpes

= What Delay Aligneris ?

" |s a PVT compensation circuit

= P for Process

= V for Voltage

REFCLX HROW G SEL

» Tfor Temperature

User oyy;
u
8Uide of 5| AMD transce;
RX Buffer Bypass Clvers

Functional Description

V:rtex( +)/Kintex( +)/Versa|

Bypassing the RX elastic buffer is an advanced feature of the GTY transceiver. The RX phase
alignment circuit is used to adjust the phase difference between the PMA parallel clock
domain (XCLK) and the RXUSRCLK domain when the RX elastic buffer is bypassed. It also
performs the RX delay alignment by adjusting the RXUSRCLK to compensate for the
temperature and voltage variations. The combined RX phase and delay alignments can be
automatically performed by the GTY transceiver or manually controlled by you. Figure 4-40
shows the XCLK and RXUSRCLK domains, and Table 4-35 shows trade-offs between
buffering and phase alignment.

The RX elastic buffer can be bypassed to reduce latency when the RX recovered clock is ° ° ?

used to source RXUSRCLK and RXUSRCLK2, When the RX elastic buffer is bypassed, latency [ | C d t N
through the RX datapath is low and deterministic, but clock correction and channel bonding a n W e a VO l l b O
are not available.

Figure 4-32 shows how RX phase alignment allows the RX elastic buffer to be bypassed.
Before RX phase alignment, there is no guaranteed phase relationship between the PMA
parallel clock domain (XCLK) and the RXUSRCLK domain. RX phase alignment selects a

Clock phase accuracy on AMDs MGT Recovered clock - HPTD Meeting #17 N.Loukas, Nov 26, 2024
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Mean Skew over Time
BCP Heater Setting

Phase jumps vs temp
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Mean Skew [ps]

Cooling Down™]

= Keep chamber at

25 C
= Changing BCP-

FPGA temperature

705 = Resetting once

every 5
measurements

Mean Skew over Time
BCP Heater Setting

A St B R A
Q‘:\Q‘?Q“}Q"O‘:\Q&O‘?Q‘gg\ﬁéﬁpOﬁ\ﬁéﬁpﬁg\apvaﬁg‘:\ﬁa@‘.yﬁ&eQ‘:"Q‘}Q‘SQ;‘Q‘?Q‘}O"Q

§ Mean Skew [master - BCP recclk]

—— SLRO Temp
= SLR1 Temp
.

i
|||||||
||||||||
uuuuuuuuu

|||||||||

..............

wwwwwwwwwwwwwww

|||||||||||||||||
wwwwwwwwwwwwwwwwwww

= Chamber Temp |

—60_74

Q Q Q M) o
2 o o9 ® a9 o
Data Collection Start Time (UTC)

Temperature [°C]

Clock phase accuracy on AMDs MGT Recovered clock - HPTD Meeting #17

chamber failure

N.Loukas, Nov 26, 2024



Proposed scheme for deterministic clock phase

" In theideal case the bitrate is any power of 2 of the Back
Crossing frequency, use the scheme below
= Example CMS-ECAL 10240Mbps = (28)bit x 40 MHz

" |n the case the bitrate
is a multiple but not a
power of 2, instead of

the Flip-Flop (&)
add another Si5395
= Example 9600Mbps link

o RXRECCLK 240 MHz
o Si5395 output 40MHz

* Disadvantage : more time
to compute DDMTD

RX-header

320 MHz

????????????? RXUSRCLK
40 MHz

(DDMTD) [Nl | 40 MHz BSERER

e e e T T T T R
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