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Pileup → Granularity, clock precision and accuracy

▪ 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 accurate
▪ High Precision → Low clock jitter

▪ High Accuracy → Clock phase repeatability each time the system restarts

▪ Achieving low clock jitter
▪ Properly design Firmware as well as Schematics and Layout → +1 ps of Jitter

▪ Accuracy 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 FPGAs ?
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Clock distribution in general

▪ 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
along the fibers

▪ However, there is a known issue in
AMD UltraScale(+) transceivers …
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Clock accuracy caveat on AMD transceivers

▪ When running the system (no MGT reset),
the skew of the Recovered minus the
Master Clock phase gives one of the two
(left or right) gaussians distributions above.

▪ But, when we are resetting the MGT, we are
getting two gaussians which impacts accuracy
▪ ~50% probability to jump by ~10 ps !

▪ System-wise (as we have a tree of FPGAs),
it can happen that a node can end-up 0, 10,
20, …or N x ~10 ps apart in skew from its neighbor.
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BCP-V1 clock tests
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KU115
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SoC

▪  Barrel Calorimeter Processor – Version 1 was designed to 
output the RXRECCLKOUT from MGT’s REFCLK pins to SMAs

▪ AMD Transceivers UG578, Figure 4-16 
1. RXOUTCLK (this is the one most people use)

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

3. RXRECCLKOUT (plotting the modulo of 2UI of the bit rate)

▪ We keep the temperature stable and start resetting

▪ Only the RXOUTCLK gives two Gaussians
▪ So, this is caused by the Delay Aligner (a Process-Voltage-Temperature, 

PVT compensation circuit)... which however use is required.

▪ RXRECCLKOUT → σ = 604 fs !!!

data stream

https://docs.amd.com/v/u/en-US/ug578-ultrascale-gty-transceivers
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Jitter comparison (clock precision)
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▪ 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)

▪ 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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The CMS Barrel Calorimeter Processor (BCP-V2)
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BCP-V2 DDMTD

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

▪ So, on BCP-V2 we added a Digital Dual Mixer 
Time Difference (DDMTD) using discrete 
Flip-Flops (FF)
▪ Discrete have ~100 times smalling Setup and Hold 

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

▪ Bypassing FPGA fabric
o A reference Independent of Firmware builds
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▪ 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

▪ RXRECCLK Frequency 320.632 MHz

▪ Offset Frequency 320.624 MHz

▪ n = 40078

▪ Measurement precision --> ~78 fs

▪ Credits :

▪ Idea of discrete Flip-Flops → Univ. of Minn (R.Rusack, E.Frahm, R.Saradhy) 

▪ CERN paper on DDMTD 
https://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=5556289

▪ Tunning edoardo.orzes@cern.ch DDMTD firmware for the Zynq on BCP-V2

TTC
clock

https://ieeexplore.ieee.org/stamp/stamp.jsp?tp=&arnumber=5556289
mailto:edoardo.orzes@cern.ch
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▪ DDMTD Measuring sequence :
▪ Optionally Reset the MGT

▪ Wait MGT and RX_PROG_DIV to lock Reset 
DDMTD and wait

▪ Read DDMTD output and calculate the 
modulo of DDMTD with the 2UI

▪ Not reset → just read DDMTD out

▪ Why calculating the modulo ?
▪ As we know the CDR of the MGT lock on 

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

▪ Above 6.25Gb/s (CMS: 10.26G) MGTs are 
configured in DDR → 2 UI ( 194.928 ps )

▪ LHC Clock 40.079 MHz → Bunch 
Crossing (BX) period: 24950.722 ps

▪ Therefore, RXRECCLKOUT can lock to
any of the BX period / 2 UI = 128 phases
▪ Example : DDMTD measures 1338 ps

▪ 1338 % 194.928 = ~168 ps

Calculation on ZynqUs+ (almalinux)
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Linearity of BCP DDMTD Measurement

Linearity
x: DDMTD, y: Scope
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▪ To evaluate the linearity of BCP’s DDMTD we 
added a ODELAYE3 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
✓ Error peak-peak 1.5 ps

✓ Error Std Dev : 0.34 ps

✓ Linearity is acceptable : factor 0.996

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

Represents 
FPGA fabric 

latency
(FW rebuild, 
changes it)

linearity
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CMS-ECAL Firmware with heaters

▪ This is the floorplaning of the ECAL firmware
▪ Showing 1/4th of the VU13P FPGA

▪ Highlighted are the main blocks

▪ In light blue, are the heaters
▪ 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 1/4th of the heaters
▪ Core Power (Vccint) : 3 A → 35 A

▪ FPGA temp: 36C →46C
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Measurment Here only 1/4 of the FPGA (SLR0) was implemented

▪ Heater Firmware was adopted from Dr. Rui Zou 
repo. Credits also to the authors of this Paper

https://github.com/apollo-lhc/CM_Common_FW/tree/master/heater
https://doi.org/10.1016/j.micpro.2013.12.001
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Recovered Clock Phase Monitoring  - No reset

 BCP DDMTD (ps)  Lecroy Skew (ps)  Temp (C) 5 per. Mov. Avg. ( Temp (C))

Long run, not resetting the MGT
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▪ DDMTD vs Scope error :
▪ peak to peak 1.6 ps

▪ Standard deviation 0.3 ps

▪ Stable temperature
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Measurements 

Heating the FPGA - BCP-DDMTD vs Lecroy

 BCP DDMTD (ps)  Lecroy Skew (ps)  Temp (C) 5 per. Mov. Avg. ( Temp (C))

Heat up the FPGA
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▪ Gradually enabling heaters, increasing power consumption
▪ Heating FPGA, shifts the recovered clock

▪ DDMTD measurement drifts less than LecroyScope 
measurement  with temperature so we apply a subtraction 
factor [0.7648 - 0.4795 = 0.2853] per Celsius on the DDMTD 
output.

Vccint 3 A Vccint 38 A

Vccint 61 A

Vccint 83 A

Vccint 105 A

y = -0.4795x + 0.0024

y = -0.7648x + 0.0239
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Resetting MGT – stable temperature

 BCP DDMTD (ps)  Lecroy Skew (ps)  Temp (C) 10 per. Mov. Avg. ( Temp (C))

Resetting the MGT

▪ 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
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Clock circuit upgrade on BCP-V3

▪ Instead of 320.632 MHz, 
RXRECCLKOUT and 
RXUSRCLK are 40.079 MHz

➢ Using RXRECCLKOUT 
instead of the RXUSRCLK as 
LHC recovered clock

1. Measure the course 
DDMTD (faster) without 
calculating the modulo 

2. Reset the RX PROG. DIV 
(Flip-Flop dividers) until 
DDMTD shows a phase 
less than 2UI (~197 ps)
✓ This procedure moves the 

RXRECCLKOUT to the 2UI 
chosen by the LHC align 
firmware (e.g., CMS TCDS)
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“Aligning” RXRECCLK with the LHC machine

▪ How fast this is ?

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

▪ 20% of the times took 1 to 2 sec

▪ 11% of the times took 2 t0 3 sec

▪ 8% of the times took 3 to 4 sec

▪ …

▪ 0.04% of the times took 13 to 14 sec

▪ The time to choose the RXRECCLK phase close to the 
Bunch Crossing will be reduced by replacing the bash 
script with automated firmware
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Conclusions

1. RXUSRCLK on AMD’s MGTs (KU, VUp) has ~50% probability to jump 10 ps 
after a reset
▪ Reduces accuracy which makes calibration required every time CMS restarts

▪ Also, it drifts 0.7 ps per Celsius

2. RXRECCLK is bypassing the FPGA fabric
▪ RXUSRCLK is still the LHC clock

✓ RXRECCLK is a good representation of the master clock so can be used as a reference to 
measure the RXUSRCLK phase jump

✓ DDMTD monitors for FPGA clock phase drifts caused by temperature variations

✓ Worst case DDMTD measurement error : peak-to-peak ~4 ps and SdtDev < 1 ps

✓ Current clock phase jump compensation strategy : Since RXUSRCLK has 50% probability to 
be in the correct position, reset MGT and measure DDMTD until is in the “correct” place.

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 RXRECCLK 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 TClink performance as is 
bypassing the FPGA fabric in the slave FPGA making TClink loop (master <-> slave) more 
symmetric
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➢ Overall conclusion: For clock phase monitoring, utilize RXRECCLK and a DDMTD.
For deterministic clock phase, avoid FPGA fabric. Instead use the RXRECCLK.

https://ieeexplore.ieee.org/document/10029896
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▪BACKUP SLIDES
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Delay Aligner

▪ What Delay Aligner is ?

▪ Is a PVT compensation circuit
▪ P for Process

▪ V for Voltage

▪ T for Temperature

19Clock phase accuracy on AMDs MGT Recovered clock - HPTD Meeting #17 N.Loukas, Nov 26, 2024

▪ Can we avoid it? No
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Phase jumps vs temp

▪ Keep chamber at 
25 C

▪ Changing BCP-
FPGA temperature

▪ Resetting once 
every 5 
measurements

20Clock phase accuracy on AMDs MGT Recovered clock - HPTD Meeting #17 N.Loukas, Nov 26, 2024

Cooling Down
Same trend

Please ignore the 
chamber failure
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Proposed scheme for deterministic clock phase

▪ In the ideal case the bitrate is any power of 2 of the Back 
Crossing frequency, use the scheme below
▪ Example CMS-ECAL 10240Mbps = (2^8)bit x 40 MHz
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▪ In 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
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