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Motivation

Phase 2 default clock tree

* Investigation triggered by first
CMS High Precision meeting

LLLLLL

TCDS2
4km
LHC RFTX T» RRRRRRR DTH ATCA Blade
10 Gb/s
25

* Interesting to all LHC | .-
experiments g

e Topics for HW investigation until FE components available:
e Fixed phase Transmission (& Reception) via FPGA-embedded TRx

* Ta rgeted Ultrascal e(+) e Phase-monitoring of FPGA-embedded TRx via e.g. DDMTD
GTH/GTY transce ive rs : Phase relationship/stability across all TRx within one FPGA

Phase relationship/stability across TRx in different FPGAs on single
motherboard fed by same reference clock

e Can we relate jitter on high-speed serial link to jitter on recovered
clock?

suggested work for CERN/ESE & Saclay

jan.troska@cern.ch 1
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Outline

* Introduction

e Core architecture
* Overview
* Reference design
e Characterization

e Link cascade
* Rx recovered clock
* Application of phase aligner
* Characterization

* Conclusions
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Introduction

* Traditional implementation of minimal latency variation phase on Xilinx
FPGAs is done using the buffer-bypass technigue
* GBT-FPGA, TTC-PON, ...

e How does it work?
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Introduction — Tx buffer bypass
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Introduction — Tx buffer bypass

PHY
* Phase wr x rd CDC? Regiserbased .
e Divider (+N) phase . A
. User Logic w’
* (1) Tx Pl (phase-shift)
* |nitialization N
\ (1)
: CLxpr ]
* (2) Delay Aligner (DA) gty
* On-the-fly compensation N
txusrclk2
(2) ””””” A
7 “ PLL
DA | ||
e ClockTx
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Introduction — deterministic phase requirements?

For HL-LHC

e Requirement on deterministic phase after start-up is not entirely clear yet
* Physics phase monitoring?

Implemented a new technique for deterministic latency on Xilinx FPGA which can
be potentially useful for HL-LHC

* Concept suggested by Xilinx engineer (Paolo Novellini - https://indico.cern.ch/event/598467/)

Briefly explained in last talk
 First proof-of concept for KU(+) implemented in software

This talk:

* In depth overview of technique — light VHDL core developped
e Characterization for Kintex Ultrascale GTH
e Link cascade concept
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Outline

e Introduction

* Core architecture
* Overview
e Reference design
e Characterization

e Link cascade
* Rx recovered clock
* Application of phase aligner
e Characterization

* Conclusions
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Core architecture: overview

tx _phase aligner PHY
* Tx FIFO
L7 TN txbufstatus[0] > 4Tx .,
Clock System J/ R P A
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Core architecture: overview

* Flavours *Example for 10Gb/s link
* Minimal variation (FINE_ALIGN) 1 Eps
* Deterministic latency (Ul_ALIGN) 2P
* Protocol-independent Shifted clock

* |t could work on any existing link (simple patch)
* requires minor modification on transceiver

o|1(2|3|4|5|6]|7|.|56]|57]|58|59|60|61|62(63|64]|65]| - 1281 0

Tx Pl positions

|
Ul (100ps)
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Core architecture: reference design

» Reference design targetting KCU105 board
* Kintex Ultrascale FPGA
* Inspired on transceiver example design

e https://gitlab.cern.ch/HPTD/tx phase aligher (under
request - just contact us)

e Contain simulation + hardware
 Vivado 2016.2

* Resource usage (core only)
* Very light: ~120 CLB LUTs, ~120 CLB REGs

e Latency minor increase (w.r.t. buffer-bypass)
e For KU-GTH: +2 Tx Word Cycles (320MHz)

e Compatible with LpGBT-FPGA data-rate (10.24Gb/s)
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https://gitlab.cern.ch/HPTD/tx_phase_aligner

Characterization: Tx only setup

* FPGA board
e Tested: KCU116 —GTY (shown in last talk), ZCU102-GTH, KCU105-GTH (shown here)

| |
| |
320MHz refclk Tx@10.24Gb/s _| _‘ _‘
clkgen | e | 32OMAz | EpGAeval. | 320MHzclock | oo
CG635 5i5344 board ~00001111... :_I_Ll_l_l_l_ﬂ
I
g I scope
1, DSA91204A
scope: : : :
~600k samples L

single shot - 2ms acquisition window
* parameters:
- standard deviation (TIE rms)
- average

Phase (Delta time):
RefClk vs Tx
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Characterization: Tx only with buffer-bypass

e Buffer-Bypass: a.k.a. fixed latency (technique used for GBT-FPGA, TTC-PON)

* Average:

Phase: RefClk vs Tx (ps)

26/06/2018
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Characterization: Tx only with core presented

* Tx aligner core: FINE_ALIGN mode (i.e. minimal latency variation)
* Average: reset at every acquisition

hist : u=2997.555ps, |oc=1.859ps |
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Characterization: Tx only with core presented

* Tx aligner core: Ul_ALIGN mode (i.e. deterministic latency)

e Average: reset at every acquisition (results similar to no-reset)
hist: u=3049.982ps, |o= 0.371ps |
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Tx phase aligner: summary

FPGA ASIC (e.g. GBTX)
PHY Tx1
Tx1 Rx Recovered
+ o — PHY Rx > Clock

tx_phase_aligner

Clock Tx1
Reference

* How do we go to a cascaded link?
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Outline

e Introduction

e Core architecture
* Overview
* Reference design
e Characterization

* Link cascade
* Rx recovered clock
* Application of phase aligner
* Characterization

* Conclusions
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Link cascade: Rx recovered clock

« RXOUTCLK goes through fabric
e clock which minimal latency variation (w.r.t. header) is achieved for GBT-FPGA, TTC-PON, ...

» Ultrascale architecture - RXRECCLK
e Challenge: Ul jumps (w.r.t. header) for different resets (different dividers)

FPGA 20
ref clock tx
Xcvr fabric 40 tx data (320MHz) | |
b k rxrecclk
clibes rxoutclk

— -60 B
N
I
3

. FF FF

rx serial N T -80 |
XCVR |
o

— < 100
[4b]
FF FF Ik a
s IxQutclk 2

-120 F

-140 +

rxrecclk
> -160
10° 10 104 10° 108
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Link cascade: Rx recovered clock (RXUSRCLK2)

* Tx aligner core: FINE_ALIGN mode (i.e. minimal latency variation)
* Average: reset at every acquisition

* Observed sometimes ~10ps jumps on GTY-Ultrascale+ (Rx Delay Aligner?)
hist: u=1477.294ps, 0c=1.092ps
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Link cascade: Rx recovered clock (RXRECCLK)

* Tx aligner core: FINE_ALIGN mode (i.e. minimal latency variation)

* Average: reset at every acquisition
hist: u=1502.197ps, 0=920.536ps
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Link cascade: Rx recovered clock (RXRECCLK)

* Tx aligner core: FINE_ALIGN mode (i.e. minimal latency variation)
* Average: reset at every acquisition

hist: y=16.259ps, 0=0.514ps
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Link cascade: «traditional»

e External PLL shift for proper clock domain crossing (CDC)

FPGA
L m RX RXDAT, | TxDATA ™2,

PHY Tx1 PHYRX  |jmmpy| | [mmmmedy|  PHY Tx2

CDC

RXUSRCLK% i ‘TXUSRCLKZ
A
Normal PIN from Clock Tx2

Clock Tx1 fabric Reference
Reference

External PLL [—
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Link cascade: tx_phase_aligner (local)

e CDC managed by phase aligner core inside PHY

PHY Tx1

Clock Tx1
Reference

26/06/2018

Tx1

FPGA
PHY Tx2

Rx ™>2

- PHYRX  |dll X028 . >
RXUSRCLK2  TXUSRCLK2 Jey phase_aligner

RXRECCLK Clock Tx2

Not passing through Reference
fabric

External PLL

HPT IP core - eduardo.brandao.de.souza.mendes@cern.ch
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Link cascade: tx_phase_aligner (system?)

 CDC managed by phase aligner core inside PHY (and high-phase determinism)

FPGA

PHY Tx1

+

tx_phase_aligner

Tx1

A

Clock Tx1
Reference

26/06/2018

FPGA
PHY Tx2

Rx ™>2

[ PHY Rx RXDATA X DATA> N >
RXUSRCLK2  TXUSRCLK2 Jey phase_aligner

RXRECCLK Clock Tx2

Not passing through Reference
fabric

External PLL
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Link cascade: summary

“traditi “ | local ' system
traditional i oca | y
| |
1 1
| |
FPGA 1 FPGA 1 FPGA FPGA
| |
1 1
1 PHY Tx2 1 PHY Tx1 PHY Tx2
P eI o PHY Rx RXDATA, DA PHYTX2 2. PHY Tx1 o : PHY Rx RXDATA ARLV . 2. | . § PHY Rx RXDATA DX0AR e
cDe 1 1
RXUSRCLK?2| 4T)(USRCLKZ I w TXUSR%tx_phase a"gne I tx_phase_aligner RXUSRCLK2 TXUSR%D(_phBSE aligne
| |
| ] '
| |
Glock 1t Norm?; ;r:l: from Clock Tx2 I okt RXRECCLK Clock Tx2 I - RXRECCLK Clock Tx2
Reference Not passing through Reference Not passing through Reference
Refe Reference fabric Refer b

—— External PLL —— External PLL —— External PLL ——

* Clock goes through fabric ’ ]§|8C_|< does not go through * Clock does not go through
. abric fabric
CDC managed by user * CDC very simplified cDC olified
* Bigger phase-variations very simpiitie
e Easier Clock to treat * Higher phase determinism

RXRECCLK will still not be

e RXRECCLK will still not be .
fixed latency

fixed phase
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Characterization: Cascaded setup

* Cascaded test-setup
Tx1@10.24Gb/s

PRBS-31 pattern

RXRECCLK1 D
loopback to refclk?2 : :
320MHz refclkl H | Tx2@10.24Gb/s _I _l__l__l
clkgen | PLL 320MHZ_ FPGA eval. 320MHz clock X o
CG635 1 sis344 1 board +O00ULLLL... :_I_Ll_l_l_l_ﬂ
|
| |
> I scope
1, DSA91204A
scope: M
~600k samples

single shot - 2ms acquisition window
* parameters:
- standard deviation (TIE rms)
- average

Phase (Delta time):
RefClk vs Tx
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Characterization: Tx2

* Tx aligner core: Ul_ALIGN mode (i.e. deterministic latency)
* Average: reset at every acquisition

hist: u=953.328ps,| o= 0.983ps |
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Characterization: Tx2 temperature

* Tx aligner core: Ul_ALIGN mode (i.e. deterministic latency)
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Conclusions

* Implemented a new technique for deterministic phase in Xilinx FPGAs

e Technique tested with KCU105 (GTH Ultrascale), ZCU102 (GTH Ultrascale+), KCU116
(GTY Ultrascale+)

* Temperature tests on KCU105

* A very light core was developed in VHDL and is available for interested users

 https://gitlab.cern.ch/HPTD/tx phase aligner (access under request)
e Compatible with common FPGA cores (TTC-PON, GBT-FPGA, LpGBT-FPGA)
* |f you want to learn more, contact us

* This core can also be useful for cascaded links and for skew tuning
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Characterization: Cascaded temperature

* Tx aligner core: Ul_ALIGN mode (i.e. deterministic latency)
hist: u=2618.713ps, o=28.142ps
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Characterization: Tx only temperature

* Tx aligner core: FINE_ALIGN mode (i.e. minimal latency variation)
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Characterization: Tx only temperature

* Tx aligner core: Ul_ALIGN mode (i.e. deterministic latency)
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Characterization: Tx only temperature

* Tx aligner core: Ul_ALIGN mode (i.e. deterministic latency)
hist: u=2932.824ps, c=13.31/ps
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Characterization: Tx only temperature

* Tx aligner core: Ul_ALIGN mode (i.e. deterministic latency)
hist: u=2932.824ps, c=13.31/ps
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Transmitter path (GTY Ultrascale+

GTYE3/4_CHANNEL (GTY Transceiver Primitive)
TX PMA TXPCS TX DATA From
Upstream PCS Blocks
TXPMN TX DATA |/L. .
PISO I\I .
r> < TX Polarity
Control
+D
. . TXOUTCLKPCS
I:’hass {1,248 L (24,8) | - (4.5}
nterp 16,32) A, \
00
o1 TX PROG.
- DIV
~a=f 10
p’l o
TXPLLCLKSEL TX_PROGCLK_SEL
—_— 10 1 nu?|| —
o
QPLL1CLK — ;Zl::r — o
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Figure 3-30: TX Serial and Parallel Clock Divider
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Receiver path (GTY Ultrascale+
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Figure 4-16: RX Serial and Parallel Clock Divider
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