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The CMS detector is undergoing an extensive upgrade:

Among other significant advancements (see more than twenty talks and posters in
this conference), the new ECAL, HGCAL, Barrel and Endcap Timing detectors will
be able to tag the events with high precision (~30 ps) timing information, which
will help to mitigate an expected average of 200 pile-up events of the HL-LHC.
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Motivation: need for low jitter clock distribution

LHC clock
40.078 MHz
.................... >

LHC Clock Sensor+TDC

distribution

The clock distribution may significantly degrade the precise timing information obtained
from the CMS Phase-Il detectors.

A |5 ps random jitter on the clock may have an impact of 3.5 ps (assuming 30 ps
[Sensor+TDC] uncertainty).

The impact will be significantly larger for higher jitter values.

We need a lows-jitter clock distribution not to jeopardise the timing performance.
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Motivation

Distributing a low jitter clock (sub 20 ps RMS) to over 10000 clock
distribution channels In a radiation environment with temperature
variations is quite challenging. The limited material and cable budget in the
detector makes the task even more ambitious.

't 1s important to keep track of the drifts and phase differences
between all of the channels. Therefore, investigating feasibility of a |jitter
monitoring system Is necessary.

Starting from the RF clock, the components of the current clock
distribution system Is required to be extensively tested.

The measurements will be used to evaluate the feasibility and/or redesign
individual future components of the clock distribution path.

CERN, CMS and industry based solutions are being explored and
considered.
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What to expect?

Introduction and basic concepts
Back-end tests

Front-end tests

Full chain test

Outlook and conclusion
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Possible clock distribution schemes

Back-end
Off detector

Encoded @
25/5
Gbps

|

~100 m
MM Fiber

|

Pure @
40/ 160/ 320
MHz

11

Module specific connector and/or

PCB traces

@ 40/ 160 / 320 MHz

Front-end
On detector
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lesting methodology

Two Independent test-benches have been used to perform the tests
presented In this talk:

CEA PCD test stand (Lecroy SDA 820Z1-B scope - 20 GHz),

CERN HPTD test stand (Keysight DSA9 1204 scope -12 GHz, Keysight
SSA-ES052B spectrum analyzer).

In order to evaluate each component on the path, we Increase the test-
setup complexity starting from the clock generator.

Jitter 1s evaluated using a very high-speed oscilloscope, M samples are
collected to obtain Time Interval Error (TIE) jitter.

The channel to channel jitter is evaluated using a secondary channel as
the reference clock input to the scope.

Our analysis software:

https://grithub.com/osahin/|itter-analyzer
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https://github.com/osahin/jitter-analyzer

Total |itter: dual-dirac-delta method

O1 O2

Total jitter has two different types of components:
Random |itter (R]) - can be modelled by a Gaussian,

Deterministic jitter (DJ) - bounded over time.

A naive but useful model can be obtained by convoluting a Gaussian and two dirac-
delta functions (Dual-dirac-delta model).

We quote the RMS of this naive model as figure of merit to have a simple
understanding of the overall jitter.

CMS, . ,
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What to expect?

Back-end tests
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UTCA clock distribution
Our test setup Is similar to the current yTCA
clock distribution system of the CMS

detector: S B
One of two central boards (AMCI 3- """ ''''''''''' - § oo
XG) is distributing the LHC clock B Y I
through backplane of the YTCA crate E S W

(The Phase Il systems will use ATCA NS
crates).

The input clock 1s 2xLHC clock freq,

the distributed clock is 40078 MHz. In the CMS topology one of the MCH slots

are occupied by the AMCI| 3(XG) board.

NAT MCH

*  Dual star - clock distribution topology
of CMS WTCA is similar to the future e @

ATCA clock distribution network.

In our tests, we used a custom AMC
(FC7) board to emulate the back-end
clock distribution node. This board e S
encodes the clock and through thevabATECHPSU semeeamses smmes smman soeas

optical links distribute it to front-end. VADATECH LTCA
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UTCA clock distribution

Clock generator

Jitter cleaner

Clock injector

CG635 BNC Sib344 SMA (electric->optic)
SMA 80.156
7018 e iz > uTCA Crate
SMA MM
40.078 » 80.156 D¢ ~
MHz MHz \
. ™ S
Oscilloscope AN =
Lecroy SMP - SMA AN ™
SDA 820Zi-B o7 N -
=
<

An 80 MHz (2xLHC clock) clean clock (decoded as Trigger-Timing (TTC) optical signal) is

used as an input to the yTCA crate (R} 3.6 ps, D] 7.9).

The backplane signals are probed using FC/ front-panel connector which includes a jitter
cleaner, CDCE62005 (PLL), in the clock distribution network.

The 40.078 MHz clock is used as a reference clock (~2.5 ps R)).
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UTCA clock distribution
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« An 80 MHz (2xLHC clock) clean clock (decoded as Trigger-Timing (T TC) optical signal) is
used as an input to the yTCA crate (R} 3.6 ps, D] 7.9).

- The backplane signals are probed using FC/ front-panel connector which includes a jitter
cleaner, CDCE62005 (PLL), in the clock distribution network.

* The40.078 MHz clock is used as a reference clock (~2.5 ps R)).

CMS
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Result: yTCA clock distribution

. . e R B R T N1 . .
—~ = 1 f %_ELEDXN ROY

244 5ns 1945 ns 1445 ns 945ns 445ns AL 555 ns 105.5 ns 155.5 ns 2055 ns 25

[t

T T T T T T T T 1
F( : 7 A100 ps ABO0 ps ABO ps A40 ps A20 ps A20 ps A40 ps ABO ps A80 ps A100 ps\

Measure P1:frea(C2) P2:frea(C3) P3:--- P4:--- P5:- - - P6:- - - P7:---- P8:--- P9:- - - P10:- - - P11:--- P12:- - -
value 40,0796 MHz  40.0769 MHz P |_ I_
mean 40.07800 MHz 40.07800 MHz
min 40.0555 MHz  40.0400 MHz .
max 40.0997 MHz ~ 40.1172 MHz S | 5 3 4 4
sdev 4.310 kHz 7.688 kHz
num 1.025984e+6  1.025984e+6
status v v
5 Timebase 0 ps||Trigger 3 1518
325 mV/div 75 mV/div 780 #/div} : 160 ps/divStop 555 mV
50.0 ns/div 50.0 ns/div 20.0 ps/div 128 MS 80 GS/s|Edge Positive
977.952 k#
SDA Jitter Ti(1e-12.0) Ri(sp) Di(sp) DCD BitRate
Lane1 108.10 ps 5.61ps 28.15 ps 0fs 40.0780 Mbit/s

FC7 (output clk) wrt Si5344 (input clk)
RJ 5.6 ps

DJ 28.2 ps
RMS 15.1 ps

A non negligible D] component is observed in the uTCA clock distribution network even
after the FC/'s PLL.
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What to expect?

Front-end tests
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GBTx tests: single channel single BE

HDMI-SMA
HDMI SMA - BNC
40.078(
iz Spectrum
BNC Back-end Front-end Analyzer
Sua Off detector On detector SSA - ES052B
MHz

Clock
source

The GBTx chip (a rad-hard high-speed communication ASIC widely used in LHC
experiments) is tested using dedicated VLDB test board.

For the front-end tests we did not use any crate and only employ a test-bench evaluation
board (Xilinx KCU105) which send a clean encoded clock signal to front-end modules.

The KCUI05 boards sending encoded frames to the VLDB board. The clock source s
CG635 (at 120.234 MHz).

15
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GBTx tests: single channel
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*  The spectrum plot shows the noise in frequency

» Over | Hzto 10 MHz spectrum, 9 ps random jitter Is observed,

*  between 100 Hz to 10 MHz 5.2 ps.
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GBTx tests: single channel
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GBTx tests: two channels two BEs

4 A
SFP+ MM
SMA =
150 934 Xilinx (?(')V'n?) HDMI-SMA
MHz KCU105 48
Gbps HDMI SMA - BNC
( ) f K 40.078 [ A
\ J MHz
Clock generator Jitter cleaner Oscilloscope
CG635 BNC Sib344 PLL DSA91204
SMA (™ ™)
\ J 40.078 J \ J/
Mz a SIS MM SMA - BNC
150,934 Xilinx OM3
MHz KCU105 (om MDMI-SMA
Gops HDMI
- _J 40.078

MHz

In order to understand the effect of two independent back-end boards, two
Xilinx KCU 105 boards sending GBT frames to the VLDB board are employed.
The 40.078 MHz CG635 clock source is fed to the 515344 eval board.
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Result: GBTx tests

Measurement RJ |ps] o [ps] DJ[ps] o [ps]
Single channel - two e-links 7.8 £0.1 5.6 £ 4.3
Two channels - single BE 8.7 0.1 24.2 =+ 2.1
Two channels - two BEs 13.7 +£0.1 127 +14

The measurements are obtained using the DSA9 1204 oscilloscope. For the
given measurements, the modules are evaluated on the bench, without any
back-end crate (eg uTCA).

The RMS of the two channel measurement (assuming dual-dirac-model) 2.4
ps indicating that with a low jitter input clock, GBTx is capable of delivering

low Jitter clock to on detector modules.

The measurements (particularly DJ) are extremely sensitive to passive

components (eg connectors and cables) and installation of t

A monitoring system Is necessary to ensure proper insta

Nese Components.

lation of 0000

channels and maintenance over more than a few years of operation.
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Simulating the front-end clock distribution jitter

O
]
+k

q

| | | | | | | | | | | I | |
Sensor 30ps + PCD(10ps RJ + Ops DJ

[ [ 1T
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s + PCD(10ps RJ + 20ps D
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. l l | l l l l l l Lo = I
24850 24900 24950 25000 25050

O I FJ‘ | I I I

t[ps]
Sensor = 30 ps, R| = 10 ps,and D) = 20 ps,

Without DJ: Sigma 31.60 ps
With DJ: Sigma 33.08 ps (Gaussian fit)
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What to expect?

Full chain test
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UTCA: two crates two central PLLs

HDMI
Jitter cleaner | mm MG el o7
Si5344 OM3 >
on R
SMA MHZ 5 ......
S| Back [ ]/] SMA - BNC
Clk Inj O T pane | 2 , *
.078
Clock SI\I\/IKA:\ . MHZ e ) gm Oscilloscope
generator | 2%cs (10 m) Lecroy
CG635 MHz O ( Back ™) ) G4b8s 820zi-b
Clk Inj plane | Q i \ J
MDA 50| 2 N SMA - BNC
SMA OM3 ;EOQQMHQZQ -
égOQ% O ® HDMI-SMA
Jitter cleaner MHz
Si5344 uTCA crate
\_ W,

e-link wrt e-link
RJ 11.5 ps

DJ 50.7 ps
RMS 27.8 ps

~3ps R] increase and ~30ps D] increase are observed with respect to the simpler BE
clock distribution (see GBTx tests).
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Simulating the clock distribution jitter

Clock with jitter
x10°
200 — histClock
| Entries 4.0078e+07
180 — S1d Dev 093
| Underflow 0
— Constant  1.951e+05 = 3.632e+01
160 — Mean 2.495e+04 = 0.0
— Sigma 40.67 = 0.00
140 —
120—
100 —
80—
60—
40—
20 —
:I | | | | I I | | | | I | | | | I | | | | I | | | | I 1 I | | | | I
%4750 24800 24850 24900 24950 25000 25050 25100 251 59
t [PS

The simulation of 30 ps RMS (sensor) convoluted with 11.5 ps R] and 50.7 ps
D] assuming the dual-dirac jitter model. RMS of the resulting distribution is

40.9 ps.

D] becomes significant; it Is important to keep (if possible to minimalize) the
deterministic jitter under control.
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What to expect?

Outlook and conclusion
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Outlook

.The ATCA crate tests will be performed:

Awaiting for the ATCA components: we will start with the
Imperial College Serenity HGCAL-DAQ board.

We are in contact with other Phase Il hardware designers
as well.

- Variations In the deterministic jitter indicate that a
monitoring system Is necessary. This may have an impact
on the board design.

- Moreover, we are Investigating industry based solutions
(e.e. Greenfield Technologies) for the “pure clock”
distribution (Type-Il).

*  We already received our first custom precise clock
and delay generator module from Greenfield

Technologies. The module is already being used for
the HGCAL HGROC-TDC and PLL measurements
effectively.

- We are also studying the specifications of a possible
new radiation-hard front-end clock distribution ASIC.
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ATCA clock distribution

Jitter cleaner

Sib344 SMA
80.156 Precision clock test daughter board
N . MHz g
SMA ; 80.156 MM
43”(_);85 MHz 80.156 r - m—
N
4 . 1 \
. N
Oscilloscope \\ N 2
Lecroy SMP - SMA \\ T| T =
SDA 820Zi-B 40.078,(\)/|rHr2uIt|pIes \ Q|0 c%‘
\ J \\
\_ v,
- DTH (CERN) — Clock and trigger distribution, and DAQ.
- Serenity (Imperial College) — DAQ leaf board. We will monitor the electrical clock

distribution using an SMA daughterboard (CEA-Irfu).

- Initially using the GBT-FPGA and GBTx we will test the encoded clock. GBTx is soon to be
replaced with IpGBT; enabling us to evaluate the Phase-Il FE clock distribution.
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Conclusion

In our tests, conceptually, we obtained encouraging results: indicating that with a well
thought and bullt back-end, and a precision clock-distribution aware FE, the system should
be capable of delivering ~10 ps RMS R] jitter with the current electronics in the encoded
system.

However, it requires a careful design and installation for both back-end and front-end
components. Deterministic jitter should be tested and monitored during the operation.

What would be the overall performance with next generation electronics (particularly
IpGBT)?

A huge amount of work ahead of us to make sure that we can achieve such a
performance with the Phase-ll detectors. A close collaboration between back-end and
front-end developers Is crucial.

A monitoring system is necessary and various options should be explored.

Our initial tests indicate that the cable length has a negligible impact on the jitter
performance.

We are investigating the temperature effects. Studies are ongoing particularly for the
|00m fibre.

Our short-term main goal is to obtain ATCA measurements including the ATCA DAQ
board evaluations
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BE tests: inventory

CEA PCD test-stand:
Stanford CG635 clock generator
Lecroy SDA 820Zi-B (20 GHz)
2 x Xilinx KCU 105 evaluation board _

Schroff and Vadatech uTCA crates
Schroff ATCA crate

MCHs, Power supplies
2 x AMCI3XG

2 x FC7, uTCA extender board
2 xVLDB (GBTx) and MMV TRx

Si5344 Evaluation board o
Finisar SM SFP+, Avago MM SFP+

Lecroy high-speed differential and optical
probes.

High quality shielded cables, converters.
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& tests: inventory

CERN HPTD test-stand:
Stanford CG635 clock generator

Keysight DSA9 1204 scope (12 GHz)

Keysight SSA-E5052B spectrum analyzer
2 x Xilinx KCU 105 evaluation board ( ;’:. J
2 xVLDB (GBTx) and MMVTRx — ¥
515344 Evaluation board =
Finisar SM SFP+, Avago MM SFP+
Keysight optical reference receiver

High quality shielded cables, converters.
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-60

Phase noise [dBc/Hz]

~140

-160

Jitter cleaner tests

Clock generator

CG635

\

BNC

SMA
40.078
MHz

Jitter cleaner
Si5344

SMA
120.234
7 MHz

Spectrum
Analyzer
SSA - ES052B

| 4

Si5344 out@ 120 MHz - loopBW-threshold 200 Hz

__ Si5344 out@ 120 MHz - loopBW-threshold 400 Hz __
B Si5344 out@120 MHz - loopBW-threshold 1 kHz ~— _
— Si5344 out@ 120 MHz - loopBW-threshold 4 kHz -
~  RMS:940ps i
L RMS: 6.55 ps _|
~ RMS: 6.88 ps |
—  RMS:6.71 ps —
I_ | | IIIIIII | | IIIIIII | | IIIIIII | | IIIIIII | | IIIIIII | | IIIIIII | | IIIIIII
1 10 10? 10° 10* 10° 10° 107

Offset freq. [HZ]
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UTCA clock input

Jitter cleaner
Clock generator (PLL)

CG635 BNC .
SMA
SMA Si5344 SMA

Clock injector
BU-CIk Inj

Oscilloscope

Lecroy
SDA 820Zi-B
CG635 CG+5i5344 CG+PLL+BU CIK Inj
RJ 2.5 ps RJ 3.0 ps RJ 3.6 ps
DJ 1.8 ps DJ 2.1 ps DJ 7.9 ps

- We generate the 80.156 MHz clock using CG635, and use S15344 to clean
the clock (also obtain a reference for measurements with oscilloscope).
The optical T TC clock signal iIs emulated using the clock injector module.

«  This clean optical clock is used as an input to the pTCA crate.
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uTCA: two crates two central PLLs

MM~ A

OM3 HDMI
(10 m) UTCA crate 10078
80.156 MHz
MHz _
Clk Inj O ™ Q HDMI-SMA
O ......
= | 22 [ o SMA - BNC
< | plane | = O ) .
40.078 | &
e MHZ N MM :
' ill
generator Jitter cleaner - Z OM3 Osclz_ecc)fgope
CE BNC Sib344 (12?) . y
SMA Gbps 820zi-b
80.156 \ |
MHz
SMA
40.078
MHz

e-link wrt Si5344
RJ 8.2 ps
DJ 32.7 ps
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UTCA: two crates single central PLL

MM~ )

OM3 HDMI
10m) uTCA crate 40.078
80.156 MHz
MHz
N~
Clk Inj O o & HDMI-SMA
O ......
S | Back | | / SMA - BNC
< plane 2 4 N
40.078 | WL
Clock e e | MM Osci
: scilloscope
generator Jitter cleaner N Z om3 P
CG635 | BNC | Si5344 - ~'s ooy
Back : 820zi-b
SMA Gbps
80.156 - %%r;z Q ¥ . )
MHz 5 51 ne | & j\' SMA - BNC
) 2 oooooo
Clk Inj < S
MM T HDMI-SMA
OM3
(1o m) obys
80.156 :
T uTCA crate ) Vil

e-link wrt e-link
RJ 11.6 ps

DJ 45.5 ps
RMS 25.5 ps
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U TCA Clock distribution

1432V 1432V
327 ' ' ' ' ' ' 27 ' ' ' '
| ]
-1368 3 —— e -1368 33
-269.5 ns 2195ns -169.5 ns 1195 ns 895ns 10kns & 305ns 805ns 1305 ns 180.5ns 2305ns -269 ns 219ns -169 ns 119 ns 69 ns Adns 4 31ns gtns 181ns 231ns
567 k# 539 k#
24312 231k
-510! H H -770! H 1 i
A100 ps ABO ps 260 ps A40ps A20 ps 420 ps A40ps AE0 ps 480 ps A100 ps® -6.172ns -6.132ns -6.092 ns -6.052ns -6.012ns -5572ns”
Measure P1:freqiC2)  P2:freq(C3) P3.--- P4:--- P5:--- P6:--- PT--- P8.--- P9.-- P10---- P11--- P12---  Measure P1:freq(C2)  P2:freq(C3) P3--- P4:--- P5.--- P6:--- PT--- P8.--- P9.-- P10---- P11--- P12:---
value 40.0785 MHz  40.0764 MHz value 40.0727 MHz ~ 40.0905 MHz
mean 40.07800 MHz 40.07800 MHz mean 40.07800 MHz 40.07800 MHz
min 40.0566 MHz ~ 40.0410 MHz min 40.0574 MHz ~ 40.0383 MHz
max 40.1018 MHz ~ 40.1143 MHz max 40.0999 MHz  40.1183 MHz
sdev 4348 kHz 7719 kHz sdev 4.334 kHz 7.685 kHz
num 1.090108e+6  1.090108e+6 num 1.154232e+6  1.154232e+6
v v
Timebase 0 ps [Tii 55 ey Timebase 0 ps [Tii 55 ey
350 mv/ 75 mV/d 350 mv/ 75 mV/d
50.0 ns/div. 50.0 ns/div 50.0 ns/div. 50.0 ns/div
SDA Jitter Tif1e.12.0) Rilsp)  Difsp) DCcD BitRate ‘ SDA Jitter Tif1e-12.0) " Ditso) DCcD BitRate ‘
Lane1 103.86 ps 535ps 27.50 ps 0fs 40.07380 Mbit/s Lane1 105.08 ps 552 ps 26.40 ps 0fs 40.0780 Mbit/s
a3 1432V
1432V : oY
127 20 ' ' .
-1368 33 b -13683 N . ] =3
-269.5 ns 2195ns -169.5 ns 1195 ns 6950 -1okns & 305ns 805ns 1305 ns 180.5ns 230505 -269.5ns -2195ns -168.5ns -1195ns 9508 1305ns 180.5ns 230.5ns
539 k# 539 k¢ T T T ;
231k i 231k
770 ; -770#
2100 ps A80 ps 260 ps 240 ps 220 ps 220 ps 240 ps 260 ps aﬁbps 2100 ps? A100 ps ABO ps 260 ps A40ps A20 ps A20 ps Ad40ps 460 ps 480 ps 4100 ps®
Measure PifreqiC2)  P2:freqlC3) P3... Pa- . P5.. o6 .- o7 o5 Py .. PiD--- Pil--- Pi2...  Measure P1:freqiC2) P2 frea(C3) P3-- Pa- - 5 - P6- - PT--- PB--- P9 - P10--- Pil--- Pi2---
value 40.0835 MHz  40.0748 MHz value 40.0856 MHz  40.0801 MHz
mean 40.07800 MHz ~ 40.07800 MHz mean 40.07800 MHz  40.07800 Mz
min 40.0558 MHz  40.0380 MHz min 40.0558 MHz ~ 40.0425 MHz
max 401011 MHz 40 1151 MHz max 40.1006 MHz ~ 40.1152 MHz
cdev 4351kHe  7.749 KHe sdev 4340kHz  T.752kHz
num 1.218356e+6  1.218356e+6 num 1.090108e+6  1.090108e+6
v stalus v v
Timebase 0 ps|[Tigger 10 2 — Timebase 0
350 mV/div mV/div! 350 mV/div: 75 mV/div
e I e B s 50 0ns/div]  50.0 ns/div Posilive
1.0391 M4 H
SDA Jitter Tifle.12.0) Rilsp) Di(sp) () BitRate ‘ SDA Jitier Tifle12.0 Ri(sp) beo BitRate
Lane1 108.03 ps 5.40 ps 31.06 ps 0fs 40.0730 Mbit/s Lane1 105.34 ps 552 ps 26.63 ps 0fs 40.0780 Mbit/s
" " "
° We have also investisated the effect of different slots:
Vv vestig .
' ' .
° Low variation both in R| (<0.2 ps) and D] (<4.5 ps
| ] | |
[

No visible correlation between the jitter and the distance to the central
module I1s observed.

CMS,
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X tests: two channels

=
3
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=
)
]
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Jitter/;lrc;i’ge
 Type| L

Composite Histogram (Rising Edge)
T1 *RJ, PJ «DDJ]

|
|

-

-140.0 ps -70.00 ps

:}:\ Results (Measure All Edges) _
Source Channel 1-3 Rirmsnarrow 1142 ps DDlJpp
RJ Method Spectral DI&& 2430 ps DCD
Data Rate 40.077945 MHz Transitions 12.624066 M ISIpp
Pattern Length PJrms 6.72 ps DDPWS
TJ(1E-12) 185.01 ps PJ58 2430 ps Clock Recovery Channel 2 -4

Edge Direction  Rising
Measurement TIE (Phase)

»  After optimizing 515344 PLL, we obtained 8.2 ps jitter (8.9 ps with the
spectrum analyzer in a range of | Hz - 10 MHz).
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GBTx tests summary

- https//github.com/osahin/[itter-analyzer

» The simulations are done assuming the Dual-Dirac model.

histClock
g'14000(— Entries 1000000
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100001~ 04— RJ=820ps —]
- : DI=18.60ps ]
8000 — 02 - ]
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4000|— 02 E
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2000— C N
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