Cost-Optimizing High-
Accuracy Precision Time

Protocol

Ulrich Langenbach
Missing Link Electronics




MLE - Experts for Domain-Specific Compute Architectures

Our Mission: From Software to Silicon!

e Deliver HW and SW for High-Performance
(Embedded) Compute Systems & Solutions

e Offering pre-validated subsystems with
FPGA IP blocks and open-source software

e Support customer projects with deep
expertise and hands-on design services
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Head-quartered in Silicon Valley with Design
Offices in Germany

e Founded 2010
e 20+ Certified FPGA Designers

e Customers include technology leaders,
US and European government agencies,
Fortune 500 companies

e Partnersto:

¥

Pel— —
b = Fraunhofer

IPMS
~ Fraunhofer

Heinrich-Hertz-Institut

\

= SLEME5E=

I I l-I_e 2026-03-26 - Automotive Ethernet Congress

<Nr.



TSN: From Determinism to Time Synchronisation

Time Sensitive Networking

Determinism Real-Time

Predictable, Timely Response, Synchronized !- : S,
Reépeatable Behavior Bounded Latency Precise Tining

Enabling Coherent Systems and Applications
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Not optimized Labcar (2020)

PPS stddev ?
PPS Range <110 ns
PPS Avg <30ns

Measurements ?
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Research Projects
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Refresher: Accuracy vs. Precision

Low accuracy Low accuracy
Low precision High precision

Reference value

Probability 4
density
-+ -
Accuracy
High accuracy High accuracy
Low precision High precision
< — *» Time
Precision
T
https://www.portaspecs.com/precision-and-accuracy/
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Time Synchronization Options

Wireless & Satellite

(Global Navigation
Satellite System)

Global coverage,
high accuracy,

- ()
N

(Long-wave Time
Signal)

Regional long-wave
radio, Central Europe,

3G/4G/5G
(Cellular Network)

Network time via
cellular infrastructure,

Network-Based

NTP
(Network Time
Protocol)

Widely used over the
Internet, moderate

\

(Precision Time
Protocol)

High precision for
local networks,

e.g., GPS, Galileo medium accuracy widespread, variable accuracy sub-microsecond
accuracy (milliseconds) accuracy, IEEE 1588
A J R i N ) - >
<+ Synchronization Flow & Accuracy Levels >
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Traditional PTP vs SyncE vs White Rabbit

e Traditional PTP

o All nodes have free-running oscillators

o Rate of slave clock is adjusted with timestamped packets => high low frequency jitter

o Timestamping precision is limited to a one clock cycle (typ. 8 ns for Gigabit Ethernet)

o No method for compensating link asymmetry => likely not relevant in Automotive (?)
e Synchronous Ethernet

o All network nodes use the same physical layer clock: Clock is encoded in the Ethernet

carrier and recovered by the PLL in the PHY
o PTPis used only for compensating clock offset
o We can use phase measurements instead of direct timestamping

e PTP-HA (White Rabbit, WR)

o Monitor phase of bounced-back clock continuously
o PLLin the slave follows the phase changes measured by the master
o Performance is equivalent to PTP with messages exchanged every 8 ns
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Introduction to PTP

Ordinary Clocks (OC) are single port devices in master or slave mode
Boundary Clocks (BC) are multiport devices with a single synchronized
local oscillator

e Transparent Clocks (TC) are multiport devices without a local oscillator,
but forward packets with adjusted timestamps. Not available for PTP-HA.

Ordinary clock
(master)

/

Boundary clock Residency | Transparent
time co\rrection clock

Ordinary clock Ordinary clock Ordinary clock
(slave) (slave) (slave)
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Traditional PTP and PTP-HA Two Step Handshake

Mast Si . .
ifisacals o Having values of t;...14, slave can:
: | @ calculate one-way link delay:

i (a—t)—(tz3—1)
Sa 5 —
ouowy, | ms ?

2 @ compute clock offset:
offset = tb — 1§ + Oms

t,e
— Dk . . :
(P gy @ syntonize its clock rate with the
vaneOf; e .
) master by tracking the value of
y v t2 _ t1
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h im mping h ?2Th
Where does Timestamping happen? The Layers
) ->»
| Preamble Header
Higher layers J |-
A
p ” 1
r'y f
. l .
v Message Timestamp point
MD W
s <
LLC
MS
Ingress A
timestamp __ — Madisdepsandan
measurement time-aware system
plane entities Egress
ST —_ timestamp
measurement
ingressLatency 188 plane
MAC egressLatency
PHY
————————————————— — Reference plane
HOCOCCKIIAXAXRAXXAX L XY XXXXX P OO XXX L XY XXXXX
Ingress event message Egress event message
Message timestamp point Message timestamp point
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White Rabbit

Layer 1 syntonisation
e All network devices use the same physical layer clock
e C(lockisencoded in the Ethernet carrier and recovered by the
receiver
e Phase detection allows sub-ns delay measurement

clock loopback

4

[~ W Receiver Transmitte W

;a System it Sl . Downlink1 node
D erne n o—

§ Timing link p ort = Receiver pam

- Master P o
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& 5) e Other nodes

2 Downlink N or switches

TransSmitl e i

—— . switch
. Cesium
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White Rabbit g

t
. PTP message exchange I :2
Link Delay Model t 3
4 =, = = =
e Implements PTP protocol for delay RTT=(t,— t;) — (t;— t,)
A 4
measurement : Sources of asymmetry: :
e Allows for compensation of known fixed delay ! Fiber !
! (single strand) i
1 |

components (Absolute Calibration)
e Allows for asymmetric link delay modeling

Mi=1490nm

Rx
SFP pmmd FPGA

FPGA pumd SFP

~
o

o Helps to gain the required accuracy ; Aot ==
o Asymmetry sources: FPGA, PCBs, H—’ W—JE
Dispersion (depending on optics), etc. i Link delay model: i
i fixed delays variable delays fixed delays i

t; ‘ Atx,, ‘, Oms \: AFXS‘*‘ESAi .

i . o N

bha Arxm+8M " Osm i AtxS ’ t3

See: WR Calibration [9]
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local PTP clock signal
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»slow up-down

\ MUX | | MUX |

Enmesrmnnnessnnoni ’ counter = correction 'f Main PLL
phase setpoint Up0

T link delay and offset
.| from Master measurement

e A helper clock is the local reference

e Reference (TX) and RX (recovered) clocks
are compared to local reference

e Phase is measured overall from one device
to another and also compensated for
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Wh ite Ra b b it Pipelined Wishbone

or—— —_
WR Endpoint o :
SFP GTP PHY (WR-enabled | »| Fabric —

Ethernet MAC) [ redirector [&————"
\ J rything

A = ——4 A " else
~ y PTP . .
ﬁ SOftPLL v < packets : g
A I : S
(Holscnllztorg ) $ Wishbone ¢ WR miniNIC | : .
elper & main ( ) interconnect (CPUDMAqueue)| = ¢t
S = ©
UART, VUART S . . o8
GPIO [] © T
NI O = %5
Y A 4 E %uo;
sskBRAM | i 5
generator CPU core = 0 d
e . = i =
- 8
g
@

[ GN4124 core (PCI-e):]

Gateware Block Diagram
e ARISC-V soft core implements the high-level control loop, CLI and monitoring, GNSS support,
etc.
e Peripherals can be used to tag or generate events with with very high precision
Additional clocks can also be tuned according to the synchronous network clock (AUX clocks)
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Original Target Users -
> I Requestresponse [ _4:1._

v
@ [ K}
.

911 ns 270 ns 665 ns

Matching engine X

t 6 @ts

Core matching

_______ N g .
MarketData (EOBI) ®‘

7

o~4

min max
mff030 0.650 ns 0.550 ns
naffo31 -0.900 ns 0.650 ns
naffo32 0.650 ns 0.500 ns
mtff033 0.650 ns 0.500 ns
naff034 -0.650 ns 0.500 ns
mff035 0.800 ns 0.550 ns
maff036 0.650 ns 0.500 ns
naffo37 -0.550 ns 0.500 ns
maff040 0.550 ns 0.450 ns
naffo41 0.500 ns 0.700 ns
mff042 -0.550 ns 0350 ns
maff043 -0.600 ns 0.600 ns
maff04d 0.500 ns 0.500 ns

-0.550 ns 0.650 ns

-0 600 ns 0600 ne

0.5ns
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Currently Available Devices (a lot of are OHWR)
{ > WR Switch ,
-, / -ﬂ!"" ﬂ!ﬂ!!!!'!l!!!! ..... Sync Tech China '.'.

Seven Sol, Spain

Creotech, Poland
Simple PCIe FMC Compact Universal
carrier (SPEC) Timing Endpoint “..® =
Creotech, Poland (Cute-WR-DP) 1 ;
INCAA, Netherlands SvncTech. China K g i
Seven Solutions, Spain y ’ i

|
’
B
’
:

ASimple VME
"FMC carrier

{ (SVEC) |
| Janz Tec AG, | e :

GPS Disciplined &
Oscillator PXI
module

Seven Solutions, Spain

Sundance,

ZEN TP-32 BNC UK

Seven Solutions, Spain

Struck, Germany |

} SP Devices, Sweden
|
|
|
’
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‘ PPS stddev
PPS Range
PPS mean

Measurements
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Ak

Benefits of coherent RADAR in ADAS

For reference only! Coherent Systems & i \T
Not sync'ed via WR PoC-Sideways Car [ aetet A

yinm Single Sensor 5x Non-Coherent 5x Coherent
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Coherent estimation shows high accuracy (fence reflexes) and lateral extension of car with multiple reflexes.

EUMW 2024 — WS-Th-02 , September 26th BOSCH 17
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Typical WR Clock Architecture

local PTP clock signal

:%b:ﬁﬁél foer Mb2] Vdg& —
I fii,iffﬂg,z”/(a+2“) [Mhz]m‘_ @1
[ “Software in embadded CPU inside FPGA
Pl controller
e Two VCOs outside the FPGA tuned by (SP! Helper PLL
controlled) DACs PI controller
Helper clock connected to FPGA fabric clock pin TR

Main clock (aka transceiver reference clock)
connected to FPGA fabric clock pin and transceiver
reference clock pin via clock fanout buffer
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Light Rabbit Clock Architecture (FPGA only)

e leveraging AMD ZCU102 MPSoC

Reference
124.975605 MHz
T

GTH Transceiver QPLLs
Requires multiple GTH Quads
Requires external fixed GTH
reference clock slightly below 125
MHz

e Frequency is adjusted using the
QPLL “SDM" feature

FPGA

¥

Transceivers

Main PLL

¥

DDMTD

Firmware

Transceivers

Pl Controller

Main PLL A‘

Helper PLL

Pl Controller

Main PLL
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Light Rabbit on AMD ZCU102

.zp%

Uncalibrated Device

PPS stddev
PPS Range <170 ps
PPS mean <1.4ns

Measurements 7304
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Overview and Results

1 GbE gPTP PTPv2 HA (LR) PTPv2 HA (WR)
Communication Asynchronous Synchronous Synchronous
Precision <110 ns <170 ps <130 ps
Calibration N/A Partially Achieved Done

Let’s collaborate and further explore the opportunities, raise the TRL and

solve open problems!

Some of the Problems:

Timing loops, Transition between masters, System Integration via PCle PTM, ... E
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