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What Is Single Pair Ethernet?

From 2 pair 100 Mbps  To 4 pair 1000 Mbps To 1 pair 10 — 100 - 1000 Mbps
(e.g. PROFINET) (1 Gbps, difficult confection) ‘-
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Single Pair Ethernet (SPE) provides full duplex transmission (and powe;r :
delivery) over a single balanced twisted wire pair
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What Is Single Pair Ethernet?

« SPE affects|only the physical layer

 Just like optical fiber, WiFi...

« Layers 2-7 remain unchanged

802.3 Standard Ethernet

Application

P —
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]
1
fi

Presentation

Session

Transport

* Physical structure
» Coax, Fiber, Wireless, Hubs, Repeaters

* End User layer
* HTTP, FTP, IRC, SSH, DNS

* Syntax layer
® SSL, SSH, IMAP, FTP, MPEG, JPEG

* Synch & send to port
* API’s, Sockets, WinSock

* End-to-end connections
* TCP, UDP

* Packets
¢ |P, ICMP, IPSec, IGMP

* Frames
» Ethernet, PPP, Switch, Bridge

SPE Specific
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Advantages of Single Pair Ethernet

« Smaller connector + reduced footprint
SPE (10BASE-T1L) PCB

Lighter, more compact, cheaper and simpler cabling

Simpler field assembly of connectors

Power + data over 1 wire pair
High bandwidth — up to 1000 Mbps

Low bandwidth (10 Mbps) over 1000 m
« With optional intrinsic safety
* With optional re-use of existing fieldbus cabling
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—» Implemented in different standards!
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What Is Single Pair Ethernet?

_AQ) Balanced (or differential) signals:
B(+ i
¢) Signal 1 - Unbalanced = referred to the
A(-) same common ground
B(+) Signal 2 « Balanced/differential: e.g.
RS485, Ethernet
) . « Refer to “The Ethernet physical layer
B(+) Signal 3 TVAB revisited” and “Assuring Cabling
Infrastructure Readiness - Advanced cable
testing for standard and Single Pair Ethernet”
and “EMC - Introduction and industrial use
cases”
[ B-A :
JI o . | Twisted:
0 IIIIIIIIIIIIIIIIIIIIIIIWHIHIHI 2 I 4 <> EMI (reducesradiationfrom
! 1 the pair, improves rejection of
5 ° ° AT A external EMI, reduces crosstalk
1 . . .
s\ S between neighboring pairs)
, | [ \[]
: \ ! —
1 I . _
0 A ff/m S —




What Is Single Pair Ethernet?

Reduction of inductive coupling Balanced (or differential) signals:

 Unbalanced = referred to the
same common ground

Without twisted pair: « Balanced/differential: e.qg.
Magnetic field induces a current RS485. Ethernet

= The two currents strengthen each other

=171 71~

. » Refer to “The Ethernet physical layer
Stralght cable revisited” and “Assuring Cabling
Infrastructure Readiness - Advanced cable
1 ‘-_T "T # Twisted pair: testif‘\g for standard a_nd Singl_e Pair Ethernet”
Magnetic field induces a current 22265MC - Introduction and industrial use
-.'I *I -hl -"I —> Currents from 2 loops neutralise each
Twisted pair cable other Twisted:
—p Magnetic field ¢« <> EM_I (_reduces rad_lathn from
--=p |nduced noise current the pair, improves rejection of

external EMI, reduces crosstalk
between neighboring pairs)
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What Is Single Pair Ethernet?

M 4.00ms
'rrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrr

BN N NN NSO N S U ——— ————— — FU”dUpleX:
« TX/RX possible at the same

Zo:onlegct:or_:4:0k:x: : _Zqoml?os:ition::—:szfzgs_ . e tlme

_ _ _ : ; ; ; ; » Your PROFINET cable has 4
PREAMBFE | - SFD_ H -I'\-:’IAC Destina_tion Addr: 09:0E:8C:FD:3_9:B? ]{28:63:36...__ WireS, 2 Wire pairs: TX and

i i i : i i i i 3 RX are nicely separated!
Measurement on 65 m PN
cable, voltage signals on TX
and RX at switch and 10-
Device sides:

« Always signals on both wire
pairs! (Unlike e.g. RS232c or
RS485)

« Attenuation of the voltage levels:
at one end, and only 65 m

Refer to “The Ethernet physical layer
revisited”

(@ 500mvE. @ s00mvDS &) s00mv ). @ 500mv IS J[Z100ns
§-+v0.00000 s

T (3500MS/s || Aux F  15.0V
20M points
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What Is Single Pair Ethernet?

Ch1 - TX at switch side

X 0.0185842

Y 0.946094
| | | | | | | i
0.0185838 0.018584 0.0185842 0.0185844 0.0185846 0.0185848 0.018585
Ch4 - RX at |0-Device side
[ [
X 0.0185845
Y 0.242266 n
| | | | | | | 1
0.0185838 0.018584 0.0185842 0.0185844 0.0185846 0.0185848 0.018585
time [s]
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Full duplex:
« TX/RX possible at the same

time
Your PROFINET cable has 4

wires, 2 wire pairs: TX and RX
are nicely separated!

Measurement on 65 m PN
cable, voltage signals at switch
and 10-Device sides:

« Always signals on both wire pairs!
(Unlike e.g. RS232c or RS485)

« Attenuation of the voltage
levels: at one end, and only 65 m

Refer to “The Ethernet physical layer
revisited”




What Is Single Pair Ethernet?

 Single Pair Ethernet (SPE) provides full duplex
transmission (and power delivery) over a single
balanced twisted wire pair

Over one wire pair ???

* Interpretation - Challenges: “ |
e Superposition of signals as these are always present

« Balanced ‘ ; :

_ « Large one from the “near end” superimposes on the
* Twisted small one coming from the “far end”
* Full duplex « Some types of SPE cable are a 1000 m long ... up to

60 dB less signal (depending on the frequency)

: » We see on both sides reflections (“echo”) because of
« Signals : i
small changes in characteristic impedance along the
e Power way (passive connections, different cable types, ageing
and weair, ...)

* We pick up disturbances along the way
 And ... PoE requires 4 wires ...

oo I

« Over one wire pair?




Background: reflection — RS485 example

Open line (r,> z,)

Tek Single Seq 100MS/s

"""" Cﬁ1'206§1i:"'f.OX’V§ft'"i.bX'Hbfz‘"“'"""'
SRS LS [N TS SNIOTE I NP Reflection coefficient
------------ ! TR R T * The way how a signal will be reflected can be calculated
- by the reflection coefficient:
ST R - § I SV = ZL="%
mE »»»»»» o 2 a Z,+ Zs o
...... ...... ° FOI’ShOI’tCIrCUItedhneS
T S : A reflection coefficient of -1 = total and negative reflection
@i 2.00V M 500ns ChiJ/ 568V _ 00-1500 _ 1
UL TR T PO T F= Corson -

* For open lines:
A reflection coefficient of +1 = total and positive reflection

o 1—150 Q
= 20-1508

© 0+150Q
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SPE Standards in short

10BASE-T1S Automotive
« Half duplex, point-to-point or multidrop, 25 m

10BASE-T1L
 Full duplex, 1000 m, power, intrinsic safety

100BASE-T1
 Full duplex, power, 40 m

1000BASE-T1 | Industrial
 Full duplex, power, 40 m
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SPE Standards - Properties
| [ioBASETIS  [10BASETIL  |I00BASETL __ [1000BASETL

Standard 802.3cg-2019 802.3cg-2019 ISO/IEC/IEEE 8802- ISO/IEC/IEEE 8802-
3:2017/Amd 1-2017 3:2017/Amd 4-2017

Duplex type Half duplex Full duplex Full duplex Full duplex

Max. unshielded 15 (point-to-point) / 15 15

cable length (m) 25 (multidrop)

Max. shielded cable 15 (point-to-point) 1000 40 40

length (m) 25 (multidrop)

Max peak-to-peak 1 1,2.4 2.2 1.3

voltage level of
transceiver (V)

PoDL Point-to-point: Yes Yes Yes Yes
Multidrop: in progress
Extra features Multidrop Ethernet-APL with

intrinsic safety for
process industry
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SPE: full duplex over one single twisted wire pair

« SPE affects only the physical layer
 Just like optical fiber, WiFi...

« Layers 2-7 remain unchanged

« PHY interfaces with data link “MAC” layer using the
standardized Media Independent Interface (MIl) =>
also here reuse of (part of) the existing electronic design

~__— Standard IEEE802.3 MAC —

Single Balanced Twisted Pair

ey

Full duplex PHY |« »  Full duplex PHY
SPE Link Segment

CINI4.0 Conference Day 16/06/2022- Single Pair Ethernet



SPE: full duplex over one single twisted wire pair
Interfacing SPE PHY with standard 802.3 MAC

oSl ETHERNET

REFERENCE LAYERS Media Independent Interface (Mll)
MODEL . .
8023 Standard  LAYERS HIGHER LAYERS . S_tandardlzed connection between MAC and
Ethernet different PHYs
APPLICATION R OTHER MAG ciENT « Standard 100 Mbit/s MII
PRESENTATION MAC (MEDIA ACCESS CONTROL_) — transmits 4 bit nibbles at 25 MHz
SESSION | RECONCIL'IATiON|
TRANSPORT
NETWORK Physical Coding Sublayer (PCS)
P and Physical Medium Attachment (PMA)
— » « Converts data received from MAC to the
suitable physical signal
SPE Specific * Places physical on MDI

MDI = MEDIUM DEPENDENT INTERFACE  PCS = PHYSICAL CODING SUBLAYER )
MIl = MEDIA INDEPENDENT INTERFACE  PMA = PHYSICAL MEDIUM ATTACHMENT Media Dependent Interface (MDI)

. - - N PHY = PHYSICAL LAYER DEVICE e Phyvsical interface
Physical instantiation of Mll is optional. PMD = PHYSICAL MEDIUM DEPENDENT y _
= connectors + cabling
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SPE: full duplex over one single twisted wire pair

b) Subtraction hybrid

Transmit ’m 2

« Both transmitters send simultaneously — signals
are superimposed on cable

o

\J
-
-

Channel

e

>

« PHY must separate transmitted and received
signal — hybrid circuit

Master PHY

Transmitter -

I n
DOC Hybrid - - Transmitter

Master Signal
—_—

—_—
Superimposed Signal
—_—

Receiver

g Receiver
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SPE: full duplex over one single twisted wire pair

« But... impedance mismatches exist — part of transmitted signal reflected: “echo”

« Echo can not be interpreted as a received signal from partner PHY
— Removed by Echo Canceller (signals drawn only on Master side)

Reflected transmitter

Master PHY signal = echo Slave PHY

————————————————————————————————

—

Master Signal
” — Echo

|

|

|

|

|

|

|

|

|

I Slave Signal
| el Canceler
|

|

|

|

|

|

|

1

Canceler

Superimposed signal
—_—
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SPE: full duplex over one single twisted wire pair
 How do 100BASE-T1 signals look like? NI

1

CINI4.O
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SPE: full duplex over one single twisted wire pair

« Surprise: it's nothing new ...

* Your 1 Gbps Ethernet uses ... SPE signaling

Use all four pairs with full-duplex transmission on 1000BASE-T uses DSP-based adaptive filtering to
each pair. (Requires hybrid.) cancel the effects of echo, crosstalk and noise
% % o % <J T}‘- : E Insertlon _Loss(f) E e %_
%f = O W ; 4| % | Pair 1
R e o] 4‘% Biagtes
< : — ] Id r ) Tt 2T P
4@ W C e S i - \-"' - % | air
L e T I e E‘a ﬂ‘{‘a >
— 5 B EIGP
4—@{ W l%(t:“__ g‘ >§ Pair 3
. = :>—| = = T }4— - i W
=< =< ‘J O | — —
| D — n . - e TP
«rel 1 S W | 3 1 > i [ raira

%ﬂ
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The Ethernet Frame

« Ethernet frame remains the same, except preamble and Inter Frame Gap (IFG)
« Start- and end-of-stream delimiter added (SSD and ESD)

Also in e.g. PRP redundancy and “in the wireless phase” in WiFi you get a header/trailer: invisible for end user

Ethernet Il frame

Header
# bytes 7 1 6 6 2 46-1500 4 12
Destination Source Length/
Fililat SFD address address Ethertype bata FCS IRS
\ ) Byte: 0 6 12 14 60-1518 \ J
Start-of-Stream Delimiter (SSD) End-of-Stream Delimiter (ESD)
* Replaces first x bits of preamble * Replaces first y bits of IFG
* 10BASE-T1L: 16 bits « 10BASE-T1L: 16 bits
* 100BASE-T1: 9 bits « 100BASE-T1: 9 bits
* 1000BASE-T1: 9 bits « 1000BASE-T1: 9 bits
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100BASE-T1 Signal Encoding

 Different standards = different physical signals
« But... they share common encoding principles (except 10BASE-T1S)

Example: 100BASE-T1

D 4B/3B-coding
D Scrambling
> 3B/2T-coding

) PAM3

cable

Sort data stream in blocks of
specific bit length

3B/4B-coding

Randomize data stream — Descrambling

2-level to 3-level signal —_— 2T/3B-coding

3-level Pulse Amplitude Modulation —_— PAM3

>
>
>
>

Physical signal
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100BASE-T1 and 1000BASE-T1

100BASE-T1 TA,,TB,
I TXD tx_data Sd, ternary Data |
[ 4-bits 3-bits Sid 3-bits Symbol pairs VVECIGERA stream |
— | 4b/3b strleaer-n mapping to pairs to 1 U
e Conversion Scrambler ternary single data <
l 25 33.33 33.33 values 66.66 stream 66.66 1 I>
I MBd MBd MBd MBd MBd |
1000BASE-T1 TA,,TB,
I TXD tx_data Sd, ternary Data |
1 8 bits 3 - bits Sig 3-bits Symbol pairs Mux ternary stream |
= [ <oniod 4b/3b strleaer-n mapping to pairs to 1 U
| Conversion Scrambler ternary single data <
(D : 81824050=¥5%Le5bits 2;%088%/255}9'8 Values 750 MBd Stream 750 MBd : >

| +9 OAM + 396 FEC
| 4050 Bits = 1 RS Frame

750 MBd = 1.125 GBd raw before FEC, encoding and OAM
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100BASE-T1 PCS

PHY control Recovered Output maybe ordered
oA /
conﬁg clock P ABABA... or BABAB...
662 MBaud ¥
—“ oA Cable polarity rx_symb_vector RARA L
PMA changer _| | | | I Symbol ppD|100|i ... 1 Poo |DDD
BI_DA- receive (optional for DDDDDD]000000] 11 .. 111110000] DDDDDDID swap 4mm [RB1 RB; | DDD| 100/ .... 111 poo|DDD
_" slave) .data SSD IFG ESD  data.. @
< 2D-PAM3
scr_status 33% MHz
5d_[0]
! Sx,[1]
by Y RA RA; RA, ...
LSER Data scrambler _ @ @T _ RA f@ \
®[ )14 x5 Scr [32:0] and symbol sign| Sv,[2: Scrambler bit 5Cn[2=01 od,(2:01] = mf}m?tgbit . ¢
Bubx)="¥ X X scrambler word generator, v ; __RE, RB.RB, ..
8s(x)=1+x"+x generator 33% MHz 33%MHz|  mapping |
13 - Data /2D-PAM3
3 k
—— Y descrambler 33% MH:z -
remove
RxD _[3:0] @ rx_data_[2:0]
P ) ESD/IDLE
25MHz | 3BABdata . | 333 mu:
Ml conversion (bit /
reformatter) i m dv
RX_DV and _Vn3
| — aligner r)(_d\l"n
RX_ER
r¥_error,
k—j H_A_/‘
Ilink_status 4 receiving 4 config loc_rcvr_status tx_mode, rcv_max_timer

Figure 4.29 Example for elements of a I00BASE-T[/OABR PCS receiver.
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100BASE-T1 — 4bit/3bit Encoding

« Data stream from MAC layer — 4-bit nibbles at 25 MHz
« Convert to 3-bit blocks at 33,3 MHz

MAC

M|

4 bits at 25 MHz

\ 4

2

: 3B/4B-coding ‘

Physical signal

D Descrambling

D 2T/3B-coding

: PAM3
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1

27

2 2

0OBASE-T1 Scrambling T

: 3B/2T-codi -codi
Data stream scrambled using a pseudo-random code o coding D 2msB-cocing
. . PAM3
Prevent loss of synchronization between PHY's > D e
. cable
Spread transmit power over frequency band Physical signal

Reduces DC portion of signal _
Scrambler function

Reduces eIeCtromagnetIC Interference Data scrambler and symbol sign scrambler word generator

+D Sx,[1]
D >

Reduces radiated emissions P D i

Ssr,

15
I
T
P
;
I
;
I
o

Sy 1]

y
y

Scr,
0 1 2 3 4 5 6 7 12 13 19 20 32
Sy, (0]

LFSR Side Stream Scrambler

1
]
¥
4
¥
]
¥
¥
{
]
}
i
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. _ B 1
100BASE-T1 — 3bit/2ternary encoding ; g
p 3B/2T-coding D 2T/3B-coding |
D PAM3 D PAM3

« Ternary = 3-level value (-1, O, 1)

 3-bit blocks coded into 2 ternaries — 9 possibilities

cable
« Coding table dependent on PHY status Physical signal
Table 96—2—Data symbols when tx_mode=SEND_N
S0l T B Encoding example

000 -1 -1
001 -1 0 3B 001 100 111
- : 2T -1,0 0,1 1,1
011 0 -1

Used for SSD/ESD 0 0
100 0 1
101 1 -1
110 1 0
111 1 1

Tl : 100BASE-T1 Ethernet: the evolution of automotive networking
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PAM3-Modulation

» 3-level Pulse Amplitude Modulation (PAM3)
« 3 amplitude levels (Ternary) — -1, 0, 1

« Transmitted at 66,6 MHz, 1 ternary every 15 ns

 Full duplex transmission — 2 PAM3 signals superimposed on cable

Zoom Factor: SkX_____ Zoom Position: 0.00s e e e
5 é 5 5 5 o T S R S N orated cinnal
..... S S o . Superlmposed5|gna|* F Separate;d Slgnal ]

(@ s00mv S

[»vo.ooooo s

20M points
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*Measurement methods discussed during demo



PAM3-Modulation

Superimposed signal*

Zoom Factor: BkX _Zoom Position: —0.00s

ol
PN

7(Z 100ns 2.50G5/5 N 760mv
W+0.00000 s 20M points

(@ 500mv DS

*Measurement methods discussed during demo  CINI4.0 Conference Day 16/06/2022- Single Pair Ethernet

Separated signal*

1.6ms/div 2.5GS/s 400.0ps/pt
Preview Single Seq l

None Normal

@ 30.0mVidiv 5002 Byp:500M
aGO.ﬂmV 80.0ns  -405.2ns394.8ns




PAM3-Modulation

100BASE-T1 has a reduced frequency content compared to 100BASE-TX

°
100BASE-TX 100BASE-T1
: : : T € 66.50MHz —-74.55 dB ' : : :
o T ® 125.0MHz -94.92dB |- @ 66.50MHz ~92.29 dB
: AS8.53MHz  A20.38dR | I A | ©® 125.0MHz -102.3d8 | |
) d/dt -348.1hdB/H: : . : : ASSdfgtl\"lHZ _]A?:Oéggéj/BH_
. _ _ _ _ | m : b

i I o b Yo oG o e PRI P T 0 R b A Rt

(gl \-I‘M-_r 1T ] e

40

'y
IIHW Cop e "1I|M

' .].2(.)01.15. ' S00MS/s ~  760mv
) 1M points

(L@ 20.0 dB 25.0MHz %[200“5 ][?f(\]ﬂugﬂgi’;‘lsts ][ v zg.oom:e% 25.0MHz
CINI4.O | S
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=1 2
; 4B/3B-coding : 3B/4B-coding
1 OO BAS E _T 1 S u m m a.ry ; Scrambling : Descrambling

D 3B/2T-coding D 2T/3B-coding
; PAM3 : PAM3
cable

Physical signal

4BData | 0101 1000 1111 1001 1010 0011 Ml

) 4B/3B Encoding
Scrambling SBPat | 010 [ 110 [ 001 | 111 | 100 | 110 | 100 | 011 |
’ «<—— 3B/2T Encoding
2T A1 | 1401|0410 |14]|10] 01
+V , | |
I | |
| l I v
PAM3 0V : | | i VD! |
| | | i <— PAMB3-Modulation
] | I |

o L,

66.66 33.33
Msps MHz
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. o a2
10BASE-T1L Encoding S scanoine AN S vescamin

: Disparity Handling D Disparity Handling

D 4B3T-coding
* 2 Amplitude options: 1 V,;and 2.4 V S pavs

 Max cable length: 1000 m cable

10BASE-T1L Physical signal

* Encoding systems
« Scrambling, Disparity handling, 4B3T, PAM3

/

« Disparity = difference between transmitted “+1” and “-1” symbols

 Disparity handling
* Goal — Achieve DC-free PAM3 transmission = DC-free 4B3T coding
« How — Change 4B3T coding table based on disparity

10BASE-T1L Clause 164 Rev. D CINI4.0 Conference Day 16/06/2022- Single Pair Ethernet AL m KU LEUVEN



10BASE-T1L Disparity handling

Default
° Default d|Spar|ty — 2 Sdn[3:0] | Disparity=1 Disparity = 2 /f Disparity = 3 Disparity = 4
Ternary | Disparity | Ternary Disparity | Ternary Disparity | Ternary Disparity
Triplet | Change | Triplet Change | Triplet Change | Triplet Change

¢ Eg data Stream 0000 +0+ 2 0-0 -1 0-0 -1 0-0 -1
0011 1001 1100 0001 0-+ 0 0-+ 0 0-+ 0 0-+ 0
0010 +-0 0 +-0 0 +-0 0 +-0 0
/ \ —| 0011 00+ 1 00+ 1 00+ 1 -0 -2

. . Disparity -1 0100 -+0 0 -+0 0 -+0 0 -+0 0
Disparity +1 7 0101 | O++ 2 -00 1 00 1 -00 1
Disparity +1 0110 —++ 1 —++ 1 —+ -1 —+ -1

. 0111 -0+ 0 -0+ 0 -0+ -0+ 0
¢ 4BBT COdIng 1000 +00 1 +00 1 +00 1 0-- -2
00+ +-+ -+- 1001 | ++ 1 ++ 1 +-+ 1 -3
1010 +4+- 1 ++- 1 +-- -1 +-- -1

Resulting disparity = 3 1011 | +0- 0 +0- 0 +0- 0 +0- 0
—| 1100 +++ 3 -+- -1 -+- -1 -+- -1
1101 0+0 1 0+0 1 0+0 1 -0- -2

1110 0+- 0 0+- 0+- 0+- 0
1111 ++0 2 00- -1 00- -1 00- -1

4B3T Coding based on disparity

1OBASE_T1L Clause 164 ReV. D CINI4.0 Conference Day 16/06/2022- Single Pair Ethernet S m KU LEUVEN



10BASE-T1L Scrambler

guy(x) =1+ x13 4 x33
gs(x) = 1+ x40 4 %33

Side-stream scrambler employed by the MASTER PHY

Scr,[0] Scr,[1] Scr,[1 2] Scr,[13] Scr,[31] Scr,[32]

I—»T > T - — —{ T ZT—»-—»T —PT—‘
L/

Side-stream scrambler employed by the SLAVE PHY

Scr,[0] Scr,[1] Scr,[19] Scr,[20] Scr,[31] Scr,[32]

|—DT—PT—>-——PTI:T > - hT—»T—‘
L/
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10BASE-T1L Transmit Symbol Generation Block Diagram

cmp PCS Transmit Symbol Generation /

PCS Data g] tx_enable_mii

. PMA @
Transmission 83T Evcalty 33 tx_symb, triplet e g] PMA_UNITDATA. request
Enable ; - J
tx_error_mi
/]\ tx_mode
tx_enable_mii Sdn[3:0]
mi 3)
TXD[3:0]

Data Scrambler @

loc_rcvr_status

N

loc_lpi_req

Management 3 /]\

Scn[3:0]

Side Stream @
Scrambler

37 https://www.ieee802.org/3/cg/public/Sept2017/Graber_3cgiNidd Qtetgpde Day 16/06/2022- Single Pair Ethernet S m KU LEUVEN
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 Single Pair Ethernet Standards

« SPE: full duplex over one single twisted wire pair — How?
Ethernet frame — Signal encoding

* Power over Data Line (PoDL)

Cabling and Connectors

Ethernet Advanced Physical Layer (APL)
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PoE and PoDL Principles "Power to device

2 Types of devices
« Load: Powered Device PD
« Source: Power Sourcing Equipment PSE

 Power over Ethernet (PoE)  SPE - Power over Data Line (PoDL)
« PSE and PD connected through  PSE and PD Connected through highpass/lowpass
transformer center taps band splitting network
o 44-57V e 12,24,48V
« Max. 25,5 W* (802.3at, 4-wire cabling) - Max. 50 W (802.3bu)
3 ¢
3 ¢
MA:JS R (i Vese <§'Po LOAD S',SS¥E MASTER -I |- SLAVE

AAANAN,

& ;

“A Quick Walk Around the Block with PoDL”, D. Dwelly. IEEE P802.3bu Power over Data Lines Tutorial
— November 2015 IEEE 802.3 Plenary

YYyYyYyY
0
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PoDL power classes (802.3bu)

12 V 12V 24V 24V 48 V
Unregulated Regulated Unregulated Regulated Regulated
PSE PSE PSE PSE PSE
Class 0 1 2 3 4 5 6 7 8 9

Vesemax) (V) 18 18 18 18 36 36 36 36 60 60
Vese oc(min) (V) 6 6 14.4 14.4 12 12 26 26 48 48
Vesemin (V) 5.6 5.77 14.4 14.4 11.7 11.7 26 26 48 48
lpi(max) (MA) 101 227 249 417 97 339 215 461 735 1360
P class(min) (W) 0.566 1.31 3.59 6.79 1.14 3.97 5.59 12 35.3 65.3
Vepmin (V) 4.94 4.41 12 10.6 10.3 8.86 23.3 21.7 40.8 36.7
Pbbmax) (W) 0.5 1 3 5 1 3 5 10 30 50

Vesemaxy — Maximum allowed voltage at the PSE Pl over the full range of operating conditions

Vese ocminy — Minimum allowed open circuit voltage measured at the PSE Pl

lpimaxy — Maximum current flowing at the PSE and PD Pls except during inrush or an overload condition
P Glass(miny — Minimum average available output power at the PSE Pl

Pppmaxy — Maximum average available power at the PD Pl

IEEE802.3bu - Sj i
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Extended SPE power classes for 10BASE-T1L
(8023(:9) Also refer to the APL lecture

Class ------

Vesgmax (V)

Vese ocqmin (V) 20 20 20 50 50 50
Vesemin (V) 20 20 20 50 50 50
Ipimas) (MA) 92 240 632 231 600 1579
P ctassminy (W) 1.85 4.8 12.63 11.54 30 79
Vomin (V) 14 14 14 35 35 35
Poogmax (W) 1.23 3.2 8.4 7.7 20 52

Vpsemaxy — Maximum allowed voltage at the PSE Pl over the full range of operating conditions

Vpse ocminy — Minimum allowed open circuit voltage measured at the PSE PI

lpimaxy — Maximum current flowing at the PSE and PD Pls except during inrush or an overload condition
P Glass(miny — Minimum average available output power at the PSE Pl

Pppmaxy — Maximum average available power at the PD Pl

* Single-pair Power over Ethernet (SPoOE) use these classes. Refer to Ethernet Alliance.
IEEE802.3cg

CINI4.0 Conference Day 16/06/2022- Single Pair Ethernet
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(Industrial) Cabling for Single Pair Ethernet

“The standard makes the impossible possible in terms of utilizing Ethernet for two-wire long-distance communications” (Tl (1)

« I00BASE-T1, 1000BASE-T1 Refer to lecture “Assuring Cabling Infrastructure Readiness -
e 40m Advanced cable testing for standard and Single Pair Ethernet”
« Shielded

* Defined in IEC 61156-11 (fixed installation) and IEC 61156-12 (flexible installation)
600 MHz bandwidth required

« 100 Q characteristic impedance

« 10BASE-TI1L

* (Minimum) 200 m (1 V), 1000 m (2.4 V) (T1: 1000 m (1 V), up to 2000 m (2.4 V) )
Shielded
20 MHz bandwidth required

Cabling requirements fit Fieldbus type A cable (e.g. PROFIBUS PA, Foundation Fieldbus)
100 Q characteristic impedance

(1) Application Report: Extend Network Reach with IEEE 802.3cg 10BASE-T1L
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F|Ie| Edit | Vertical | Digital ‘ Holiz.'k:q| Trig | Display| Cursars | Measure | Mask | Math | MySonpe| Analyze | Ulililimi| Help

Negotiation phase has different requirements !

100BASE-T1 negotiation
Lowest frequency 8 MHz

 (Long) Brownfield cables with high insertion losses around 500 kHz may limit the T1L length

]

10BASE-T1L negotiation
Lowest frequency 315,5 kHz

Edit ‘ Vertical | Digital | HorizfAcyg | Trig | Display|

110
(]

]

Cursors | Measure | Mask | Math ‘ My'Soin.| Analyze | Ulililimi‘ Help

Tai Q E].

T T ® N I s s ) S S S S N B S T T T T T T | [ '.' L L T T (T T R T R T T | e O PR O T T W L
S N 0 e T e e BN Curs1 X Pos — Curs1 X Pos (@
5o R - T z o T . o ——
.: o o . ) e o © ems . e T VP R -413.52ps = -3.45ms
: B :: e u s N I o | : : ' ‘ ' cunzxpos®
L1 IR TR T T T Y SN N N N TR SR N | R S O S QU N S L1 L L e L
T T T L e e | L s s S s e B B B B =TT T -413.39ps ] I I LS | ISR T R T EEL I T T -3.45ms ]
...... o el e IO N R R I I B T I : o 2E a2 A g omeed - ; . N - ; T EoROE R RGO R *:
- ] f f 1 f f ] f \E i i
..f"\ [’)X ; [") ; ["\ /\ /\ /\ ; /—'—\ /\ ; /./—ﬁ\ ; _E "__| """ H ﬂ ﬂ fler® E g < T L ﬂ --------
SR ARV AV ARVEWE f‘ufuufuuffffLJuuuuuuL
| | | | | | | | | | gl P p - \ | |
@ 500.0mVidiv 500 By:500M -|568rn\0‘ -|-413.518|.|s (K@@ ./ 800.0mv 20.0ms/div 500MS/s 2.0nsipt @& 600.0mVidiv 5000 Bp:500M -|4so.s,..v -‘_3,45,“ A @eap /S s04.0mv 20.0ms/div 500MS/s 2.0ns/pt
@@ 500.0mv 413.7ps-412.7ps @@ 525V | @D 413.393us b Nomal J| stopped  Single Seq 1 \gigy 500-0mv o 34 | @ 4s7.0smv (@D -3.447ms e Normal J| stopped ~ Single Seq 1
-|42.1 mv -|125r|s 1acqs RL:100.0M -|26.28m\" -‘3.2;15 1 acgs RL:100.0M
@i 336.8kvis | (@ 8.0MHz Man December 10,2021 15:16:58 @iEps21zkvis (@ 312.5kHz Man  December 10,2021 10:55:33

https://www.ieee802.org/3/cg/public/Sept2017/Graber_3cg_15a 0917.pdf
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Cabling Parameters — Measurement example

 Insertion loss measurements on fieldbus cable (Texas Instruments)

» Black is the reference. Cable complies (also for auto-negotiation), until 21000 m (and up to 2000 m in

forced mOde for “negOtiation”) Siemens 6XV1830-5EH10 Cable

Insertion Loss vs. Cable Length
0

\
-5
-10
-15
8
£
,§_ -25
. Complies up to 1000 m, small violation for 1200 m
] -30
£
‘§_ -35
|
g -40
g s
o
-50
- @ 10BASE-T1L Reference
-60 10Base-T1L Limit - 2%4Vpp,,
0 2 4 6 8 10 12 14 16 18 20

Frequency (MHz)

Application Report: Extend Network Reach with IEEE 802.3cg 10BASE-T1L
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Cabling Parameters — Measurement example

 Insertion loss measurements on fieldbus cable (Texas Instruments)

» Black is the reference. Cable does not comply for these lengths (for auto-negotiation until 260 m OK),
and up to 600 m in forced mode “negotiation”.

Belden 3076F Cable
Insertion Loss vs. Cable Length
0
-5
-10
-15
-20 .
Complies up to 400 m
& -30
g’ -35
=
3 -40
§ -45
0 -50
s 55
§ =80 T0Base=T1L Limit - 2,4Vpp
: -65 W\/\/\
2 70
- 75
80 @ 10BASE-T1L Reference
-85
-90
-95
0 2 4 6 8 10 12 14 16 18 20

Frequency (MHz)

Application Report: Extend Network Reach with IEEE 802.3cg 10BASE-T1L
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Industrial connectors for SPE

Defined in IEC 63171
IP20-1P67
M8, M12, Plugin connectors

4-wire connectors with 2 data and 2 power
pins exist
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Industrial connectors for SPE

&

EC ISO/IEC 63171 CONNECTORS FOR ELECTRICALAND ELECTRONIC EQUIPMENT

PxC, WM, RdM
e \% ? - k Qp
B
Type TERA IP Square-shaped M8/ MI2 "“""‘"’m”""‘
#Pairs | | 114 | 114 |
Degree of protection IP20 P20 IP20 P20 P67 IP20 / 1P67
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Ethernet — APL (Advanced Physical Layer) 3> sthemsteer

: : : : Refer to lecture “APL - Advanced
« Ethernet-APL is more than just Single Pair Ethernet. Physical Layer- SPE for the

« Ethernet-APL is made up of process industry”
 Single Pair Ethernet (IEEE 802.3cg-2019, 10BASE-T1L)
« 2-WISE: 2-Wire Intrinsically Safe Ethernet (IEC 60079) (compare to FISCO)
» Type A fieldbus cable (IEC 61158-2, for intrinsic safety).
« The Ethernet-APL cable specification is important because end users can potentially
re-use existing installed Type A fieldbus cable.
Characteristic impedance 100 Q.

Type A two-wire cable with shielding is polarity independent to reduce installation
e rro rS . SP1-100 Channel (18 AWG)

Up to 10 connections: —————— \
A
Few tools (screwdriver, wire preparation tools to physical connect) needed.

Analog Devices showed on the HM 2022 combined TSN and T1L in one device,
|nC|Ud|ng Cable age|ng and wear deteCtlon. Also refer to Lapp (and Helmholz), Igus, Indu-Sol
for “ageing and wear” detection.
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The Goal of Ethernet-APL

“Bring Ethernet to the field”

> 1 Ethernet network for Field
and Control level

» Facilitate 1loT and Industry 4.0

» Allow easy migration from
existing brownfield

Engineering Asset Management Controller

- -
—————
*® “

.
Optimization n \
& monitoring - \
m— \
——

'
'
'
analysis == !
———

'

[

'

'
“ Process value F '
A Zone 2/Div. 2 visualization 0 '

. Zone 1/Div. 2 ¢
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What is Ethernet-APL

“Extension to 10BASE-T1L for use in the process industry”
» 10 Mbit Ethernet (10BASE-T1L)

» 2-Wire cabling, optional re-use of existing Fieldbus infrastructure

» Reference cable is fieldbus type A cable, IEC 61158-2 (e.g. PROFIBUS PA, Foundation
Fieldbus)

» Long distances up to 1000 m

» Up to 10 inline connectors

» Power + data over a single wire pair

» Optional intrinsic safety with 2-Wire Intrinsically Safe Ethernet (2-WISE, IEC TS 60079-47)
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APL Topology — Device types

APL Power switch

* Connects to industrial Ethernet network (e.g. PROFINET)

* Power and data to field switches (trunk)

APL Field switch
« Power and data to field devices (spur)

APL Auxiliary device
* Powered by APL Link
e NoO communication

APL
field

= Control Network
<
g APL Power
Switch
Class |
Div. 2 Powered trunk NI
Powered spurs APL field
intrinsically safe switch
(1.S.)
Class | E g 0
Div. 1

switch

APL Field device

» « Sensor/actuators
O » Strictest IS classification
APL
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APL Topology — Link Types

= Control Network
2
8 APL Power
Switch
Class |
Div. 2
Powered spurs
intrinsically safe
(1.S.)
Class |
Div. 1

Powered trunk NI

A

APL field
switch

O

f sl
%8 A

APL

L

CINI4.0 Conference Day 16/06/2022- Single Pair Ethernet

Trunk line
« APL power- & field switches
« 1000 m
© 2.4V,

« High power (up to 57.5 W)

Spur line
 APL field switch & field device

e 200m
e 1V
 Low power (upto 1.1 W)
« Strictest IS classification

ptp




e Source power class 4 is still in progress

Source power [Maximum voltage, |Permitted segment class
minimum output

Permitted load power

classes

power

A 15V DC/0.54W S A

C 15VDC/11W S A B, C
3 50V DC/5/7.5W T 3

46 50V DC/92We* T 3,4
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Single Pair Ethernet

« SPE provides another physical layer that can be used by network design engineer

* ... But with some distinct advantages!
« Smaller, lighter, simpler cabling and connectors, simpler field assembly
« Nothing changes in the OSI Layer 2-7

 Different SPE standards allow for flexible network design
« High bandwidth

Long distance

Power over Data Line

Ethernet-APL

CINI4.0 Conference Day 16/06/2022- Single Pair Ethernet



Questions?
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100BASE-T1 — 3bit/2ternary encoding

PHY Status?

SEND_N

Data transmitted?

Data Idles

Table 96-1 Table 96-2 Table 96-3 Dependent on S,
Table 96-3—Idle symbols when tx_mode=SEND_N
Table 96-1—Idle symbol mapping in training Table 96—2—Data symbols when tx_mode=SEND_N
tx_mode = SEND N
Sd,[2:0] T4, 78, Sd,[2:0] T4, TB, 55,20 Sx,=1
000 -1 -1
000 -1 0 Sd,,[2:0] T4, 1B, T4, 1B,
001 -1 0
001 0 1 000 -1 0 -1 0
010 -1 1
010 -1 1 001 0 1 1 1
011 0 -1
o11 0 1 = . 010 -1 1 -1 1
o0 . 5 Used for SSD/ESD 0 0 011 0 1 1 1
100 0 ! 100 1 0 1 0
101 0 -1
101 1 -1 101 0 -1 -1 -1
110 L 1 110 1 0 110 1 -1 1 -1
111 0 -1 111 1 1 111 0 -1 -1 -1
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Link start-up

Handshake
« 3 PHY Modes Master Slave
« SEND Z — Zeros SEND_Z SEND_Z
« SEND | —-PAMS3 Idle S|gna.1Is | SEND | |
« SEND_N — PAMS3 data or idle signals Echo canceler fraining Eggﬁf;r;:;%? etf Masters clock
« Training echo canceler -Adjust signal conditioning
« Scrambler synchronization -Lock scrambler SEND _|
-Adjust signal conditioning
Validate successful Validate successful
link startup link startup
SEND N SEND_N
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PoDL Link Establishment

1. PSE Detects link Detection
* Checks for 4 V Zener with 10 mA test current Fast / (4 V, 10 mA)
2. PSE asks PD how much power it needs using Startup
Serial Communication Classification Protocol (SCCP) SCCP
« SCCP Operates in lowpass band 1
» Can be skipped if PSE has prior knowledge of PD
(Fast Startup Mode) Power On
_ (12, 24, 48 V)
All in order — PSE turns on power
4. Sleep mode 3.3V with <1 mA Sleep
3.3V, <1 mA
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What Is Single Pair Ethernet?

« SPE affects only the physical layer
 Just like optical fiber, WiFi...

« Layers 2-7 remain unchanged

« PHY interfaces with data link “MAC” layer using the
standardized Media Independent Interface (MIl) =>
also here reuse of (part of) the electronic design

capacitief gekoppeld

Full Duplex Full Duplex

MAC 1/O (MiI) Full Duplex PHY /O MAC /O (M)
100 Mbps RX 100 Mbps 100 Mbps TX

—
ﬁ ¢ — “M“ pHY [l MAC
. 4

100 Mbps TX 100 Mbps 100 Mbps RX

oy ALY TEET -] | | KULEUVEN




* https://standards.ieee.org/standard/802_3bt-2018.htm|

IEEE 802.3bt-2018 - IEEE Standard for Ethernet Amendment
2: Physical Layer and Management Parameters for Power
over Ethernet over 4 pairs
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What Is Single Pair Ethernet?

e SPE affectsa~=""*n =k minal lavia Each infinite small part of a transmission line can be representt
. Just mOpen ine (r,>z,) following model g L
~ Tek SE Single Seq IOOMS/S‘:M{FW] _/'Y'W\
* Layers 2-7 [T T Zoom:  T.0X Vér
Reflection coefficient sl | —¢
 PHY _ _
stan * The way how a signal will be reflected can be calculated
also by the reflection coefficient: ]
\H
cape . ZL o Z.S' 0 S (no leakage)
F — - ‘'no capacitance =2 infinite sharp pulse ed
ZL + ZS | G can be neglected
* For short circuited lines:
A reflection coefficient of -1 = total and negative reflection o is00 L ~ \/ 663-10° H 159 O
| M= Samsoa "1 VO TV285107F
* For open lines:
A reflection coefficient of +1 = total and positive reflection
oo 0—150 Q

=

=1
o0 Q+150 Q



Working principle

* Power over Ethernet (PoE) — Power over 2 wire pairs (802.3af, 802.3at)
* Power over Data Line (PoDL) — Power over a single wire pair (802.3bu)

» 2 Types of devices
« Load: Powered Device PD
« Source: Power Sourcing Equipment PSE

=
*

MASTER SLAVE

PHY PHY
Vese 'I |'

CT) ?» PD LOAD

“A Quick Walk Around the Block with PoDL”, D. Dwelly. IEEE P802.3bu Power over Data Lines Tutorial
— November 2015 IEEE 802.3 Plenary
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