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'Pin-Efficiency Chip-to-Chip Communication!?
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' Why fewer Pins matter?
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' Contributions of our work

Protocol Single Wire Chip-to-Chip

LinkBo System Model Performance Analysis ‘ Real Channel Simulation
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FPGA d iable-di
Hardware G emo X|L|NX Variable-distance Communication
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f Outline
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Motivation Background & LinkBo Protocol

Chip-to-Chip communication Related WOrk Proposed single-wire protocol

and pin count optimization and system model evaluation
& P State-of-the-art and scope y

for improvements

04 06

Hardware Architecture Results Conclusions
Propsed LinkBo hardware architecture Experimental evaluation of Summary and scope for
(TX, RX, Driver) proposed designs related future research
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Background &
Related Wors

* |-Wire Protocol

* Async communication Code
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f | -wire Protocol (ADI)

e e e _ N
E Basic Operations: : c Func.
' |. Reset: 960 ps ' ore Unit
' ! Si 1 Sl 2 Sl 3
' 2. Write Bit 0: 70 ps : ave ave ave
' 3. Write Bit 1:70 ps :
' 4, Read Bit: 70 s : MEM I/F

|
e e e ; -

. J

ST T TS TS oSS mssooooooossoooso------------------2 Cons:
E @ Reset Pulse: 960 ps ! Only One Host
| (@ Devices Select Message: ' Low Bitrate / High Latency
' |8-bit Family Code 48-bit Address Code 8-bit CRC |
E 3> Command Message : ; Pros: One Pin
' |16-bit Command (ROM Function) 64-bit Data : Long Distance
.

Current |-wire protocol has very long bit slot !
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' Asynchronous communication Code

Bit slot l 1 l 1 ‘ 0 l 1 l 0 ‘ O ' Non-Return-to-Zero (NRZ) Code
NRZ Code . Z Z Z Z Z Z Z Z . (I-wire protocol)

Manchester Code
IEEES02.3

Manchester Code
Pros:

' } { Self-clocking, Robust to interference,

Simple implementation

Manchester code is better for Asynchronous Communication !
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' Commercial Product

Protocol I-wire (TI['I ADI) UNI/O (MicroChipl2]) SWIMB1/debugWIRE
Sync/Async Async Async Async

Speed 8.33-111 kbps 10-100 kbps | Okbps- | Mbps

Type Master/slave Master/slave Point to Point

Duplex Half Half Half

Pin count 1 1 1

Application EEPROM, Sensor EEPROM, Sensor Debug system
Limitations:

Bit slot and reset use too much time
No ACK or Every 8-bit with 2-bit ACK.

Can’t check error
Only one host control bus

Motivation

Background

LinkBo Protocol

Commercial product still have low bitrate and high latency !

Hardware Arch

Results

Conclusion

ocuments/documents/OTH/ProductDocuments/ReferenceManual
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https://www.ti.com/lit/pdf/spma057

LinkBo Protocol

* Protocol Definition

* System Model
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' Protocol Definition

|< —— — HP: 50 s M
\ SYNC X SIZE ¥ PAYLOAD X CRC XACK/

R e [T | I i —————— Ve 7
in; —| Mb_"_Mb_’i | 1 HP: (MleMbZXMb3)(Mb4XIVIb5XIVIb6XMb7XMb8)' | ACK: M= i
| LP: ‘| | T e (BLX B2 X B3 XBaXB5 X 86 XB7) | I NOACK i
* Priority « PALOAD
* High Priotiy (HP) / Low Priotity (LP) * HP have 8 Mbs
« SYNC * LP can support up to 7 Byte (7*8 Mbs)
* 2 Manchester bits (Mbs) e CRC
* Different SYNC for different priority * 4 bits CRC for each HP/LP message
* SIZE « ACK
* Only LP has SIZE field * | Manchester bits (Mbs)
* 3 Manchester bits (Mbs) * RX'send back ACK

Reduce Manchester slot and add 2 priority messages
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' Re-Synchronization

' Mb1 Mb2 '
PSCE 0 X1X2X3X4X5X6X7X8X9X0)C :)(5)(6)(7)(8)(9)(0)(

.............

BUS L [ L[] \ _____ o N
' _F{o_—Sy_;w-cl'Ii‘u-r.(-j-rlw_i}éfi o ~ IEEE802.3 Manchester Code

* Important for variable-distance communication

* Because longer wires introduce more distortion and skew

* Simple mechanism
* Only need a prescaler counter (PSC) to count the cycle of Manchester bit slot.

Make sure every transition edge at middle of Manchester slot
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' Scalability for multi-device

( STOP )

LinkBo O: I A 1 Wire-AND logic
LinkBo 1: 1 e R — "1 = First high signal will lose arbitration
LinkBo 2: 1 T
(a)
( \ wsyne X 000 X DEVICE CODE X CRC X ack / ] Multi-device:
------------------------------------------------------------ * SIZE=000
4< ADDRESS1 X DATA1--“->“< ADDRESS2 >--<"."DATA1 X DATA2 )— * Fist message carry 8-Mb device code
) (b) ”* Second message carry real data

Support multi-device transmission theoretically
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' System Model
Voltage comparator

- c ‘ﬁk -
RX L 1.5V 15v—— " RX

3V T3v_ Pull-upR
33K0 Load R\ 253301 | LinkBo

LinkBo

Simulate the real parameter of PCB !

TX | G00pF  Cap [TOORF]] 4 TX

L L Channel L )L
/
(1
g Messages ¥ Comparator Messagesg
S ) I
\—DD:D Receive Testbench Receive D:D_,
: Low pass filter condition A —T WG 2.75
~~ 250 T
. Low pass filter to a
Long wire (~1nH/mm) . .
50 mm wire = 50nH E'I;er out ngh. ﬁ 200 1
. quency noise. =
Cutoff frequency jm
fe=1/2nRC E 150+
470 ¢ | 470 50
100p 50n =100p |« with 470 and 100p g 1004 —@— Cap (pF) o
il fc=3.3MHz 5 —#— Load R (Q) o
This should be as — 50 i Pull-up R (Q) S
low as possible LPF o
(2]
but well above our O ®)
: d t te. T T T T 1
G tec & 1.0 1.5 2.0 2.5 3.0 B
gggg Relative Ratio(times S
N
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Hardware Architecture

* TOP Level Architecture
* Transmitter (TX)
* Receiver (RX)

* Driver
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' TOP and DriverArchitecture

Motivation

TOP FSM: Control TX and RX
Monitor the interrupt \

\

Synchronizer (2 Flip-flops):
Reduce metastability propagation across clock domains

TX'BUSY M_SEL

Background LinkBo Protocol

If _____ \| f ¥ \i 3 L\Lkaa Prescale Counter:
¢ i _—~ Frequency division
: 4 RX TOP — SynCh |< / Count Manchester slot
| Digital |1 FSM RX PSC wd
| igital | TSR [——
lControIIer:_ TX PSC x|
: — TX . \Tri-State Buffer
| :_ Driver _;| Synch. >/
I >
~— o _ ~~o
. YA | DRIVER) 7
° _’\é Manchester
X OUT ; - E; )\7\('()(/;)1‘
- E BUS_OUT)
= MSK\ jTC‘/ K\A register to

filter out glitches

Hardware Arch Results Conclusion
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' TX/RX Architecture

ACK Check: check ack and report error

BYTC: Byte Counter [ '@
BYTC [— ACK_CHK ERROR
<SUEI:FD L 3 LFSR: Linear-Feedback-Shift-Register,
o | 0% FSM > generate CRC
\evary IP|508 CRC-4 —» ™ our,
PISO: Parallel In Serial Out 3 | LFSR —3 A
3

J

4 ERROR MDEC: from Manchester code to NRZ code.

2IZE | _>| PISO3 PISO4
k
3

SYNC: BUS IN RX)
detect priority and calculate T, ' SYNC J' jl '| MDEC
¥ RECV
Re-SYNC: BIC ReSYNC SIPO g |BYTE
L y———
reset prescaler counter BYTC S RX FSM | | SiDEC SiDEC: Size decoder.
when bus wrong g — END
LBDET CRC-4 ACK )
. J

LowBus Detector (LBDET): Detect high-priority sync interrupt
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Experiments and Result

* FPGA test
* Latency Analysis
* Sensitivity Analysis

* Protocol Comparison
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' FPGA Test Setup

——— e ————

FPGA
TOP
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' Latency Analysis

max
225 - High-priority (Sm wire) 224.4
Low-priority (5m wire)
High-priority (11cm wire)
200 A Low-priority (11cm wire) 197.3 196.7
175 - . . . 107 005"
Latency increases linearly with the payload ~ l'==2== A
=150 - 142.5 142.2 N\
> \
O \
= \
Q \
s 125 - \
3 115.6 115.2 |
100 - |
75 A min \
QNH}6&6 \
50.9 50.4 \
50 A W
One byte 1-byte 2-byte 3-byte 4-byte 5-byte 6-byte ‘\‘ 7-byte

Message
Latency is independent of the wire length !
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' Sensitivity Analysis

297.03
300 A

250 A

200 A

Throughput (kbps)
o
o

100 A

50 -

|5

Low-priority
High-priority
NoACK
NoACK

Model Result Recap:

@~ Cup (pF)
- Load R (€2)
Pull-up R (€2)

1.65

The throughput suddenly drops at a certain
threshold wire length

Reason:

0 1 2 3 4 5 o6 7 8 91

0 11 12 13 14 15 16 17 18 19 20 21 22 23

Wire length (meter)

Background

LinkBo Protocol

— High priority message have longer

sync field

High priority : :

Low priority -

Hardware Arch

—  Manchester Bit Slot

I

HEAN S

—  Manchester Bit Slot

Conclusion
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' Sensitivity Analysis

I L PRERENVE e
) 7 . 5 'r ;}M}'&“‘vﬂ_ ,.,p,-
1lcm wire L S T
77 S5m wire Glltcll
P N R & K Co . <ACK—>
- Cans i arioy :r,o‘-lunm fﬁﬂw T, amﬁaa! r.ﬁ.b:u.* Mb 'm : 3
@ ; ¥ SN SN N R f
. LTS T S I v e P P ORI S TS S i ¥ SEERY Sareieadn | WAL R | HIORD wow

Maximum Bitrate (Mbps)
N

L eeecd® g S N Y Smesad o et wal el

3-.

2.3 L S o

ot Al poonitiin LT SO e, T AR e el santed

2 (c) N A
L bevesens Gessed beeesend bt leweesd | oewead | besw bl el s

1 0.7 | | | '

0.3 (@) 14.8 m TX output (b)14.8m Bus (c) | Icm Bus
0 1 1
Low-priority Message High-priority Message

High priority can tolerate higher bit rates !
Q EEED Shorter wire lengths can tolerate higher bit rates !
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' Protocol Comparison

CLK=3MHz
Protocol I-wire (T1,ADI) UNI/O (MicroChip) LinkBo (our solution)
Type Asynchronous Asynchronous Asynchronous
Duplex Half Duplex Half Duplex Half Duplex
Bit Rate (kbps) 833-111 10 - 100 294.8 - 297.6
EBR (kbps) 58-77.2 797 -79.7 158.7 - 252.5
Latency (us) 1520 - 4480 810 - 1410 50.4 - 223.8
Interrupt No No Yes
Multi-byte No Yes, no upper limit Yes, max 7-byte
CRC Yes, 8 bits No Yes, 4 bits
Acknowledge No Yes, 2-bit ack Yes
Distance (m) 20 - 100 N/A 56-15
Bit Rate: R, = Bt;tal Maximum Latency: time of 7-byte message
Byata

Effective Bit Rate (EBR): EBR = Minimum Latency: time of one byte message

Motivation Background LinkBo Protocol Hardware Arch Results
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* Summary

* Looking Ahead
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' Summary

LinkBo protocol achieves a low latency of
Linkbo can minimize the A low pin-count package A low pin-count package just 50.4 us, , which is lower by at least
number of communication can reduce the area by can reduce the cost by 20X and 6.3X compared to the SOTA 1-
pins to a single pin. factors of 2.48x factors of 1.67x wire (ADI) and UNI/O protocol,
respectively.

On the FPGA, the hardware supports On the FPGA, the hardware supports

communication over distances of up to 11 communication over distances of up to 15
cm at 7.5 Mbps. m at 300 kbps.
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' Looking Ahead ...

* Single-wire Protocol for Extreme-Edge Specific Application
* Towards an area-efficiency and cost-efficiency Domain-specific Application design.

* Latency and Distance trade-off
* Improve distance and decrease latency as much as possible.

* Multi-device Single-wire Protocol
* Explore high-efficient arbitration for multi-drop/peer-to-peer transmission of Single-wire protocol
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Thanks !

Contacts:

Bochen Ye
b.ye@student.tue.nl / bochen.ye@ed.ac.uk

Gustavo Naspolini

Gustavo.naspolini@nxp.com

Kimmo Salo

Kimmo.salo@nxp.com

Manil Dev Gomony

m.gomony@tue.nl
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