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Introduction

e A method for incorporating performance effect of MLSE in the COM flow was proposed in
“shakiba_3df 01b 2211.pdf” and further explained in “shakiba_3dj 01 230116.pdf”

e This presentation is a recap
e More time is dedicated to Q&A
e Minor updates are included based on the feedback

e More analysis and extensions will be presented in future meetings, specifically on:
» Noise coloring
» Error propagation (comparisson to DFE, pre-FEC statistics, and post-FEC expectations)
» Pre-coding

e Thanks to Rich for COM 4.0 Matlab code update (Mellitz_3dj elect 01 230223.pdf)

e How to use the MLSE performance advantage along with margining are subjects for further
discussions

HUAWEI TECHNOLOGIES CO., LTD. 3 “ HUAWEI



Proposal Recap

e The proposal outlined a method that enables incorporating MLSE impact in the COM flow

e As rates increase, we see this as a useful and maybe necessary update to COM for reflecting a
more accurate and realistic representation of capabilities in the reference receiver

e Rx FFE support is essential to considering more advanced detection techniques than DFE

e 1+oD MLSE appears as a first natural alternative to a 1-tap DFE

e Proposal specified following steps:

1)
2)
3)
4)

5)

Use COM analysis to find the DFE tap, o
Use analysis to calculate SNRy; and DER;
Use analysis to calculate DERy, sz at SNRp¢

Use analysis to calculate SNRpe; o, uivatent fOF
the same DFE that yields the same DER, ¢

Increase from SNRp; to SNRpc; ouivatent 1S @
much better estimate of COM improvement
(ACOM) offered by the MLSE than 10log,,(1+a?)
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SNR, COM, and VEC

A .
COM = 201 stgnal
Oglo( noise) — _ __ 10-VEC/20
) > COM = —201log;o(1 — 10 )

Anoise

VEC = 20log,, (ASignal

Aeye Aeye

e COM and VEC are related to SNR

2
SNR[dB] = 10logy, (EL+1 Apeak ) (Appendix A)

3L-1 Unoisez

Eye opening contour

Anoise = kKpEROnoise < kprr is @ multiplier factor that determines how many c’s away
from mean achieves target DER (a.k.a. Q factor for Gaussian noise)

e As a result COM can be expressed as

2_
COM = SNR[dB] — 101log;o (= kpgr”)

e Which suggests that COM is in fact a kind of SNR with a notion of DER directly built in it




SNR, COM, and VEC

2_
COM = SNR[dB] — 101log;o (“—~ kpgr”)

e There are three ways to interpret this equation

1) If after a change in SNR same DER is targeted, k. remains constant and any increase (decrease) in SNR
translates to the same increase (or decrease) in COM

ACOM = ASNR[dB]

e.g. this means that if a 3dB COM is targeted and if MILSE is used in the actual receiver with a verified 1.8dB SNR gain,
COM target with the reference receiver can be lowered to 1.2dB.

2) If after a change in SNR same COM is targeted, COM remains constant and any increase (or decrease) in
SNR translates to an increase (or decrease) in kye and results in a decrease (or increase) in DER

3) Achangein SNR can be broken down to partially achieve both above as long as the equation holds

e Any change in SNR also translates to a change in VEC, but the change depends on VEC value
AVEC = ASNR[dB] — 20 log,, ((10ASNR[dB /20 _ 1)10VEC/20 4 1)

e Note that if ASNR > 0, AVEC is negative, showing improvement in VEC
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Comments on Rx FFE

e An Rx FFE is added after CTLE to optimally shape the pulse response to only one post-cursor

e There is a current discussion on whether FFE can continue to be mimicked with a DFE to
simplify the COM flow and avoid experienced issues with optimizing FFE coefficients

e FFE is the right choice

» Signal equalization quality is different between FFE and DFE (particularly FFE can handle pre-cursors too)

» Noise handling is different between FFE and DFE

> FFE is closer to real implementations

» As links become more challenging, margins shrink and more realistic models help more

» FFE keeps the door open to further signal processing (DFE makes hard decisions and terminates signal chain)
e This is not to say that using DFE is impossible, but not without compromises, for example

m Will there be consensus on the quantification and mitigation of performance difference?

m There will be no more pre-cursor equalization than what is available now

m What is the impact on extending to higher-order MLSEs?
e VILSE gain is on top of the gain that Rx FFE provides, so with or without FFE, there is still a gain
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Coding View of MLSE

e The entire end-to-end signal path response (e.g. Tx FFE + Tx Filters + Channel + Rx Filters +
CTLE + Rx FFE) is optimally equalized to 1+aD (historically, o would be the DFE tap)

e 1+aD increases the number of signal levels
> e.g.increase 4 levels of PAM4 (%1, £1/3) to generally 16 levels (x1xa, £1+0/3, £1/3+0a, £1/3+0/3)

e Depending on a, some of the levels may merge and become not equally-likely
> e.g. for a=1, 4 levels of PAM4 (£1, £1/3) become 7 levels e
(£2, £4/3, £2/3, 0), with smaller levels being more likely '

e 1+0D is a level-coding operation since levels become correlated ﬁ ‘ ‘
> Not all level transitions in a sequence of transitions are allowed (redundancy) ‘ ‘
> e.g. level 1+a can only transition to one of 4 levels £1+a and £1/3+a
> lllegal level transitions can be detected and with most-likelihood criteria corrected

-2  -13333-0.6667 0 0.6667 1.3333 2

e 1+0D is the simplest form of Partial Response Signaling (PRS), aka correlative level coding

e Essentially it can act as a FEC!
» In amplitude domain, not time
» No increase data rate and amplitude damage is done regardless
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Coding View of MLSE

e Compare the two following options:

1) Use a 1-tap DFE
m DFE removes first cursor ISI (oD term in the 1+aD expression), ignoring and wasting the redundancy

2) Useal+aD MLSE
m Sequence processing leverages correlation between levels to detect illegal level transitions (error detection) and
provides best estimate to the sequence it believes was most likely transmitted (error correction)
m Encoding is already done for free, just need to decode (likely more efficient than moving to a stronger FEC)

e Similar to any other coding scheme (such as RS FEC), the advantage can be expressed by a
coding gain (usually in dB)

e Coding gain of the 1+aD MLSE scheme is 10log,,(1+a?)

e Coding gain can only be achieved asymptotically and is agnostic to potentially-important
particular link characteristics and operating conditions such as noise distributions and DER

e Our proposal provides a simple and COM-compatible way of calculating the real advantage
based on the actual link characteristics and conditions

e The idea and proposal can be extended to higher-order PRS polynomials (e.g. 1+aD+3D?)
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Explanation of Steps (Step 1)

1) Determining the optimum DFE tap is a standard practice in COM B O O SV B B

a = DFE Tap

e For optimization, it is possible, and maybe recommended to skip the DFE and optimize a
directly for best MLSE performance

e This can be simply achieved by changing the signal energy in the COM-defined FOM to
include energy of the post-cursor (MLSE treats the post-curser as a part of the signal)

e The MLSE-based optimization has not been implemented here:

» To provide a more direct and side-by-side comparison
» The additional performance improvement is not typically expected to be considerable

» To keep the existing COM flow untouched
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1-Tap DFE
1+aD MLSE

Explanation of Steps (Step 2)

on Error Ratio (DER)
5 5 & & 5 &5

Decisi
e
5 5

2) Equation to calculate SNR; for L-PAM (Appendix A)

16 17 18 19 20 21
Signal-to-Noise Ratio (SNR) [dB]

1 L+1 main? main

SNRprg = 311 P < Note that this can be written as =2 = Unoise\/

3
L2-1

main = Main cursor of the pulse response at the Rx FFE output
e Pulse amplitude = Peak value of the transmitted = PAM signal swing
e Calculating main cursor is a standard practice in COM

Onoise = Standard deviation of the total noise (Xtalk, TX SNR, Rx eta0, Jitter, and ISl) at the Rx FFE output
e Calculated from the total noise PDF
e Calculating the total noise PDF is a standard practice in COM

Equation to calculate DER for L-PAM (Appendix B)

) .
DERppg ~ — — (1 — CDFyppise (—"Zf‘ln))
E"'CDFnoise((l_za) I—1 )

e The above equation includes effect of DFE error propagation
e Calculating the total noise CDF is a standard practice in COM
e Note that DERy is not needed for obtaining ACOM, but is still useful to calculate the decrease in error ratio
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1-Tap DFE
1+aD MLSE
1

Explanation of Steps (Step 3)

10k
10k
=
=4
N
=10
°
L0k
o
o
107°F
3 1
10 15

16 17 18 19 20 21
Signal-to-Noise Ratio (SNR) [dB]

3) Equation to calculate DER, ; for L-PAM (Appendix C)

—1\J .
DERMLSE ~ 227;1] (%) (1 - CDFnOise (\/1 + (] — 1)(1 — a)z 4+ az Tflln))

e The above equation includes effect of MLSE error propagation

e The summation is expected to include enough terms so that adding more terms doesn’t considerably change the result
anymore

e (Calculating the total noise CDF is a standard practice in COM




o
. v o
Explanation of Steps (Step 4) e
4) Equation to calculate SNRp; o oyivalent (APPENIX D) e
2
SNRpFE equivalent = ain CDFr:mse <1 - %DERMLSE (L—il + CDFppise (( —2a )mam)>> SNRprg

CDF, ). = Inverse function of the total noise CDF
e Calculating the total noise CDF (hence inverse CDF) is a standard practice in COM
e The above equation includes effect of MLSE error propagation

Equation to calculate 6,y cquivalent (APPENIX D)

1

main O-TlOlSE
CDFnollse<1 DERMLSE<_+CDFnOLse<(1 2“) )))

0. . . ~
noise,equivalent

main

e The above equation alternatively suggests that the noise PDF and CDF can be horizontally scaled by the given factor to
obtain PDF and CDF of the equivalent noise

e Note that calculating 6,y cquivalent IS NOt Necessary and is only an alternative to calculating SNRprg equivalent
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Explanation of Steps (Step 5) SR

5) Equation to calculate increase in SNR

16 18 19 20 21
Signal-to-Noise Ratio (SNR) [dB]

2

SNR equivalen L-1 - 1 1 J
brEequivatent _ CDFL., (1 —~ L DERy1se (E + CDFppise ((1 _2a) nzlen)»

SNRpFE main

Equation to calculate equivalent decrease in noise

Onoiseequivalent main

noise L-1 - 1 1 maim
o ~ CDFnolise (1 — EDERMLSE (E + CDFnoise ((1 — 2“) L—ll )))

Equation to calculate ACOM

ACOM ~ 10 10810 (SNRDFE,equivalent) — 20 10810 ( Onoise )

SNRpFE Onoiseequivalent

Equation to calculate reduction in DER

o DER
Reduction in DER ~ —MLSE
DERpFE
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Study Cases
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Link Parameters

Channel Bit Rate HISELE
[Gb/s]
Included  Included 1 - S
FERIEEr ] el - 1 2.05 1.725
st 224 413 jtz s?(i 31 e In I 075xf, 80/25/1 1 6/8 _zoi)zg'z(kN) 4);1ki28 o.oi{(':).oz . P Lere
channel channel
1 2 1.675
1 1.85 1.6
1E-8 0. : 1 2 1.725
0w w2 o e 0 gganen 1 o B AESOmpee 12 ams
1 1.45 1.225
413 608 40/90/110 30 33 4.1E-8 0.01/0.02 ! 09 0735
s3 224 413 k. ‘k, 3/1  jaonsoja0 30 op5 075xf, 80/2.5/1 1 0/24 e );sz : ka' 1 1.45 1.175
1 0.95 0.775
1 2.34 2
1 2.25 1.9
1 2.225 1.9
1 2.1 1.775
413 608 40/90/110 30 33 4.1E-8 0.01/0.02 ! 168 1405
s4 224 413 ‘K, ck, 3/1  Lopsoya0 40 oy5 075xf, 80/2.5/1 1 0/24 ] >;kN2 : ka. 1 1.525 1.275
1 1.525 1.275
1 1.41 1.175
1 1.85 1.555
1 1.46 1.235
1 1.14 0.945

* To force more errors to facilitate time-domain simulation verifications

HUAWEI TECHNOLOGIES CO., LTD. 17




Summary of the Case Results (1E-3)

Theoretical Nosie Scaling Factor ASNR DER Ratio DER Simulation Results *
SNRpe SNR

Channel Variant Coding Gain SEEEARREER o = ACOM [Order of
[dB] [dB] [dB] Total Simulation [dB] Magnitude] MLSE | DFEgqgivatent

Channel 1 0.8121 2.1997 18.0966 1.0292 E-3 2.1588 E-5 20.1022 0.7938 0.7465 2.0055 1.6783 1.04 E-3 2.2 E-5 2.5E-5
Channel 2 0.7729 2.0341 18.0369 1.1216 E-3 3.0795 E-5 19.9627 0.8011 0.7670 1.9258 1.5614 1.95E-3 2.6 E-5 3.6 E-5
31 Channel 3 0.7778 2.0546 18.0641 1.0299 E-3 2.4942 E-5 20.0097 0.7993 0.7467 1.9456 1.6159 5.5E-4 1.4 E-5 3.3E-5
Channel 4 0.7761 2.0476 18.0914 1.0044 E-3 2.4560 E-5 20.0336 0.7996 0.7586 1.9422 1.6117 1.02 E-3 1.2 E5 24E-5
Case 1 0.9025 2.5876 18.1565 9.6653 E-4 1.2347 E-5 20.3399 0.7777 0.7552 2.1833 1.8937 1.71E-3 3.3E-5 3.6 E-5
Case 2 0.8219 2.2417 18.1782 9.3605 E-4 1.7755 E-5 20.2069 0.7917 0.7788 2.0288 1.7220 1.42 E-3 7.1E-5 4.1E-5
52 Case 3 0.9119 2.6283 17.9732 1.1996 E-3 1.6031 E-5 20.1700 0.7765 0.7417 2.1968 1.8741 2.73 E-3 7.2 E-5 6.8 E-5
Case 4 0.9026 2.5880 18.0037 1.1001 E-3 1.3840 E-5 20.1903 0.7774 0.7321 2.1866 1.9002 2.56 E-3 9E-6 3.6 E-5
Conventional 0.9672 2.8680 17.9234 1.0536 E-3 5.9785 E-6 20.3362 0.7575 0.6115 2.4128 2.2461 1.94 E-3 1.9E-5 5E-6
S3 CPP 0.9938 2.9833 17.9546 1.0985 E-3 5.4707 E-6 20.4631 0.7492 0.5976 2.5085 2.3028 1.06 E-3 1E-6 5E-6
NCC 0.9933 2.9812 18.0133 9.5421 E-4 3.8148 E-6 20.5386 0.7477 0.5601 2.5253 2.3982 140 E-3 1.9E-5 5E-6
CPC 30/15 0.9421 2.7590 18.3817 9.6187 E-4 1.1310 E-5 20.6573 0.7695 0.7467 2.2756 1.9297 6.4 E-4 NA 0
CPC 30/20 0.9598 2.8358 18.2483 1.0965 E-3 1.2076 E-5 20.5759 0.7649 0.7421 2.3276 1.9581 6.8 E-4 NA 8 E-6
CPC 35/15 0.9602 2.8376 18.3260 9.7801 E-4 9.6982 E-6 20.6651 0.7639 0.7402 2.3391 2.0037 9.4E-4 NA 24E-5
CPC 35/20 0.9783 2.9160 18.2488 1.0360 E-3 8.7069 E-6 20.6576 0.7578 0.7332 2.4088 2.0755 1.12 E-3 NA 6 E-6
NPC 30/15 0.9739 2.8969 18.0914 1.0265 E-3 7.6231 E-6 20.4955 0.7582 0.7034 2.4041 2.1292 1.29E-3 NA 5E-6
S4 NPC 30/20 0.9779 2.9144 18.0586 1.0508 E-3 7.3813 E-6 20.4809 0.7566 0.6932 2.4224 2.1534 9.3E-4 NA 5E-6
NPC 35/15 0.9782 2.9157 18.0532 1.0596 E-3 7.4717 E-6 20.4763 0.7566 0.6927 2.4231 2.1517 1.95E-3 NA 8 E-6
NPC 35/20 0.9784 2.9166 18.0672 1.0116 E-3 6.4992 E-6 20.4996 0.7557 0.6786 2.4324 2.1922 2.38 E-3 NA 1E-6
PCB 10/10 0.9822 2.9329 18.1274 1.0372 E-3 7.5393 E-6 20.5601 0.7557 0.7116 2.4327 2.1385 1.06 E-3 NA 2E-5
PCB 15/10 0.9742 2.8982 18.0862 1.0108 E-3 7.1265 E-6 20.4962 0.7577 0.7130 2.4100 2.1518 1.72 E-3 NA 4 E-6
PCB 20/10 0.9768 2.9096 17.9897 1.0075 E-3 5.2994 E-6 20.4366 0.7545 0.6426 2.4470 2.2790 140 E-3 NA 0

* Simulations do not include CDR; Jitter is applied using COM method; Maximum 1M symbols
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Summary of the Case Results (1E-3)
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Summary of the Case Results (1E-4)

Channel Variant Coding Gain SEEEARREER o = ACOM [Order of
[dB] [dB] [dB] Total Simulation [dB] Magnitude] MLSE | DFEgqgivatent
NA NA

Channel 1 0.8121 2.1999 19.3358 1.1358 E-4 4.8160 E-7 21.4596 0.7831 0.7105 2.1238 2.3726 6.5 E-5
Channel 2 0.7677 2.0122 19.2972 1.2762 E-4 8.1949 E-7 21.3249 0.7918 0.7413 2.0277 2.1924 9.2 E-5 NA NA
31 Channel 3 0.7746 2.0413 19.3574 1.0349 E-4 5.1857 E-7 21.4090 0.7896 0.7089 2.0516 2.3001 1.24E-4 NA NA
Channel 4 0.7778 2.0548 19.3624 1.0649 E-4 5.4976 E-7 21.4184 0.7892 0.7267 2.0559 2.2871 1.58 E-4 NA NA
Case 1 0.8710 2.4519 19.3156 1.2101 E-4 3.6782 E-7 21.5521 0.7730 0.7497 2.2365 2.5172 2.71E-4 NA NA
Case 2 0.8382 2.3112 19.3738 1.1817 E-4 4.4691 E-7 21.5464 0.7787 0.7607 2.1727 2.4223 223 E-4 NA NA
52 Case 3 0.8883 2.5262 19.2597 1.2679 E-4 3.3241 E-7 21.5347 0.7696 0.7341 2.2751 2.5814 4.01E-4 NA NA
Case 4 0.8803 2.4919 19.2705 1.1275 E-4 2.6353 E-7 21.5379 0.7702 0.7243 2.2674 2.6313 24E-4 NA NA
Conventional 0.9704 2.8818 19.0707 1.0416 E-4 4.6160 E-8 21.6348 0.7444 0.4914 2.5641 3.3535 193 E-4 NA NA
S3 CPP 0.9978 3.0006 19.1129 1.1263 E-4 4.6876 E-8 21.7741 0.7361 0.4644 2.6613 3.3807 9.3E-5 NA NA
NCC 0.9966 2.9957 19.0863 1.1472 E-4 4.2448 E-8 21.7498 0.7359 0.3967 2.6636 3.4318 1.89E-4 NA NA
CPC 30/15 0.9437 2.7659 19.6268 1.0728 E-4 1.8526 E-7 22.0459 0.7569 0.7238 2.4190 2.7627 1.09 E-4 NA NA
CPC 30/20 0.9618 2.8445 19.5849 1.0578 E-4 1.4261 E-7 22.0673 0.7514 0.7177 2.4824 2.8703 7.5 E-5 NA NA
CPC 35/15 0.9621 2.8456 19.5808 1.0668 E-4 1.4455 E-7 22.0637 0.7514 0.7174 2.4829 2.8680 7.0 E-5 NA NA
CPC 35/20 0.9803 2.9249 19.5680 1.0012 E-4 9.6782 E-8 22.1262 0.7449 0.7080 2.5582 3.0147 1.01 E-4 NA NA
NPC 30/15 0.9775 2.9125 19.3856 9.4633 E-5 7.5737 E-8 21.9409 0.7451 0.6602 2.5553 3.0967 1.19E-4 NA NA
S4 NPC 30/20 0.9814 2.9297 19.3345 1.0004 E-4 7.5113 E-8 21.9067 0.7437 0.6453 2.5722 3.1245 1.54 E-4 NA NA
NPC 35/15 0.9817 2.9309 19.3297 1.0142 E-4 7.6746 E-8 21.9008 0.7436 0.6446 2.5729 3.1211 1.24 E-4 NA NA
NPC 35/20 0.9816 2.9306 19.3192 9.8216 E-5 6.6343 E-8 21.8977 0.7431 0.6248 2.5785 3.1704 1.94 E-4 NA NA
PCB 10/10 0.9855 2.9474 19.4163 1.0046 E-4 8.2442 E-8 21.9985 0.7428 0.6760 2.5823 3.0859 1.14 E-4 NA NA
PCB 15/10 0.9780 2.9148 19.3419 1.0110E-4 8.2962 E-8 21.8978 0.7451 0.6780 2.5559 3.0859 1.38 E-4 NA NA
PCB 20/10 0.9555 2.8170 19.2298 1.0486 E-4 9.2064 E-8 21.7147 0.7512 0.6387 2.4849 3.0565 1.77 E-4 NA NA

* Simulations do not include CDR; Jitter is applied using COM method; Maximum 1M symbols
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Summary of the Case Results (1E-4)
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Summary of the Case Results (Native Noise)

= ACOM
Total el
Simulation [dB]

Theoretical
Coding Gain

[dB]

DER Ratio

Channel Variant [Order of

S1

S2

S3

S4

Channel 1
Channel 2
Channel 3
Channel 4
Case 1
Case 2
Case 3
Case 4
Conventional
CPP
NCC
CPC 30/15
CPC 30/20
CPC 35/15
CPC 35/20
NPC 30/15
NPC 30/20
NPC 35/15
NPC 35/20
PCB 10/10
PCB 15/10
PCB 20/10

0.8116
0.7272
0.7655
0.7850
0.8599
0.8893
0.8702
0.8534
0.9728
0.9999
0.9923
0.8389
0.8361
0.8388
0.9843
0.9819
0.9847
0.9850
0.9837
0.9906
0.9815
0.9542

2.1977
1.8437
2.0029
2.0849
2.4042
2.5308
2.4481
2.3764
2.8924
3.0100
2.9767
2.3141
2.3021
2.3136
2.9419
2.9315
2.9439
2.9452
2.9379
2.9693
2.9300
2.8113

[dB] [dB]
22.4094 9.3440 E-9 3.2390 E-14 24.6754
22.8466 1.7362 E-9 1.6404 E-14 24.8377
21.9669 5.1313 E-8 1.6462 E-12 24.0787
22.4866 7.8439 E-9 5.1413 E-14 24.6685
23.0054 1.0158 E-9 2.3304 E-16 25.1529
23.8067 1.8718 E-11 6.6854 E-20 25.1540
22.0362 4.7543 E-8 2.6394 E-13 24.4423
20.8167 2.4914 E-6 3.8091 E-10 23.1275
17.3785 2.3461 E-3 2.5322 E-5 19.7544
19.8950 1.3693 E-5 4.7054 E-10 22.6422
17.7271 1.5176 E-3 9.9057 E-6 20.2105
24.7915 8.7930 E-14 6.7051 E-24 25.3072
24.3010 1.6507 E-12 2.0676 E-21 25.2911
24.3061 1.5934 E-12 1.7804 E-21 25.2872
23.7363 3.5020 E-11 5.8234 E-21 25.2246
21.5206 2.2344 E-7 3.6820 E-13 24.2546
20.8551 1.8751 E-6 2.4601 E-11 23.5614
20.8528 1.8886 E-6 2.4803 E-11 23.5602
20.3274 7.9269 E-6 3.9988 E-10 23.0001
22.3082 1.3449 E-8 2.6110 E-15 24.9509
20.8384 2.2760 E-6 4.6077 E-11 23.5229
18.8703 2.2232 E-4 4.0606 E-7 21.3151

* Simulations do not include CDR; Jitter is applied using COM method; Maximum 1M symbols

0.7704
0.7951
0.7842
0.7779
0.7810
0.8563
0.7580
0.7664
0.7607
0.7289
0.7513
0.9424
0.8923
0.8932
0.8425
0.7300
0.7323
0.7322
0.7351
0.7377
0.7341
0.7547

0.5318
0.6465
0.5541
0.5745
0.7324
0.8230
0.7004
0.7153
0.6036
0.2504
0.5873
0.9211
0.8508
0.8519
0.7736
0.5384
0.5527
0.5523
0.5559
0.5560
0.6260
0.6565

2.2660
1.9911
2.1118
2.1819
2.1475
1.3473
2.4060
2.3108
2.3759
2.7472
2.4834
0.5157
0.9901
0.9812
1.4883
2.7340
2.7063
2.7073
2.6727
2.6427
2.6845
2.4448

5.4601
5.0247
4.4937
5.1835
6.6394
8.4471
5.2556
3.8156
1.9668
4.4639
2.1853
10.1177
8.9022
8.9518
9.7791
5.7831
4.8821
4.8816
4.2972
6.7119
4.6937
2.7384

NA NA
NA NA
NA NA
NA NA
NA NA
NA NA
0 NA
4.13 E-3 5.1E-5
19E-5 NA
1.81E-3 1.3E-5
NA NA
NA NA
NA NA
NA NA
NA NA
NA
NA
1.2 E-5 NA
NA NA
5E-6 NA
3.81E-4 NA

NA NA NA

NA
NA
NA
NA
NA
NA
NA
1.1E-5
NA
1.2 E-5
NA
NA
NA
NA
NA

NA

3E-6
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Summary of the Case Results (Native Noise)

10° | | | | | | | | I |
L DFETap=0.7 0.8 0.9 1 Variant 1 O S1 Channels
A Variant2 | | @ S2 Channels
105k e D, Variant 2 | | ¥ S3 Channels |
"""" oy Variant 4 X S4 CPC Channels
e
g S4 NPC Channels
%\ i ¥oe. +
] =y %k S4 PCB Channels
- ] :
10710 = .
E leﬂ
151 * Limited by Numerical
10 2 Accuracy of PDFs
,/l)"'--.,_ Calculated with
,,a_jff____________'_'_'-_,_f__:'_f_‘\\Gaussian Noise
10720 R i
1029 ' . | |  0=0708051 AN o
17 18 19 20 21 22 23 24 25 26 27 28

SNR [dB]



Latest Case Additions (S5)

e rabinovich_3dj 01 230116 (rabinovich_3dj 02 230116 and rabinovich_3dj 03 230116)

S5 C2M Channels S5 C2M Channels

S5 C2M Channels
235 : :

40 2.5 50

32r 1

a0

24 1 30

ILD [dB]

16 [ 20 F

IL @ 56GHz [dB]
IL (D2D) @ 56GHz [dB]

Bit Rate i . Feieee
Channel [Gb/s] [mm]
[©]
387 608 40/90/110 45/0 325 419 001/002 1 1.875 =
s5 224 387 3l o 3/1 1307150140 30 9y 075y 1007251 1 0/8  ologglkd xkd  xky 1 1.925 1.595

* To force more errors to facilitate time-domain simulation verifications




Summary of S5 Case Results

e 1E-3

Theoretical SNR o Nosie Scaling Factor DER Ratio DER Simulation Results *
DFE Tap Coding Gain DFE DFE,equivalent —
Channel Variant g DERy;.se for [Order of
= [dB] [dB] [dB] Total Simulation Magnitude] MLSE DI:EEquivaIent
NA NA NA

Orthogonal 0.9516 2.8001 18.1185 1.0190 E-3 9.3445 E-6 20.4402 0.7654 0.6575 2.3217 2.0376
Parallel 0.8568 2.3908 18.1306 1.0010 E-3 1.6731 E-5 20.2175 0.7864 0.7232 2.0870 1.7769 NA NA NA
* Simulations do not include CDR; Jitter is applied using COM method; Maximum 1M symbols

e 1E-4

Theoretical Nosie Scaling Factor . DER Simulation Results *
. DFE Tap Coding Gai SNRDFE SNRDFE,equivaIent DER Ratio
Channel VELEDL = Slepzieell DER,; ¢ for = [Order of
- [dB] [dB] [dB] Total Simulation Magnitude] MLSE DI:EEquivaIent
NA NA NA

Orthogonal 0.9361 2.7330 19.3735 1.0109 E-4 1.4041 E-7 21.7834 0.7577 0.6073 2.4100 2.8573
Parallel 0.8623 2.4142 19.3886 1.0161 E-4 2.7423 E-7 21.6179 0.7736 0.6735 2.2292 2.5688 NA NA NA

S5

* Simulations do not include CDR; Jitter is applied using COM method; Maximum 1M symbols

e Native
Theoretical SNR S - Nosie Scaling Factor DER Ratio DER Simulation Results *
. DFE Tap Coding Gain DFE DFE,equivalent -
VELED o g for [Order of
= [dB] [dB] [dB] Total Simulation Magnitude] MLSE DI:EEquivaIent
S5 Orthogonal 0.9182 2.6555 21.5958 1.3718 E-7 4.1091 E-13 24.1311 0.7469 0.3081 2.5353 5.5236 NA NA NA
Parallel 0.8625 2.4151 22.0927 3.0338 E-8 8.8521 E-14 24.4931 0.7585 0.4872 2.4004 5.5349 NA NA NA

* Simulations do not include CDR; Jitter is applied using COM method; Maximum 1M symbols



Summary of S5 Case Results

-2
10 DFETap-10.7 0.8 0.9 1 | | | | |
,,/.,/./ Variant 1 O Native
Variant 2 O 1E-3

107 Vv 1E4 |7

10—6 -]
e
Ll -8 -
o 10

10-10 —

10712 - _

a=0.708091 \
10-14 | | | |
17 18 19 20 21 22 23 24 25

SNR [dB]



Few Comments on a, ASNR, and Coding Gain

e LA B e T e e e I A B o e 2T T T T T T T T T T T T
. 3t =ﬂig cain g Numerical i'
—_ = Inaccuracy
0.8} | g !
£ 2F <] 1F
£ 06} 3 c
w L5F d 05
0.4} g N >
0.2 05k E O P T e 7
0 0 S0
> e P A RGNNSO A > Y3k 2> F RGOS A B ¥k 2> F RGOS A
5@&&@%"%&&"‘4&* 5&@2&3‘3‘4‘3&‘1"@& 5"‘5‘2"‘:&5 i“i"‘é"i“i"‘i‘"@é
e Correlation between coding gain (10log,,(1+a?)) and ASNR is not great
e For the lossy channel study cases 0.73 < a <1 3 Correlation Plot
: st o )
e From a performance perspective ZZ’ Lo o o °o
[ - =]
» With this high level of post-cursor value, DFE efficiency is poor and = | T N
wastes 35% to 50% of the useful signal energy 2 .| ' ° g
- . . . Numerical / B
» In addition, high value of a considerably increases DFE tendency to o5k INaccuracy g omv
propagate errors o | .
. . . 1.5 2 2.5 3
> DFE is a much more attractive choice for ¢ < 0.5 Coding Gain [dB]
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e This presentation was a recap of the proposal for incorporating performance advantage of
MLSE in COM, outlined in “shakiba_3df 01b_2211.pdf” and “shakiba 3dj 01 230116.pdf”

e Validity of the proposal approach and its implementation method were demonstrated by
analysis of several channels and cases

e A summary of the DFE and MLSE analysis was provided (Appendix)

e All the equations resulted from analysis of DFE and MLSE were presented

e The proposal boils down to quantifying the equivalent COM advantage of MLSE over DFE
e The equations are COM compatible and directly calculated from COM parameters

e This level of MLSE support is already implemented and available in COM 4.0 Matlab code

e If there is enough interest, equations will continue to be improved and COM Matlab code will
be updated

e The proposal is extendable to higher order MLSE as well as other more advanced signal
processing techniques
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PRML Read Channel, a Success Story

e Operation of writing and reading data on a magnetic media is similar to transmitting and
receiving data over a communication channel

e Partial-Response Maximum Likelihood (PRML) is a method developed for high-density packing
of stored data on a magnetic media

e High density packing during writing causes ISI between adjacent data during reading

e Handling ISl by using maximume-likelihood sequence estimation (MLSE) enabled tolerating
more ISI and led to a substantial and sudden increase in the disk drives in 90s

e Combination of NRZ + PRS (ContrOIIEd |S|) + MILSE L5 Dicode(1-D) L5 Classiv(1-D%) | _EPR4 (1+D-D?-D°)
e First PRML disk drive introduced by IBM in 1990 if 1 I
e Example partial-response polynomials in PRML 'OA [\v‘“‘ j '0 v/‘\ |l j 'o i B
read channels: LY | | % sl -
n=0, 1-D Dicode al | Y :
(1-D)1+D)" - {n=1, 1—D? classtv.— | e
n=2 1+D-—D?—D3 EPR4 Theaasise Thaaeaasise Thaa0aasis e

HUAWEI TECHNOLOGIES CO., LTD. 29 “ HUAWEI



Appendix A

Calculating SNR for L-PAM




SNR for L-PAM

e Assuming outer PAM levels of £main and L equi-probable levels

2main
L-1

PAM Level Separation =

2main

PAM Levels = —main + =

[l ,forl=0,---,L—1

2 2
Signsl Power = maLm i (—1 + L) = 22 main? (Note that %ZZL;(}(PAM Levels) = 0)

1 L+1 main?
SNR = -

3L-1 Jnoise2

e This is the equation used in step 2



Appendix B

Error analysis of L-PAM 1-Tap DFE




Error Analysis without Error Propagation

e Assuming outer PAM levels of £main, Gaussian noise, and dominance of adjacent-level errors

e Symbol error probability without error propagation

> 2L-2 tails extend to wrong decision sides
4-PAM Example ’

Eomm i on en en e e e e e e e N e

main main

1 main L-1 main
DERDFE,without error propagation =~ L (ZL - Z)Q ( ) =2 L Q ( )

(L-1)opoise (L—=1D0onoise

e With error propagation each error symbol extends to a burst of errors

e For the purpose of error calculation, error ratio multiplies by the average burst length

1
1-EPPprg

main

(L=1)onoise

L-1—
DERppg = ZTBLDFEQ(

) , Where assuming exponential distribution for burst lengths EDFE =~
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Error Analysis with Error Propagation

e Error propagation changes each distribution to a bimodal distribution
» In 2(2L-2) cases error propagation is destructive and tails extend to wrong decision sides

2main 2main 2main 2main

4-PAM Example

forlarge a (e.g.0.5<a < 1)

L-1

EPPprgr = P(error|previous error) = 2—1L (2L — 2) (Q ((1 —2a) ﬂ) +0Q ((1 + 2a) __main )) ~220 <(1 —2a) main >

(L=1)0onoise (L= 0onoise L (L=1)0noise

L-1 1 main 2 main
DERpgp ~ 2 ( )= ( )
L-1 L=Doppise




Error Analysis with Error Propagation and Arbitrary Noise

e If noise in not Gaussian change the Q function to 1-CDF

e Note that since by definition of Q function its argument is normalized to standard deviation
and the argument should now be de-normalized to o

noise

2 in
DERppg = 1 main (1 — CDFypise (nllzl ))
E+CDFnoise((1—2a) I—1 )

e The above expression includes the effect of error propagation

e This is the equation used in step 2




Appendix C

Error analysis of L-PAM 1+oD MLSE




Minimum Distant Error Events

e The obvious one (shortest event)

le{0,,L—1} .‘/O/.\2
4-PAM Example 1
1-Error Event .
1-Error Event . o) .

e Not so obV|ous ones (longer events)

j-Error Event

4-PAM Example ./ /:\ \‘/ /

2-Error Event




Minimum Distant Error Events

e Assuming outer PAM levels of £main, the Euclidean distance for the obvious short error event

is 2241 + o2

L-1
e The Euclidean distance for the longer error events is 2 "Zfiln\/l +( — 11— a)? + a? and the
burst of errors it entails has a length of j (j = 1)

e Note that for j = 1, this becomes the same as the short error event

e Also note that as o approaches 1 the Euclidean distance of all of the longer error events
approaches the distance of the short error event

e This is the error propagation mechanism in the MLSE and is maximized fora = 1

. . . . . —1\/
e Combinational counting reveals that the fractional frequency of these error events is 2 (%)
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Error Analysis

e Putting together fractional frequency, number of errors, and Euclidean distance for individual
events and summation over all the events results in the following overall decision error ratio
of the MILSE with Gaussian noise

main )

(L=1)oppise

DERuise ~ 2521) () @ (VT+G - DU - 0)? + @2

which for arbitrary noise with a known CDF, and after de-normalization, becomes the
following expression

L-1\/

DERysg = 225721 (T) (1 — CDFppise (\/1 + (G -1DA—-a)?+a? 7:?171))

e This is the equation used in step 3



Appendix D

Analysis of the Conceptual Equivalent DFE




SNR of the ‘Equivalent’ DFE

e How much does SNR need to increase so that a conceptual equivalent DFE performs as well as
the MLSE?

DERDFE,equivalent = DERyysE

2 3
L . Q <\/L2—1 SNRDFE,equivalent) = DERyysE
E‘Q((l—za)\/Lz_lsNRDFE,equivalent>

e Solving this equation requires iterations, but noticing that the Q function in the denominator
of left hand side is a weak function of its argument, particularly SNRp; o oyivalent (Which only
changes from SNRy; by as much as a factor of 2), SNRye¢ cquivalen: €@N be replaced with SNR;
to avoid iterations with negligible accuracy penalty, yielding

main (L—1Donoise

(L=1)0pnoise n—11 1 L main
SNRDFE,equivalent = SNRprg . Q ! (E DERwmLsE <E -0 <(1 - 2a) l >>>
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Noise of the ‘Equivalent’ DFE

e How much does noise need to decrease to give the same increase in SNR so that the
conceptual equivalent DFE performs as well as the MLSE?

1 L+1 main? 1L+1 main?

SNRDFE = - SNRDFE 1 ==
,equivalent
3L-1 Unoisez q 3L-1 Unoise,equivalentz

1

Onoise,equivalent =

L-1 _.|1 L main
mainQ 1<EDERMLSE<E_Q<(1_2a)(L—1)Gnoise)>>




‘Equivalent’ SNR and Noise with Arbitrary Noise

e Change the Q function to 1-CDF, de-normalized, and solve

2

1 3
m"‘CDFnoise((l —2a) O'noise\/mSNRDFE,equivalent

3
)(1 — CDF (O-noise\/ESNRDFE,equivalent)> = DERy;sE

e Similarly, replace SNRp¢ oquivalent iN the denominator with SNR; to avoid iterations to yield

2

L-1 _ 1 1 main
CDFnolise (1 - EDERMLSE <E + CDFnoise ((1 - 2“) L_ll ))) SNRDFE

main

SNRDFE,equivalent =

e Equivalently, this increase in SNR can be expressed as a decrease in noise

1

L-1 1 1 main Onoise
CDF; 1 (1—5DERMLSE<Z+CDFn0ise((1—2a) = )))

Onoise,equivalent =

main noise

e Last two equations are the equations used in step 4



