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LSIBEL |htroduction

NRZ and PAM-4 with a linear FIR feedforward
(FF) filter and a decision feedback (FB)
equalizer are compared.

The number of taps in the feedforward and
feedback equalizers are varied.

Responses are from Tyco-provided measured
channels and Xilinx-provided modeled channel.

The effect of near-end crosstalk is observed.
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. Parameters Used

= Only DJ is from ISI
No DCD, PJ included
» 0.01Ul s RJ added
m Signal-to-Electronics Noise Ratio 45dB
» Crosstalk added as noted
= |deal receiver sensitivity assumed
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. Description of Results

Only NRZ with DFE and PAM-4 with DFE are
considered

SNR at optimal sampling point is shown
x-axis shows number of feedback taps used

Each line represents a different number of feed-
forward (FF) equalizer taps used in the TX

Crosstalk is assumed to occur at the same
frequency as the signal. The worst case
crosstalk phase at the ideal sampling point is
selected.

All tap values are ideal.



LSTEZR8 Frequency Responses
Measured Channels from Tyco and Modeled Channel from Xilinx

Frequency Response %ﬁ 'TyCO 3 exhibits |arg98t
S S = difference of the measured
g channels between response at
° 5 SGHz (Nyquist frequency of
0 NRZ) and 2.5GHz (Nyquist
= 5 N 5 5 5 5 - & frequency of PAM-4). Itis about
ﬁ b :> RN Ao ZA W | 11.9 dB.
3 _146 db@Z.ESGHz R 5 § The modeled Xilinx channel
T o : | ' ' ' | exhibited larger difference
% | | o | | | between response at 5GHz
= el et | LA s UL (Nyquist frequency of NRZ) and
Tyco2 : ' = | - 2.5GHz (Nyquist frequency of
oLl tes |..26500@ PAM-4) than any of the
Tyco & | measured channels. It is about
i TycoB 12.1 dB.
Tyca 7
— — Modeled 1 : *PAM-4 has often been thought
40 1' > - to perform better if the

difference is greater >9.5dB.
6

Frequency (Hz)



Worst Case NEXT from each Tyco measured case and NEXT from modeled Xilinx data

LOTERRER  Near-End Crosstalk Frequency Responses

Frequency Response éﬁ *One NEXT aggressor will be
- - - . = considered for each case:
— .
- the worst case provided for
& each channel. Usually, one
@  aggressor was significantly
-
®  worse than the others.
*Crosstalk is assumed to
) . : , ; | occur at the same frequency
2 Y _li-r__J S A MU R AL {0 as the signal.
S 80 i HF = , , , , : ,
= | | ! : !
g wh e L EEE; _________ | NIk *The worst case crosstalk
TRE g Tyco 3 § § i phase at the ideal sampling
1711111 . — A— Tycod Lo S ool point is selected.
‘|] Tyco & : : :
Ny SR A N TyeoB |
) Tyca ¥
| ] . — — Modeled 1 ] ] .
70 I ----------------------------- Proposed Mask [+
p | | | | | | | |
0 1 2 3 4 5 B 7 B

Fregquency (Hz) 10"



LSIIEMEI NRZ vs PAM-4

Tyco Channel 1; 10.3125Gbps; NEXT;

32

a0

28

SR at Slicer(dB)

Tyco 1, NRZ-DFE vs. PAM-4-DFE; 10.3125Ghps; MEAT

. . . - '}
NRZ with 3 tap FIR in TX :’

T and 5 tap DFE (26.7dB) , P

—+— PAM4 - 0 Pre, 1 Post |
—&— PAMA - 1 Pre, 1 Post |
—#— PAM4 - 2 Pre, 1 Past |

PAM-4 with 3tap FIR in TX

and 5 tap DFE (24.3dB) —<—NRZ-0Pre, 1 Post
: : oo —&— NRZ -1 Pre, 1 Post
I R FE —%— PAMA - 2 Pre, 1 Post |||
— SNR 24dB
18 n ! ! ! Lo |1 ! PR S N T
10 10 10
Mumber of Feedback Taps

24-Sep-2004 LS| Logic

*This channel exhibited 9.2dB
loss between the Nyquist
frequency for PAM-4 (2.5GHz)
and that for NRZ (5.0GHz).

*With NEXT and three tap FIR,
NRZ meets SNR goal with one
DFE tap and PAM-4 requires
two.

*With NEXT, performance of
three tap FIR and 5 DFE taps,
NRZ shows about 3.4dB
improvement over PAM-4.



LSIIERES NRZ vs PAM-4
Tyco Channel 2; 10.3125Gbps; NEXT;

Tyco 2 NRZ-DFE vs. PAM-&-DFE; 10.31256Gkps; NEXT 5 *This channel exhibited 10.9dB
= SR R — 1 = |oss between the Nyquist
P —#— PAM4 - 0 Pre, 1 Post o
e pavi1Peirest| | = frequency for PAM-4 (2.5GHz)
oo R T S e S ST —+—pamé-2Pe,1Pust 14 &  and that for NRZ (5.0GHz).
A R —«— NRZ-0Pre, 1 Post & _
NRZ with 3 tap FIR in TX —&—NRZ-1Pre, 1 Post 3 *With NEXT and three tap FIR,
Bi---- and 5 tap DFE (25.45dB) "] T gig“;j;feﬂ Post 14 NRZ meets SNR goal with three
_ N — DFE taps and PAM-4 requires
S % - two.
z sWith NEXT, performance of
x 2 T T three tap FIR and 5 DFE taps,
I NRZ shows about a 0.25dB
ml : 7 N R S A | loss as PAM-4.
PAM-4with 3tap FIRin TX
and 5 tap DFE (24.2dB)
e e
f IR R
10’ 10 10

Murnber of Feedback Taps 9



LSIIEMEI NRZ vs PAM-4
Tyco Channel 3; 10.3125Gbps; NEXT;

Tyco 3; NRE-DFE vs. PAM-4-DFE; 10.3125Gbps; NEXT ¢ *This channel exhibited 11.9dB
32 A T —  loss between the Nyquist
~  frequency for PAM-4 (2.5GHz)
bbb L B and that for NRZ (5.0GH2).
NRZ with 3 tap FIR I TX DD 2 awith NEXT and three tap FIR,
2% - and 5 tap DFE (25.6B) NRZ meets SNR goal with three
b N , % * DFE taps and PAM-4 requires
% two.
@ «With NEXT, performance of
g three tap FIR and 5 DFE taps,
@ A NRZ shows 1.2dB margin over
7 ‘ ! ! N —— PAM4 -0 Pre, 1 Post | PAM-4
PAM-4 with 3 tap FIR in TX & PAMA-1Fre, 1 Post
and 5 tap DFE (24.4dB) —#— PAMA - 2 Pre, 1 Post
I = —+#—NRZ-0Pre, 1 Post
L i S S M S S S A A —&—NRZ- 1 Pre, 1 Post [
' S —#— PAM4 - 2 Pre, 1 Post
| — SNR 24dB
10’ i} 10’
Mumber of Feadback Taps
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NRZ vs PAM-4
Tyco Channel 4; 10.3125Gbps; NEXT;

32

Tyco 4, NRZ-DFE vs. PAM-4-DFE; 10.3125Gbps; NEXT

a0

L. NRZ with 3tap FIR in TX

and5 tap DFE (27. 8dB)

28
i)
= 26
o
I,
7 1‘.:
: 24
[0 o = T T T LI B T T T T |
= y A !
ol / AR ——PAM4 -0 Pre, 1 Post | |
- PAM-4 with 3 tap FIR in TX & PAM4 -1 Pre, 1 Post |
and 5 tap DFE (24.9dB) 7 PAMA-2Pre, 1 Post 1
; ; T —— MR -0 Pre, 1 Post !
. . A —&—NRZ- 1 Pre, 1 Post !
L SRR S S R R B RN —#— PAM4 - 2 Pre, 1 Post -+
' ' Lo — ohR 24dB '
18 L il
10 10 10
Mumber of Feedback Taps

*This channel exhibited 8.0dB
loss between the Nyquist
frequency for PAM-4 (2.5GHz)
and that for NRZ (5.0GHz).

*With NEXT and three tap FIR,
NRZ meets SNR goal with one
DFE tap and PAM-4 requires
two taps.

*With NEXT, performance of
three tap FIR and 5 DFE taps,
NRZ shows 2.9dB margin over
PAM-4.
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LSIIEMEI NRZ vs PAM-4
Tyco Channel 5; 10.3125Gbps; NEXT;

Tyco 5; NRZ-DFE vs. PAM-4-DFE: 10.3125Gbps; NEXT =  *This channel exhibited 6.6dB
32 - —— - —— : - i
NRZ with 3 tap FIR in TX - i 5 loss between the Nyquist
and 5 tap DFE (29.1dB) -7 5 frequency for PAM-4 (2.5GHz)
E 1 R R N R = -+ & and that for NRZ (5.0GHz).
IR AR Ry g & -AIquu_allzatloq and signaling
Zi Y G i AR A S i il strategies considered meet
| e AR, e it R SNR goal.
o % A SRR o
) s \ """ h *With NEXT, performance of
i ——" 1 | \PAM-4with3tapFIRinTX | i i !}
g __/ | and 5 tap DFE (26.20B) ERE three tap FIR andSDFE_taps,
@ 2 —— i — NRZ shows 2.9dB margin over
- ——PAM4-0Pre, 1 Post | | | ! | PAM-4.
—G—F'Ahdtl-’IF‘re,’IF'nsti Lo
22| s paMA - 2 Pre, 1 Post [T e |
—+#— NRZ-0Pre, 1 Post
—&—NRZ-1Pre, 1 Post | 111 L
A1) —%— PAMA -2 Pre, 1 Post |13 R R A
—— SHR 2408 I |
18 0 I I I I1 - i
10 10 10

Mumber of Feedback Taps 1



LSIIERES NRZ vs PAM-4
Tyco Channel 6; 10.3125Gbps; NEXT;

Tyco 6; NRZ-DFE vs. PAM-4-DFE: 10.3125Gbps: NEXT *This channel exhibited 8.0dB

32 T loss between the Nyquist
frequency for PAM-4 (2.5GHz)
0 and that for NRZ (5.0GHz).
| IREE ST (Difficult to estimate due to
-l i S e ringing.)
e S “With NEXT and three tap FIR,
o NRZ meets SNR goal with four
% DFE taps and PAM-4 requires
5 two taps.
% g
@ PrT—— *With NEXT, performance of
) R I A N o PAMA-1 Pre 1 Post three tap FIR and 5 DFE taps,
A | —#— PAM4 - 2 Pre, 1 Post NRZ shows 0.25dB margin over
. PAM-4with3tap FIRin TX || —*—NRZ-0Pre, 1 Post PAM-4.
s0l-...i... and 5tap DFE (25.5dB) | —©— NRZ-1Pre, 1 Post
: ! Lo | —=— PAMY -2 Pre, 1 Post
IEEE | — SNR 2408
8 R N
g i} g
Mumber of Feedback Taps
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LSIIEMEI NRZ vs PAM-4

Tyco Channel 7; 10.3125Gbps; NEXT;

Tj,rt:n? NRZ-DFE vs. PAM-4-DFE; 10. 3125[3hp5 NEXT =  *This channel exhibited 6.5dB
3 AVt 3 G0 FR N T || —  loss between the Nyquist
and s tap DFE (27.7d8) g frequency for PAM-4 (2.5GHz)
£I1] S TR AR YA I S beepfendnddeblid g and that for NRZ (5.0GHz).
o NG e i*‘ g *With NEXT and three tap FIR,
% R e e o i S B S A R N both NRZ and PAM-4 meet SNR
_ f SEEs A goal with one DFE tap.
m | ¥ | | A
= 0 = 0 1V R e R R AR “With NEXT, performance of
. § T S L three tap FIR and 5 DFE taps,
247 /A S N A S NRZ shows 0.6dB loss relative
i o—— 1T EEEEE NN to PAM-4,
NRZwith3tap FIRinTx |~ PAME-OPe TPost),
72 and5tap DFE (27.1dB) - = "AMA-TPre 1 Post
! ! ! oo +PAM4'2PrE,1PDSt E
—+—MRZ-0Fre, 1 Post |
p1r| AR SN SN SO N N 0 OO 15 SO —&—NRZ-1Pre, 1 Post | |
—#— PAMY - 2 Pre, 1 Post |-
—— SR 2448
19 i RN i RN
10’ i} 10’

Mumber of Feedback Taps 14



LSIIEMEI NRZ vs PAM-4
Modeled Channel (Xilinx); 10.3125Gbps; NEXT;

Modeled 802.3ap Channel: NRZ.DFE vs. PAM-4-DFE; 10.3125Ghps; NEXT 5 *This channel exhibitec_l 12.1dB
3 A T T o o loss between the Nyquist
—— PAMA - 0 Fre, 1 Post .

L o PAM- 1 Pre. 1 Fost || = frequency for PAM-4 (2.5GHz)
R —s—pama-2Pe, 1Post [{ & and that for NRZ (5.0GHz).

A ——NRI-0Pre, 1 Post 2 (Difficult to estimate due to

NRZwith3tap FIRInTX | | | T NRI-TPre, 1 Post 2 ringing.)

2B and 5tap DFE (25.75dB) -1t _*—g*:g‘;j;feﬂ Post 1

NG — *With NEXT and three tap FIR,

NRZ meets SNR goal with two
DFE taps and PAM-4 requires
one taps.

SR at Slicer(dB)

*With NEXT, performance of
three tap FIR and 5 DFE taps,
A : : P NRZ shows 0.25dB loss
PAM-4with 3tap FIRiInTX § & 0 @ 10 relative to PAM-4.
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LSI' Results Summary

Channel Loss NRZ PAM-4 NRZ v. PAM-4
(2.5GHz to # of FB taps for | #of FB taps | 3 tap FIR
5.0GHz) 24dB for 24dB

> tap DFE
Tyco 1 9.2 dB 1 2 3.4dB NRZ
Tyco 2 10.9dB 3 2 0.25dB PAM-4
Tyco 3 11.9dB 3 2 1.2dB NRZ
Tyco 4 8.0 dB 1 2 2.9dB NRZ
Tyco 5 6.6 dB 1 1 2.9dB NRZ
Tyco 6 8.0 dB 4 2 0.25dB NRZzZ
Tyco 7 6.5 dB 1 1 0.6dB PAM-4
Xilinx 1 12.1dB 2 1 0.25dB PAM-4
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Conclusion

Although some channels have greater than
9.5dB loss between Nyquist frequencies of
PAM-4 and NRZ, NRZ can perform better

depending on the detection scheme.

NRZ and PAM-4 were found to require similar
complexity equalization to meet SNR target.

Performance of NRZ improves relative to PAM-4
as the number of DFE taps increase.

Channel loss between Nyquist frequencies for
NRZ and PAM-4 did not appear to directly
correlate to relative performance.
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