10GBASE-T
Cable characteristics, front-end
solutions, and precoders

IEEE P802.3an Task Force
Atlanta, March 22-24, 2005

Gottfried Ungerboeck
Scott Powell

|

Connec ting
everything” BROADCOM.
ﬁ w
1 IEEE P802.3an Mar 2005 Plenary



Contents

« Cabling characteristics
— Strive for clarity and concise description
— Dependence of PSANEXT on cable length corrected
— Proposal: adopt proposed description

* Transmitter front-end solutions

— Discussion of “baseline” approach and “preferred” approach

— Proposal: adopt transmit PSD with spectral nulls at f =0 and 400 MHz
and tighter tolerances than in Draft 1.4, Sec. 55.5.6

* Decision-point SNR and set of fixed precoder functions

— Study sensitivity of DP-SNR to cable type, cable length, and small set
of fixed FIR and IIR precoders

— Proposal: adopt three fixed lIR precoding responses “short”,
“medium”, and “long” as a baseline set of fixed precoding responses.

|

Connecting
everything” BROADCOM.
ﬁ W
IEEE P802.3an Mar 2005 Plenary



Cabling characteristics

Strive for more clarity and conciseness
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10GBASE-T cabling characteristics: proposed description

Cable insertion loss (ILcagle) --> squared magnitude of cable transfer function

\ f in MHz, ¢ in meter \

ILcagre(F) =105 (ILaF +ILbf +1Lc/VT) [dB/100M] — [Geagre(f,)|? =10 (/100 ILcapLe/10

Insertion loss of four connectors (IL4 conn) _-->_squared magnitude of link-segment transfer function

2
ILyconn (F) =4x0.02f [dB] — ‘GLlNKSEG(f,E)‘ = [GapLe (F, /)| x107"-4conn /10

Power-sum ANEXT loss (PSLanext) -—-> power-sum ANEXT coupling function

PSL anex () :{

X1-10 log,o(f /100)
X1-15log,(f /100) 100 < f <500

1<f <100

not in Draft 1.4

_ 4
[dB] — Cpganexr(f,f) =107 tanext(/A0, 1-|GcapLe(f. )|

Power-sum equal-level AFEXT loss (PSLg arext) --> power-sum AFEXT coupling function

PSL g apexr(f) = X2-20 logyq(f/100) [dB] —  Cpgapexr(f,¢) =107 SeLarext0 s (1/100)x |G cagy e (F. £)|°

i Max. cable IL at PSANEXT | PSELAFEXT
Cabling ILa ILb ILc
length 250 MHz const_avg X1 | const_avg X2
Cat6 55m 20.3dB 1.82 0.0169 0.25| 47+25dB | 33.6+2.5dB
Class E 100 m 35.9dB 1.82 0.0169 0.25| 62+2.5dB 37+2.5dB
Class F* 100 m 33.8dB 1.80 0.0100 0.20| 60+2.5dB 37+2.5dB n
Connecting *=augmented Cat 6
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Derivation of expected NEXT coupling function

The transfer function from transmitted signal to received NEXT signal is given by

B ¢
Gy (f.0) = Un(f,x=0) Ijan en (e 29Ny
U (f,x =0)

x=0

where cy(X) is a real-valued spatial function determining the NEXT coupling between
cable pairs, and y(f) is the complex-valued propagation function of the cable. We call the
expected squared magnitude of Gy (f,7) the expected NEXT coupling function:

2
cy(f.0)=E Un(fx=0| _ f f Am2F2E{cy (x)en (Xo) e 2 Me=2x2r Mgy dx

For random white Gaussian coupling (WGC)

Efcn (X)en (X +Y)}=CR(Y) -
Let Re{y(f)}=vg(f). Then

f n?f2C? 4
Cn(F, ) = 4n?f2CS, je“‘XYR(f)dx :—N(l_e—“vre(f)): Cp (F, ) (1_\Gc(f,g)\ )
X=0 Tr(f)
Source: G. Ungerboeck, private notes, ca. 1995 "
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10GBASE-T cabling characteristics: Cat 6
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10GBASE-T cabling characteristics: Class E

a0l \ S e
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10GBASE-T cabling characteristics: Class F
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Cable characteristics: discussion & proposal

Section 55.7 can be improved by presenting cable / link
attenuation-related properties first by length-independent “loss”
quantities in dB, e.g.,

ILcagLe(f)s ILaconn(f); --- PSLanexr(f), PSLg apexr(f) ---

and then expressing length-dependence in the corresponding
squared-magnitude or power-coupling functions, e.g.,

IGcapLe(fL) .- Cpsanext(fiL), - -

All cable-type dependent (Cat 6, Class E, Class F) parameters can
be given in a single table, as has been shown.
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Transmitter front-end
solutions

“Baseline” approach and “preferred” approach
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Transmitter front-end: “baseline” approach

No digital filtering, T-spaced DAC, front-end filter with frequency-dependent
input impedance Z, and constant output impedance R

FEF (Front-end filter)

|

|

R?=L/C |

|

800 Mbaud I 11
DAC L/2 '
: — .
TH 1 R/2 Ver ~
precoder 2 @_ Z - §R—— C m/2 <R : Z=R—>
L/2
€ 7 ___‘_ ___________________
Adaptive
digital echo

/

I
|
|
|
|
canceller |
|
|
|
|
|
|
|

N

800 Mbaud RF ‘{
é ADC > (Receive filter) < n
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Transmitter front-end: “preferred” approach

Digital TX-filtering & T/2-interpolation, T/2-overlapping DACs,
trivial front-end filter

800 Mbaud
DACs Trivial FEF
N\
(n-0.25)T 3 |_GD_> y
TH T-spaced | Inter- A1 e
precoder Y X filter _E-) polator Z, > ZR=T=C
b | (n+0.25)1 ¥ HC§
E \
[ ]
..... ] ety
|
/ ! |
Adaptive : _ _ !
digital echo ! Hybrid function |
canceller : :
7] | |
o I
, 800 Mbaud RF
¢ € ADC %'j
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Transformer equivalent circuit

From “Introduction to Transformer Magnetics”, White Paper G022.A (7/99)
www.pulseeng.com

Cww
Rp L|_p ’_{ I—LS RS
_/\/\/\I_IVYY\ _IYYY\_/\/\/\,_
Re £ Cop = Lu H —— Cos
l:n
ideal transformer
Assumed
model parms
n ........ secondary-to-primary windings ratio 1
Rpis  .... primary/secondary winding resistance 20
Lips .... primary/secondary leakage inductor 50nH
Rc  .... core loss resistance 10000
Copis .... primary/secondary distributed capacitance 3pF
Ly .... main inductance 2000nH
Cww .... inter-winding capacitance (has no effect for n=1)
Connecting . n
everything” BROADCOM.
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Baseline approach: analog front end

Connecting

R =1000, L=53 nH, C = 5pF
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Preferred approach: analog front end
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Preferred approach: digital TX filter & interpolator

Connecting
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Preferred approach: digital & analog front-end
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Preferred approach: interpolation coefficients

078, Raised-cosine o
: pu|se, a=0.2, : : : : : : :
T/2-sampled at

(NOOKY 000

Y _____ truncated .......... S ......... ......... .........
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Comparison: baseline approach and preferred approach

|
| .
Precoder — Digital L —®-
I

DAC

Jbac

Analog |
' filtering & ° l Ur 100Q
— transformer < |
Pr =5dBm:

Us =562.3 MV,

Baseline approach :

| =15.9MA e, Uj =89L.AMVymsgirr = Ve & 445mVipe

Preferredappraoch: I=12.7mA s, U, =630.7 MV, ggitr = Vet £315.3MV s

A

Headroom
for DAC
current
sources

GND =0V assume: Ve =25V
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Preferred approach: return loss

[dB]

Connecting
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Proposed transmit PSD specification

-70

. 4dB UB(f)
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4108 ................ ................. .............. { N -115dBm_
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120+
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oo
<
3
N

=g
NS
L N N
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Frequency [MHZz]

The transmit PSD shall (a) be bounded by LB(f) and UB(f),
and (b) exhibit spectral nulls at f = 0 and 400 MHz. n
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Transmitter front-end solutions: discussion & proposal

« Tighter TX PSD specification is needed than currently
provided in Draft 1.4 in order to use transmit signal power
efficiently, permit operation with a few fixed precoders, and
generally facilitate interoperability .

 Excess bandwidth wastes signal energy and leads to
sampling phase dependence in the receiver. Hence: =zero
excess bandwidth with spectral null at 1/2T is desired; also
there shall be a spectral null at dc.

* To achieve the desired TX PSD characteristics, digital
filtering and 2x oversampling is needed. However, this leads
to higher PAR.

« Without digital filtering and oversampling, substantial
analog filtering must be used. Non-constant filter input
impedance causes a PAR problem, too!

« With digital filtering, oversampling, and trivial analog
filtering, the PAR-related problem appears to be comparable,

and at least is not significantly worse. "
Conneect\li’ng rything” BROADCOM@
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Decision-point SNR versus
cable length and precoder
functions

Towards set of fixed lIR precoder functions
“short”, “medium”, “long”
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DP-SNR versus

cable length: Class E

P; =5 dBm, AWGN = -140 dBm/Hz

. S S S »

40— [P [P P wal

Transmit filter: preferred approach
Receive filter: ideal MF
Best-case sampling phase

h(D) optimized for Class E
and each cable length

fixed hgr(D), optimized for

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

Class E, 20m: “short”

SNRmmsewmf, SNRmmseMF, SNRmmseGRf [dB]

Transmit filter: preferred approach

60_ .......... e e S S REEEETEEI R R R R R :

0 AU ............ ST ST ] ] SSUUTRURPRS FRPURRPROOR NPT :

P, RSSO b, e VTR SN NS SUURRURII SSURURUUN PPN SOURRN :

s ISR U ST ST SRR T ) T U R :

25_ Receive filter: 3rd_order BWF’ fO: 200 MHZ .........................................
Best-case and worst-case sampling phase : : :
2 0 10 20 30 40 50 60 70 80 90
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DP-SNR versus cable length: Class E

Connecting

SNRmmsewmf, SNRmmseMF, SNRmmseGRf [dB]
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DP-SNR versus cable length: Class E

60_. .......... e P S S e L : ........... :
e, S SN S SR S 300000000 OO S

% IR N e, SUT SUT SRTP. ] e :

PY; I S P e e e SUUTIOTI TR SURRURRURE SRR :
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and each cable length

40 - ............ ......... ............ ...........
35k e, s SRR e, e S TS OO UUUUE SOUPOPUIOUE SURPRPOY :

s IR S S ST S R U S O, :

SNRmmsewmf, SNRmmseMF, SNRmmseGRf [dB]
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25 ........... ........... ............ ...... for CIaSS E, gom “|0ng”
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Precoder function optimized for Class E, 20m: “short”

1.2

o) o O O
T ]
|

TARGET PULSE(blue) AND BEST FIT(r) IR RESPONSE Target(blue) and Best Fit(red) lIR Response
T T T T T T T T T T T
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[e>]
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Magnitude(dt)
; 3 :
t

Sample Number
o
=

FIR

1 1 I 1 1 % 1 1 1 i 1 | 1
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0
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Precoder function optimized for Class E, 55m: “medium”

TARGET PULSE(blue) AND BEST FIT(r) IR RESPONSE Target(blue) and Best Fit(red) IR Response
T T T T T T T T T T

o
)

(=]
T

1.4 — 0
i i 15
0.8 ; :
g @20
g 0.6 : ! '%’
i é | =
[+ . H
£ 0.4 ; ; @
0 : =-30F

02k -45
0.4 1 1 1 i 1 1 50 1 1 1 I 1 | 1
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Connecting
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Precoder function optimized for Class E, 90m: “long”
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DP-SNR versus cable length: Class E
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Transmit filter: preferred approach
Receive filter: ideal MF
Best-case sampling phase
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30_ ..................................................................................................................
Transmit filter: preferred approach : : :
25| Receive filter: 3I’d_0rder BWF, f0=200 MHz ..........
Best-case and worst-case sampling phase : : ; :
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DP-SNR versus cable length: Class E

Connecting

SNRmmsewmf, SNRmmseMF, SNRmmseGRf [dB]
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DP-SNR versus cable length: Class E
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DP-SNR versus cable length: Cat 6
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DP-SNR versus cable length: Cat 6
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DP-SNR versus cable length: Cat 6
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DP-SNR versus cable length: Cat 6
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DP-SNR versus cable length: Cat 6
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DP-SNR versus cable length: Cat 6
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DP-SNR and precoders: discussion & proposal

* For Cat 6, Class E, and Class F cables, we found three
precoders sufficient to approach Salz performance to within

1 dB in all cases, provided the TX PSD is well defined.

« The FIR responses “short”, “medium”, and “long” can
accurately be approximated by IIR responses with three
zeros and three poles. This causes only fraction-of-dB DP-
SNR losses.

 Low-order lIR responses lead to significant hardware
savings.

 Proposal: adopt the lIR responses “short”, “medium”, and
“long” as baseline set of fixed precoding responses.

* Further studies of DP-SNR sensitivity under various link
segment conditions are needed.
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