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Tyco FR4 Backplane (HM-Zd XAUI Interoperability Platform)

2x 2in (daughter card) + 30in (backplane) = 34in = 86cm

Illustration similar to 
measured backplane

10 GbE XAUI = 2x 4x 3.125 Gbit/s
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m1: IL (1.67 GHz)  =    8.9 dB
m2: IL (3.33 GHz)  =  22.5 dB
m3: IL (5.00 GHz)  =  27.1 dB
m4: IL (6.67 GHz)  =  54.6 dB

Transmission Characteristic of 86cm Trace
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Unit Pulse (1V, 1T) -Response of 86 cm Trace
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T=75ps
13.33 Gbaud

T=150ps
6.67 Gbaud 

T=300 ps
3.33 Gbaud
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Multilevel Penalty Example: 20 Gbit/s, 0.5 Vpp

1/2 V

1/6 V

50 ps

100 ps
2/31/94

-1.8 dB

1

Eye
Area

-9.5 dBPenalty

12

Signal
Power

PAM

Picture of PAM4-Eye-Measurement from “Proposals for CEI25  Channels Based on 
lower-k Dielectric Materials for Backplanes and Daughterboards”, Helmut Preisach, 
Alcatel Lucent, Stuttgart, OIF-Contribution Number: OIF2007.135.00, Working Group: PLL
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SNRoldSNRnew

SNR gain
due to
reduced
symbol rate

Multilevel SNR 
Penalty (9,5 dB)

Noise Level

20 Gbit/s
PAM2

=
20 Gbaud

20 Gbit/s
PAM4

=
10 Gbaud

Overall 
SNR gain

PAM4 Benefit: Consider SNR @ fNyquist

NEXT
FEXT
Thermal 
Noise
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digital domain

Transmitter & Receiver Equalization
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FIR-filter
transmitter

data
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clock
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FIR-filter
receiver

  DFE
receiver
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Example of System Simulation Setup in ADS
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Eye Quality Measures

LH

LHQ
σ+σ
μ−μ

=Eye Quality factor Q
(= signal-to-noise ratio

at optimum sampling time)

π
=

−

2Q
eBER

2
Q2

BER estimation from Q-factor
(assuming Gaussian distribution of sampled 
voltage, is too conservative in most cases)

Eye Area A [in pVs]

A ~ ½ * Topen* Vopen

(~ integrated charge 
on decision latch input )

µH

µL

Topen

Vopen
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estimated optimum BER
eye quality factor Q
vertical eye height
horizontal eye opening

-
-
-mV
-UI

86 cm  6.67 Gbit/s  PAM2  FIR  (no equalization)
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130mVvertical eye opening

estimated optimum BER
eye quality factor Q
eye area

horizontal eye opening

4.7x 10-25

10.3
5.7pVs

0.58UI

86 cm  6.67 Gbit/s  PAM2  FIR  (2 Pre-, 3 Post-FIR-Taps)
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340mVvertical eye opening

estimated optimum BER
eye quality factor Q
eye area

horizontal eye opening

6 x 10-84

19.4
19.1pVs

0.75UI

86 cm 6.67 Gbit/s  PAM2  FIR+DFE  (3 Pre-FIR, 9 DFE-T.)
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estimated optimum BER
eye quality factor Q
vertical eye height
horizontal eye opening

-
-
-mV
-UI

86 cm  6.67 Gbit/s  PAM4  FIR  (no equalization)
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210mVvertical eye opening

estimated optimum BER
eye quality factor Q
eye area

horizontal eye opening

2 x 10-51

15.1
14.5pVs

0.46UI

86 cm  6.67 Gbit/s  PAM4  FIR (2 Pre-, 3 Post-FIR-Taps)
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300mVvertical eye opening

estimated optimum BER
eye quality factor Q
eye area

horizontal eye opening

4 x 10-65

17.0
20.3pVs

0.45UI

86 cm  6.67 Gbit/s  PAM4  FIR+DFE  (3 Pre-FIR-, 9 DFE-T.)
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17.020.31353004
19.419.111234023

9
FIR
+DFE

11.615.51292404
9.714.197.529022

4
FIR
+DFE

15.114.51382104
10.35.78713022 pre

3 post
FIR

7.110.51231704
4.34.77213021 pre

1 post
FIR

[pVs][ps][mV]PAMTapsEQ
QAopenTopenVopenQuality Measure

Summary 6.67 Gbit/s Transmission over 86 cm BP
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-54.6-27.1-22.5-8.9IL @ fbit/2 [dB]
13.3310.06.673.33Bit Rate  [Gbit/s]

--++OverkillFIR+DFE

++++OverkillFIR+DFE
-+++OverkillFIR

--+++FIR
---+/-none

EQ-Meth.Modul.

PA
M

 2
PA

M
 4

PAM 2/4 / FIR/DFE-EQ versus Insertion Loss
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90nm-CMOS FIR-Transmitter Evaluation

FIR

FIR-filter
transmitter

data
  in

clock

electrical
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data
  out

T
c0

c-1

c-2
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PAM 4  Test Bench with 6-Tap FIR-Equalizer in Transmitter

PAM 4  DDR-Transmitter 
with 6-Tap FIR-Equalizer

Time-Domain 
Backplane Transmission Model

Based on Impulse-Response
Frequency-Scalable

Data 1

Clk

Transmitted
Data

Received
Data

Data 2
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6.67 Gbit/s PAM4 (Tsym = 300 ps, IL @3.33 GHz = 22.5 dB )‏

150 750
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20 Gbit/s PAM4 (Tsym = 100 ps, IL @ 10 GHz = 22.5 dB )‏
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40 Gbit/s PAM4 (Tsym = 50 ps, IL @ 20 GHz = 22.5 dB )‏



Universität Stuttgart
Institut für Elektrische und Optische Nachrichtentechnik
Prof. Dr.-Ing. Manfred Berroth 24

Workshop Hochgeschwindigkeitsschnittstellen
Mehrpegelmodulation und Entzerrung
07.11.2008, Uni Stuttgart , © M.Grözing / INT

60 Gbit/s PAM4      (Tsym = 35.5 ps, IL @ 30 GHz = 22.5 dB )‏
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80 Gbit/s PAM4 (Tsym = 25 ps, IL @ 40 GHz = 22.5 dB )‏
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FIR

FIR-filter
transmitter

data
  in

clock

data
 out

electrical
channel

sampling
receiver

90nm-CMOS FIR-Transmitter & Sampling Receiver

D

D

Sample &
Hold

Comparator
Block

D-Latch
Block

1 81 8

Sampling:

continuous-time

discrete-time

Quantization:

continuous-value

discrete-value

Resampling:

continuous-time

discrete-time
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PAM4  Test Bench with 6-Tap FIR-Transmitter & Receiver

PAM 4  DDR-
Transmitter with 
6-Tap FIR-Equalizer

Backplane 

Data

Clk

Transmitted Data

Data
Out

PAM4 DDR-
Receiver
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Topen = 35 ps

Vopen = 100 mV Tmeas = 17.5 ns

20 Gbit/s PAM4 (Tsym = 100 ps, IL @10 GHz = 22.5dB) 
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6.30461374
2.46298522 pre

3 post
FIR

[pVs][ps][mV]PAMTapsEQ
AopenTopenVopenQuality Measure

Summary IL = 22.5 dB @ fbit/2   ( w/o Receiver, 20 Gbit/s )

2 -
PAM

4 -
PAM
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3.5351004
1.8296022 pre

3 post
FIR

[pVs][ps][mV]PAMTapsEQ
AopenTopenVopenQuality Measure

Summary IL = 22.5 dB @ fbit/2   ( w/ Receiver, 20 Gbit/s )

2 -
PAM

4 -
PAM
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130nm-CMOS Sampling Receive Equalizer Concept

T

c-1

c-2

CLK

T TT

c1

c2

Din Dout
S&H

Finite-Impulse-Response (FIR) Filter

removes precursor ISI

Decision Feedback Equalizer (DFE)

removes postcursor ISI

analog delays decision & digital delays
analog weighting
and adding

M. Grözing, B. Philipp, M. Neher, M. Berroth, “Sampling Receive Equalizer with Bit-Rate Flexible Operation up to 10 Gbit/s,” 
European Solid-State Circuits Conference (ESSCIRC) 2006, pp. 516-519, Montreux, Switzerland, September 19-21, 2006.
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T&H 1 T&H 2 T&H 3 FIR filter 
adder

D

DFE adder & 
decision latch D-Latch

CLK
c-1

c-2

c-2

c-1 c1

c2

c1

c2

Din

to output drivers

Dout1

Dout2

   2

130nm-CMOS Equalizer Half-Rate-Implementation

FIR-Filter DFE

full rate data input
half rate clock

half rate demultiplexed
data outputs

M. Grözing, B. Philipp, M. Neher, M. Berroth, 
“Sampling Receive Equalizer with Bit-Rate Flexible 
Operation up to 10 Gbit/s,” 
European Solid-State Circuits Conference (ESSCIRC) 
2006, pp. 516-519, Montreux, Switzerland, September 
19-21, 2006.
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“Sampling Receive Equalizer with Bit-Rate Flexible Operation up to 10 Gbit/s,” 
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Experimental Results (1): 7 Gbit/s over 173 cm FR4
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Experimental Results (1): 7 Gbit/s over 173 cm FR4
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Experimental Results (2): 10 Gbit/s over 90 cm FR4
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Experimental Results (2): 10 Gbit/s over 90 cm FR4
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Experimental Results: BER versus Sampling Phase
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130nm-CMOS Equalizer Performance Summary

230 mVmin. Vpp,PPG for BER < 10-11, PRBS 27-1, 6 Gbit/s, 173 cm FR4

300 mVmin. Vpp,PPG for BER < 10-11, PRBS 27-1, 10 Gbit/s, 90 cm FR4

24 dBmax. poss. channel loss for BER < 10-12, PRBS 231-1, 7 Gbit/s

200 mWPDC total (with drivers)0.5 Gbit/sminimum bit rate fmin

33 mWPDC clock generator**10 Gbit/smaximum bit rate fmax

21 mWPDC equalizer core*1.3 Vsupply voltage VDD

*circuitry corresponding to slide 8;  **circuitry in dashed box of slide 13.
M. Grözing, B. Philipp, M. Neher, M. Berroth, 
“Sampling Receive Equalizer with Bit-Rate Flexible Operation up to 10 Gbit/s,” 
European Solid-State Circuits Conference (ESSCIRC) 2006, 
pp. 516-519, Montreux, Switzerland, September 19-21, 2006.
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Summary
• System Level Evaluation of Doubled Data Rate Transmission on legacy BP 

( 3.33 Gbit/s 6.67 Gbit/s, IL = 8.9 dB @ 1.67 GHz / 22.5 dB @ 3.33 GHz )
– Equalization is a must for both PAM2 & PAM4-transmission
– PAM4 offers larger eye area with less equalization effort

• DDR PAM2/4 Transmitter & Receiver Evaluation in 90nm CMOS
– PAM 2/4 6-Tap FIR-EQ-DDR-Transmitters work up to 40 Gbit/s
– PAM 2/4 Receivers work up to 20 Gbit/s, 

Eye Diagram Margins indicate that they work up to 40 Gbit/s
– PAM 4 show’s a clear advantage in receiver eye area (~ factor 2 to 3)

• Receive-Side FIR-DFE-Equalizer for up to 10 Gbit/s in 130nm CMOS
– small chip area (core: 60 µm x 56 µm)
– low power consumption (core: 21 mW, clock: 33mW )
– up to 24 dB channel loss compensation
– no spiral inductors
– bit-rate flexible operation 
– Patent situation:

• DE 10 2006 034 033 B3 patent granted 
• PCT patent application pending
• License request to Technologie-Lizenz-Büro (TLB), www.tlb.de


