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Advanced Physical Layer Technologies for High-Speed Data Over Cable

Introduction

Since its introduction in the 1990s, Data Over @a#rvice Interface Specification (DOC%I8as emerged as the leading standard for high-
speed data transmission over cable networks. DOCSIS the latest addition to the DOCSIS familyDCSIS 2.0 adds an improved upstream
channel physical (PHY) layer. Downstream functid@gakmains largely unchanged, retaining 64- an6-@&M (quadrature amplitude
modulation) capability.

This paper highlights the major differences betwe@CSIS 2.0 and earlier versions, and discusseangalges of deploying the advanced
PHY technology available today. This paper sumnearizumerous field and lab tests that demonstratechble modem termination systems
(CMTSs) and cable modems using advanced PHY sifiesform in the presence of impairments. Also dised is the fact that a number of
advanced PHY features benefit existing DOCSIS adlal cable modems. Many advanced PHY functicios #astance, ingress
cancellation — occur in the CMTS and are modem stimodrhat means it is not necessary to replacergttbdems with new DOCSIS 2.0
modems to reap some of the benefits of advanced PHY

DOCSIS Background

DOCSIS 1.0 provided the cable industry with stadddrased interoperability, which meamestified cable modems from multiple vendors
work with qualified CMTSs from multiple vendors. DOCSIS 1.1 added mimer of features, including quality of service (QaBore robust
scheduling, packet classification, and other enbianents that facilitate voice services.

DOCSIS 1.0 and 1.1, collectively known as DOCSb§ gupport two downstream modulation formats: 64M&and 256-QAM. This is
summarized in Table 1.

Table 1. DOCSIS Downstream Modulation Formats and Data Rates

Channel Symbol Rate, Raw Data Rate, = Nominal Data Rate,
Modulation Format Bandwidth, MHz Msym/sec Mbps Mbps
64-QAM (DOCSIS) 6 5.056941 30.34 ~27
256-QAM (DOCSIS) 6 5.360537 42.88 ~38
64-QAM (Euro-DOCSIS) 8 6.952 41.71 ~37
256-QAM (Euro-DOCSIS) 8 6.952 55.62 ~50

DOCSIS 1.x supports several upstream data rateging from a low of 320 kbps to a high of 10.24 Mbfi also supports two modulation
formats — quadrature phase shift keying (QPSK)EH@QAM — as well as five upstream radio frequeriRiF) channel bandwidths. See
Table 2.
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Table 2. DOCSIS 1.x Upstream Modulation Formats and Data Rates

Channel Symbol Rate, QPSK Raw Data QPSK Nominal 16-QAM Raw Data 16-QAM Nominal
Bandwidth, MHz Ksym/sec Rate, Mbps Data Rate, Mbps Rate, Mbps Data Rate, Mbps
0.200 160 0.32 ~0.3 0.64 ~0.6
0.400 320 0.64 ~0.6 1.28 ~1.2
0.800 640 1.28 ~1.2 2.56 ~2.4
1.6 1280 2.56 ~2.4 5.12 ~4.8
3.2 2560 5.12 ~4.6 10.24 ~9.0

DOCSIS 1.1 added some enhancement to upstreantraigaission robustness with eight-tap adaptivelézation. Adaptive equalization is
performed in the modem using pre-equalization. TNETS sends equalization coefficients to the modeama, the transmitted upstream signal
is “pre-distorted” or pre-equalized with a respotisat is the approximate inverse of the actual nkhresponse.

DOCSIS 2.0 brought the cable industry higher upstreer-channel data throughput, increasing themaxi to as much as 30.72 Mbps.
DOCSIS 2.0 supports 64-QAM in the upstream — ph@¥8/1 and 32-QAM — and optionally supports 128-QAidllis coded modulation
(TCM) encoded modulations for synchronous codesgivi multiple access (S-CDMA) channels.

Summary of Key DOCSIS 2.0 Features
¢ 30.72 Mbps maximum upstream per-channel data thwmuign a 6.4 MHz bandwidth channel

¢ Added upstream 8-QAM, 32-QAM, 64-QAM, and 128-QANCW
¢ Improved forward error correction (FEC)
* Programmable byte interleaving

« Adaptive equalization extended to 24 taps

Additional Features in Cisco Advanced PHY-Equipped CMTS Upstream Receivers
« Direct sampling (digital burst receivers)

« Ingress cancellation

The increased per-channel data throughput availaitteDOCSIS 2.0 technology is accomplished usiiggnér orders of modulation and
greater RF channel bandwidth. Higher orders of rtaigun require more robust data transmission. Ehespecially true in the often hostile
reverse path RF spectrum used in most cable neswdtkfacilitate more robust upstream data transioris DOCSIS 2.0 introduced
advanced PHY.

What is Advanced PHY?

Advanced PHY, or advanced physical layer, is &0fitCMTS and cable modem upstream performanceneeheents that enable higher
orders of modulation and increased throughput.athenced PHY umbrella includes better adaptive letimn, burst acquisition, and FEC
compared to DOCSIS 1.x. Also included are prograbienbyte interleaving and ingress cancellationwadl, the upstream burst receiver
silicon used in advanced PHY-equipped CMTSs incafes a digital receiver, allowing lower implemeitta margin.
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Advanced PHY Performance Concepts

Implementation margin is the difference, in decibels (dB), between tkéoal and real-world performance in an additivétev/aussian noise
(AWGN) environment. For example, assume the thamdetarrier-to-noise ratio (C/N) to achieve 1.0%bd error rate (BER) with a given
type of upstream data signal is 21 dB. In pracBc€MTS with an analog upstream receiver compriaitigner — local oscillator, mixer,
various filters, and gain stages — and first-geiimadurst receiver silicon might actually needy,s26 dB C/N to get 1.0xIUBER. In this
example, the implementation margin is 4 dB. Thathie upstream data signal’s real-world C/N perfamoe needs to be 4 dB better than
theory to achieve a given BER.

Processing gain is the performance improvement, in dB, that ocevlien using techniques such as FEC or ingress latnme. Consider an

example in which ingress cancellation is turned dfider this scenario, a carrier-to-interferendm éC/1) of 21 dB might yield 1.0xI0BER.
Assume that turning ingress cancellation on alltivessame 1.0xI0BER when the C/l is only 11 dB. The processingdaithis example is
10 dB.

Advanced PHY Improvements

Among the upstream PHY improvements are increagethal rates, higher-order modulation formats, drelgreviously mentioned better
adaptive equalization, burst acquisition, FEC, prafyrammable byte interleaving. DOCSIS 2.0 PHY ipooates two multiplexing
techniques: advanced time-division multiple ac¢gs$DMA) and S-CDMA. Both technologies provide atidhal upstream capacity and
improved robustness over DOCSIS 1.x upstream PHY.

A-TDMA is a direct evolution of DOCSIS 1.x PHY, vdhi uses TDMA multiplexing. S-CDMA is a form of miplexing that allows multiple
modems to transmit simultaneously through the diskfierent subsets of a 128 orthogonal code seEDMA and S-CDMA provide the same
maximum data throughput, although one may perfoettebthan the other under specific operating doors.

Increased Upstream Capacity

DOCSIS 2.0 provides a 50-percent increase in sgegfficiency and 300-percent increase in the tghput of a single RF channel compared
to DOCSIS 1.x. The new upstream PHY supports adaa throughput of up to 30.72 Mbps via a singleNHz bandwidth digitally
modulated signal. Under DOCSIS 1.x, the maximuna tlatoughput was 10.24 Mbps in a 3.2 MHz channetiédth.

These enhancements increase the network capadityngmove statistical multiplexing performance,shreducing the cost per bit for the

service provider. Requirements for more symmelmnioughput are being driven by services and apicatsuch as voice over IP (VolP),
videoconferencing, peer-to-peer networking, andiggnDOCSIS 2.0 with its greater per-channel ugstréhroughput supports this trend
with higher-order modulation formats and increaspstream channel RF bandwidth.

Increased Transmission Robustness
Accommodating higher-order modulation formats ie tfiten hostile upstream RF spectrum requires mudrest data transmission. Advanced
PHY technology facilitates enhanced transmissidmustness to deal with impairments such as AWGNuisg and burst noise.

Better Adaptive Equalization

DOCSIS 2.0 supports a symbol (T)-spaced adaptivalegr structure with 24 taps, compared to 8 la3OCSIS 1.1. This allows operation
in the presence of more severe multipath and nrieflections, and accommodates operation near bagesevhere group delay is usually a
problem. 24-tap adaptive equalization also workl Wwesituations where cumulative group delay oscrlengthy amplifier cascades.
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Improved Burst Acquisition
Carrier and timing lock, power estimates, equalizgining, and constellation phase lock are alledsimultaneously. This allows shorter
preambles and reduces protocol overhead.

Better FEC

DOCSIS 1.x provides for the correction of up toetfbred bytes per Reed Solomon (RS) block (T =wi)) no interleaving, whereas
DOCSIS 2.0 allows correction of up to 16 bytesR&rblock (T = 16) with programmable interleavingastteam programmable byte
interleaving allows the FEC to work more effectivelhen errors are created by impulse or burst noise

Ingress Cancellation

Although not specifically a requirement of DOCSI8,2all advanced PHY silicon vendors have incorfsataome form of ingress cancellation
technology into their upstream receiver chips,ertenhancing upstream data-transmission robustimggess cancellation technology
digitally removes in-channel impairments such agess and common path distortion (CPD).

Outside Plant Performance

DOCSIS 2.0 and advanced PHY do not require chatagt® cable network itself; nor do they imply redd network performance
requirements. Although advanced PHY technologiesraended to improve upstream data-transmissibustoess, the cable network must
still meet assumed downstream and upstream RF ehaansmission characteristics in the DOCSIS Za8i® Frequency Interface
Specification for maximum reliability and data thghput. DOCSIS upstream performance parametelistae in Table 3.

Table 3. DOCSIS 2.0 Assumed Upstream RF Channel Transmission Characteristics

Parameter Value
Frequency range 5 to 42 MHz edge to edge

Transit delay from the most distant cable modem to the nearest cable | Less than or equal to 0.800 millisecond (typically much less)
modem or CMTS

Carrier-to-interference plus ingress (the sum of noise, distortion, Not less than 25 dB
CPD, and cross-modulation and the sum of discrete and broadband
ingress signals, impulse noise excluded) ratio

Carrier hum modulation Not greater than —23 dBc (7.0 percent)

Burst noise Not longer than 10 microseconds at a 1 kHz average rate for most
cases

Amplitude ripple 5-42 MHz 0.5 dB/MHz

Group delay ripple 5-42 MHz 200 nanoseconds/MHz

Micro-reflections — single echo —10 dBc at less than or equal to 0.5 microsecond

—20 dBc at less than or equal to 1.0 microsecond

—30 dBc at greater than 1.0 microsecond

Seasonal and diurnal reverse gain (loss) variation Not greater than 14 dB minimum to maximum

The minimum upstream carrier-to-noise, carrierrtgreéss, and carrier-to-interference ratios of DCGBZED are 25 dB, the same as DOCSIS 1.0
and 1.1. With the exception of seasonal and diveadrse gain (loss) variation, the remaining patens are unchanged, too. The improved
upstream data-transmission robustness of DOCSI& th@ended to support the higher-order modulatemmats — not serve as a bandage for
poorly maintained cable networks.
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Comparing DOCSIS 1.x PHY and DOCSIS 2.0 Advanced PHY

DOCSIS 1.x upstream PHY uses a frequency divisiatiipte access (FDMA)/TDMA burst multiplexing tedique. FDMA accommodates
simultaneous operation of multiple RF channels ifferént frequencies. TDMA allows multiple cable dens to share the same individual
RF channel by allocating each cable modem its émva $lot in which to transmit. TDMA is carried ovierDOCSIS 2.0, with numerous
enhancements. The specification also adds S-CDMMWiptaxing, allowing multiple modems to transmittime same time slot. Table 4
summarizes the main upstream PHY parameters in D®CS and 2.0.

Table 4. Upstream PHY Parameters

DOCSIS 2.0
Property DOCSIS 1.x A-TDMA S-CDMA
Multiplexing technique FDMA/TDMA FDMA/TDMA FDMA/S-CDMA
Symbol rates (ksym/sec) 160, 320, 640, 1280, 2560 160, 320, 640, 1280, 2560, 5120 | 1280, 2560, 5120
Modulation types QPSK, 16-QAM QPSK, 8-QAM, 16-QAM, QPSK, 8-QAM, 16-QAM,
32-QAM, 64-QAM 32-QAM, 64-QAM, 128-QAM
(trellis-coded modulation [TCM]
only)
Raw spectral efficiency (bits/sym) 2and 4 2t0 6 1to6
FEC RS (T = 1to 10) RS (T = 1to 16) RS (T =1to 16), TCM
Equalizer 8 tap 24 tap 24 tap
Byte block interleaving No Yes No
S-CDMA framing No No Yes
Bit rate (Mbps) 0.32t0 10.24 0.32t0 30.72 2.56 to 30.72

A-TDMA
A-TDMA is a direct extension of the DOCSIS 1.x upsim PHY. The same FDMA/TDMA mechanism is used &ittimproved PHY
toolbox:

¢ The modulation types can be QPSK, 8-QAM, 16-QAM@2M, and 64-QAM. This allows spectral efficienc@-percent higher than in
DOCSIS 1.x for increased aggregate throughput.

« A symbol rate of 5120 ksym/sec was added. Thisxalla 2x increase of the symbol rate in a singleehband overall 3x increase in the
bit rate (when used with 64-QAM) compared to DOCSI8

« A block byte interleaver was added. The byte iegarer allows spreading bursty error events amorigu&aRS code words, thus
increasing the robustness to impulse and bursen®ise byte interleaver is the only new block iTBMA mode.

« The size of the transmit equalizer was extendetlittaps, necessary because of the higher symigchnat higher linear distortion
sensitivity of 64-QAM. A CMTS employing A-TDMA wilhave a 24-tap receive equalizer, which may be aseslburst-by-burst basis.
While maximum pre-equalization is enabled when behCMTS and cable modem have a matching numhtapsf DOCSIS 1.x and 2.0
modems alike can benefit from performance gainsige of the improved CMTS burst acquisition cajittbih higher-order receive
equalizer enhances performance in a single-endiibfa

« The preamble consists of QPSK symbols (regardiedegayload modulation type). The power of thegonble symbols is either
approximately equal to the payload power or is apipnately 2.5 dB higher. The high-power preambleves$ better estimation of the burst
parameters.

« The spurious requirements were tightened to méietower noise floor required for 64-QAM.
« The minislot size can be reduced to 6.25 microsgedkl = 0) to reduce capacity loss related to nohigranularity.
Cisco Systems, Inc.
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S-CDMA
S-CDMA actually uses the FDMA/TDMA/S-CDMA burst ntiplexing technique. This allows multiple cable reats to transmit
simultaneously. The underlying modulation formatdach modem is QAM.

S-CDMA includes all the features of A-TDMA with tliellowing differences:

« S-CDMA offers a spreading mechanism.
« S-CDMA offers a framing mechanism that establigshestime and code domain access.
« S-CDMA (optionally) offers support for 128-QAM withiCM; however, the maximum data throughput rem#iessame as for 64-QAM.

¢ Close synchronization, to within a few nanosecormequired between downstream and upstream syrates.

Performance in the Presence of Impairments

Noise

Impulse or burst noise is a common impairment inlecaetworks. It consists of short, but powerfuidisi of random noise. Common sources
of impulse or burst noise include automobile igm8, neon signs, power-line switching transienmtsyaelders, electronic switches and
thermostats, home electrical appliances (mixers opgeners, vacuum cleaners, etc.), and static lightning. Impulse noise typically consists
of impulses with a duration of 1 to 10 microsecofigsec), and rates up to a few kilohertz (kHz).9Baoise consists of bursts with a duration
up to 100 psec, and rates up to a few hertz. Bedtesunderlying upstream channel modulation is QAM DMA and S-CDMA have very
similar AWGN performance, assuming comparable dates.

Narrowband interference is another common impaitrireaable networks, especially at the lower freggies in the upstream spectrum.
Narrowband interference is commonly divided int@ tvategories:

« Narrowband ingress from over-the-air radio transioiss such as citizens band (CB) radio, amatean(™ radio, and shortwave
broadcasting

< Intermodulation distortion products such as CPDictviis created from intermixing of downstream chelarin nonlinearities in the hybrid
fiber/coax (HFC) network

The typical bandwidth of individual narrowband irfiegence is less than about 20 kHz. However, thveep®f the interfering signal can be
similar to that of the DOCSIS signal. Ingress célatien is a tool that can be employed here.

A-TDMA Tools to Combat Impulse or Burst Noise
A-TDMA mode includes several tools to combat impusd burst noise:
e FEC - The first tool is RS FEC encoding. This imesl the transmission of additional data (overh#zat)allows correction of byte errors.

« Byte interleaving — The byte interleaver can spreaieh over the transmission time. If a portionhafttdata is corrupted by a burst or
impulse, the errors appear spread apart when ddeaved at the CMTS, allowing FEC to work moreetifely.

S-CDMA Tools to Combat Impulse or Burst Noise
S-CDMA time spreading is another tool to deal veigitain types of impulse and burst noise. The S-@B¥¢heme has two main tools to
mitigate impulse and burst noise:

* The time spreading allows reducing the effectivid Gf noise bursts that are shorter than the spngadierval.
* S-CDMA framing and subframing spread bytes overtiplel RS code words, in a similar manner to byterieaving in A-TDMA.
Cisco Systems, Inc.
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Both S-CDMA and A-TDMA provide a set of tools torobat impulse or burst noise. S-CDMA tools are reffigient for the case of low
power and relatively short impulses. A-TDMA is |lssisitive to impulse power. Burst tolerance in BMA and S-CDMA is comparable
when the size of the byte interleaver and S-CDNMafes are similar.

Advanced PHY Implementation in the Cisco 5x20S and 5x20U Broadband Processing Engines and
in Cisco uBR7200 Series MC16U, MC16X, MC28U, and MC28X Broadband Processing Engines

Ciscd’ 5x20S and 5x20U Broadband Processing Engines (BBEthe Cisco uBR10012 Universal Broadband Rowre designed to
provide high port density — 5 downstream and 2Qreps connections per line card; integrated upodess a sophisticated RF feature set
including advanced PHY; and next-generation A-TDkbjpabilities.

The Cisco uBR7200 Series MC16U and MC16X BPEsHerGisco uBR7246VXR Universal Broadband Router gl@wne downstream and
six upstream connections per line card. The Ci®R1200 Series MC28U and MC28X provide two downstr@ad eight upstream
connections per line card. Both the Cisco uBR72&0eS MC16U and MC28U feature integrated upconvertesophisticated RF feature set
including advanced PHY, and next-generation A-TDkgpabilities. The Cisco uBR7200 Series MC16X and28XCBPES do not include an
integrated upconverter, but are otherwise ident@#ihe Cisco uBR7200 Series MC16U and MC28U BPEs.

Second-Generation Upstream Receivers
The latest generation of CMTS upstream receiverife a digital implementation, which eliminateschannel impairments such as tuner
noise and pass-band ripple. Digital burst receioffier many other benefits, including:

« Reduced receiver circuit complexity to a filter aardplifier stage connected to a high-performanadogato-digital (A/D) converter per
upstream port

« Dynamic interference cancellation is available gsidvanced-signal-processing algorithms; ingreaefeams are detected and digitally
removed prior to final detection

« Improved receiver power accuracy through digitdibcation across the full upstream spectrum ofigitream channels
< Full channel selectivity in high-performance digganal processing algorithms
« Enhanced equalizer performance through an increaseder of taps

Figure 1 illustrates typical upstream packet erate (PER) versus C/N for available digital buestaivers. The graph shows three curves. The
far-right curve is theoretical performance with F&BIE The two curves that are close together neaicenter of the graph show theoretical and
measured performance with FEC on.
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Figure 1
Packet Error Rate Versus C/N
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Digital burst receiver technology is supported asc@ 5x20S and 5x20U BPEs, as well as Cisco uBRB2s MC16U, MC16X, MC28U,
and MC28X BPEs.

RF Performance: PER vs. AWGN
One way to characterize the effectiveness of diitiast receiver technology and its implementatizargin performance is to measure PER
versus C/N, and compare the results to theoreticaes.

Figure 2 shows measured performance (blue line)efCisco uBR7200 Series MC28U BPE implementatiangin compared to theoretical
performance (purple line) with QPSK. Note that nuead performance of the line card’s digital receigewithin 0.5 dB of theoretical
performance, an indication of the very low implerta¢ion margin of advanced PHY-equipped CMTS upstrbarst receivers.
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Figure 2
Cisco uBR7200 Series MC28U BPE PER Versus C/N (QPSK)
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Similar measured implementation margin performasceen in Figure 3 with 16-QAM (blue line), andnithin 0.5 dB of theoretical
performance (purple line).
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Figure 3
Cisco uBR7200 Series MC28U BPE PER Versus C/N (16-QAM)
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Figure 4 shows that 64-QAM (blue line) benefitsfirthe reduced implementation margin of the CMTSistteam digital receiver, which is
also within 0.5 dB of theoretical performance (perne).
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Figure 4
Cisco uBR7200 Series MC28U BPE PER Versus C/N
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Earlier cards such as the Cisco MC16C and MC28@éssal Broadband Router line cards use analogegrsatreceiver circuitry. The blue
line on the right side of Figure 5 shows measurrfiopmance of the MC28C line card’s upstream anadagiver circuit with QPSK. Compare
the earlier generation line card’s implementaticargm to that of the Cisco uBR7200 Series MC28U BRHgital receiver (yellow line)
versus theoretical performance (purple line). Similnplementation margin performance improvemecticewith 16-QAM.
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Figure 5
Implementation Margin Performance Comparison
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Cisco 5x20S and 5x20U BPEs upstream implementatiangin performance also is within 0.5 dB of thefoyQPSK, 16-QAM and 64-QAM,
as shown in Figures 6-8.
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Figure 6

Cisco 5x20S and 5x20U BPE PER Versus C/N (QPSK)
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Figure 7

Cisco 5x20S and 5x20U BPE PER Versus C/N (16-QAM)
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Figure 8
Cisco 5x20S and 5x20U BPE PER Versus C/N (64-QAM)
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5

Cisco uBR7200 Series MC16U and MC28U BPE Ingress Cancellation

The Cisco uBR7200 Series MC16U, MC16X, MC28U, and28X BPEs use Broadcom’s BCM3138 digital burst inee The 3138 series
receiver incorporates ingress cancellation techgyotbat suppresses in-channel impairments andnsparent to DOCSIS. Using ingress
cancellation, error-free demodulation in the presesf multiple in-channel ingress signals with kg@wer higher than the desired signal
power is possible.

Cisco 5x20S and 5x20U BPE Ingress Cancellation

The Cisco 5x20S and 5x20U BPEs use Texas InstrafeAiNETC4522 digital burst receiver. The 4522 seréeeiver incorporates ingress
cancellation technology that suppresses impairn@mdss transparent to DOCSIS. Using ingress chatizal, error-free demodulation in the
presence of multiple in-channel ingress signal& wdtal power higher than the desired signal paa/eossible.

Ingress Cancellation Test

Table 5 summarizes the results of measurementd ee@&us PER for the Broadcom BCM3138. The testgdure used was the CableLabs
optional PHY22B ingress cancellation test. Testditions included the use of 64-byte packets, AWGN &t values shown in the table, and a
single in-channel continuous wave (CW) carrier.egative C/I value indicates the interfering sigoalver was higher than the desired signal
power. In the measurement conditions shown, thkqtagror rate remained less than 0.5 percent.
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Table 5. Ingress Cancellation Test Results

Modulation type QPSK 16-QAM 64-QAM
Symbol rate 1.28 Msym/sec 2.56 Msym/sec 5.12 Msym/sec
C/N (AWGN) 20dB 25dB 30dB

Cisco uBR7200 Series MC16U -20.2dB -18.2 dB -10.7 dB

and MC28U C/I

With QPSK at 20 dB C/N (AWGN), the in-channel ifieeng carrier is 20.2 dBigher than the amplitude of the data carrier and the RER
<0.5 percent. Even 64-QAM at 30 dB C/N yields <9ebicent PER when the in-channel interfering caisid0.7 dBhigher than the data
carrier.

Table 6 summarizes the results of measurementsrpeél by Texas Instruments on the TNETC4522. Negdti| ratios indicate that the
interfering signal power was higher than the dessignal power. The upstream signal was configéme@.56 Msym/sec, and the interference
was an in-channel CW carrier.

Table 6. Texas Instruments’ TNETC4522 Measured Performance

Test Preamble C/l@PER=1
Number Burst Length in Bytes Symbols Modulation EE@ percent
1 1549 64 QPSK T=0 -6.67
1535 64 QPSK T=0,K=220 —6.67
2 1562 64 16-QAM T=0 -1.0
1540 64 16-QAM T=8,K=220 -1.8
3 1575 64 16-QAM T=0 15.0
1551 64 16-QAM T=10,K=218 2.7

Adaptive Equalization

Adaptive equalization is a method to digitally canpate for certain signal transmission impairmeath as in-channel amplitude ripple or
tilt. Adaptive equalization creates the equivaleina digital filter, which has a response approxehaequal to the inverse of the channel’s
actual frequency response. When upstream adagiwaization is used, the cable modem pre-equatimegansmitted signal.

DOCSIS 1.1 and 2.0 specify pre-equalization indhigle modem (most DOCSIS 1.0 modems do not suppagtive equalization). DOCSIS
1.1 modems support a symbol (T)-spaced equalizatimcture with 8 taps. DOCSIS 2.0 modems suppsynebol (T)-spaced equalization
structure with 24 taps. The 24-tap adaptive eqatitin in DOCSIS 2.0 allows operation in the presesfcmore severe multipath and micro-
reflections. It accommodates operation near upstteend edges where diplex filter-related groupyd&aisually a problem, and is more
effective in situations where cumulative group giedacurs in lengthy amplifier cascades.

During the cable modem ranging process, the CMTs3ream burst receiver measures linear distortidhérreceived signal. The CMTS sends
equalization coefficients to the cable modemsiiargying response (RNG-RSP) message. The equatizaiifficients are used by the
modems to configure transmit pre-equalization aupstream signal.

The example in Figure 9 illustrates a 6.4 MHz baidtlw64-QAM upstream digitally modulated signabatenter frequency of 48 MHz, well
into the diplex filter roll-off area. This figurdews the signal as it appears at a CMTS upstrepat in a lab setup. The severe in-channel tilt
is from the modem'’s internal low pass filter, rattiean amplifier or node diplex filters. Single newd throughput was about 17 Mbps, but
correctable FEC errors were incrementing about @@@i@words per second (232 bytes per codeword)CMiES’s upstream signal-to-noise
ratio (SNR) estimate — similar to modulation ematio (MER) — was 23 dB.
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Figure 9
Upstream Signal Before Adaptive Equalization

Frequency (MHz)

Figure 10 shows the same signal at the CMTS upstieut after adaptive equalization in the cablelem was turned on. The cable
modem'’s pre-equalization was able to compensatedarly all of the in-channel tilt. There were rwrectable FEC errors and the CMTS'’s
upstream SNR estimate increased to 36+ dB.

Figure 10
Upstream Signal After Adaptive Equalization
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Frequency {(MHz)

The two screen shots in Figure 11 show vector nétwanalyzer measurements of the upper edge ofla nabvork upstream spectrum.
Frequency response rolloff (left screen shot) amodig delay (right screen shot) are evident neabéme edge. With DOCSIS 1.1's eight-tap
adaptive equalization, only a 1.6 MHz bandwidth &R&jnal could be carried in this part of the spatt. DOCSIS 2.0’s 24-tap adaptive
equalization allowed a 3.2 MHz wide 16-QAM signalhe same place, with less than 1.0%XB&R.
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Figure 11
Vector Analyzer Measurements
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Additional Tools

Cisco has implemented advanced spectrum managehgenithms that automatically adjust key paramet@rgeria including C/N, SNR, and
FEC errors can be selected by the cable operatoitiste parameter changes.

* Frequency — Available channels are continuouslyitooed for noise-free performance. If noise impaints are detected at the operating
frequency, the cable modems are directed to a rexyuéncy.

« Modulation — Decreasing the constellation size giample from 16-QAM to QPSK, increases the povaramitted in each symbol,
improving immunity to noise impairments.

* Symbol rate — Decreasing the symbol rate incretfgesansmission time for each symbol, improvingnamity to short-duration impulse
noise.

Ingress cancellation and other advanced PHY fesiarthe Cisco 5x20S and 5x20U BPEs and Cisco uBRBeries MC16U, MC16X,
MC28U, and MC28X BPEs can in many instances mirénoizeliminate the need for frequency hopping odutation changes.

Cisco advanced PHY-equipped line cards report eastrC/N when spectrum groups are assigned andoiebegress cancellation is applied.
Reported upstream SNR is after ingress cancell&dsrnbeen applied.

Advanced PHY Performance Verification

Testing at several sites was done to evaluate addaPHY and ingress cancellation features availabiiee Cisco 5x20S and 5x20U BPEs and
Cisco uBR7200 Series MC16U, MC16X, MC28U, and MCABXESs. Ingress, noise, and impairments from anatiper cable network or

from signal sources simulating a cable network wesed to quantify the performance of advanced Pdbristness features. Dropped ping
packets were used as an indicator of C/I threshéldpectrum analyzer was used to measure C/l @4dMultiple modes of the analyzer

were used, including zero-span (time domain) aeduency domain. The testing and results are exgdimthe following sections.

Cisco uBR7200 Series MC28U BPE
At the Society of Cable Telecommunications Engiadeable-Tec Expo 2004, Cisco demonstrated the tiperaf the Cisco uBR7200 Series
MC28U BPE's advanced PHY in the presence of realdhimpairments. Figure 12 shows multiple carri@esoss the upstream spectrum.
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Each carrier is actually two closely spaced casriesm a pair of Viewsonics multicarrier generatoosnbined through a backwards two-way

splitter. The combined not-quite-identical frequgarriers results in the equivalent of amplitudededation. Note that the fifth interfering
carrier is nearly in the middle of the cable modgmstream data signal, and even with this levehaftiannel interference there was no packet

loss.

Figure 12
Cisco uBR7200 Series MC28U BPE In-Channel Interference: AM Carrier
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Figure 13 shows CPD, which was generated by coimggttte local cable company’s downstream feeddmee circuit. The CPD appears as
beat clusters every 6 MHz across the upstreamrspecOne of the CPD beat clusters is underneathabhk modem upstream data carrier

signal. There was no packet loss.
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Figure 13
Cisco uBR7200 Series MC28U BPE In-Channel Interference: CPD
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The example in Figure 14 has the cable modem datgeclocated on a sloped noise floor. The noias fkom a Hewlett-Packard noise
generator. While ingress cancellation is not ineghtb help with a situation like this, the CiscoRi200 Series MC28U BPE's digital front
end can operate at lower C/N than legacy CMTS emeiyt because of the reduced implementation malrgire, too, there was no packet loss.
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Figure 14
Cisco uBR7200 Series MC28U BPE In-Channel Interference: Degraded CNR
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Cisco Broadband Troubleshooter (CBT) provides spatanalyzer functionality that can be viewed angmehthere is an Internet connection.
Figure 15 illustrates the same CMTS upstream spectlisplays as Figures 12-14.

Figure 15
Cisco Broadband Troubleshooter
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Figure 16 shows an unusual example of upstreanféné@ce at a customer site in Europe, where teeddiBR7200 Series MC28U was
undergoing evaluation. A 3.2 MHz bandwidth 16-QAiNdn&al has been placed on top of an S-CDMA sigrrad,aCW carrier injected in the
middle of the channel. There was no packet logsarl6-QAM signal.

Figure 16
Cisco uBR7200 Series MC28U BPE Performance at Customer Site

Cisco 5x20S BPE

Test Site 1: Asia

One of the first locations to test the advanced Réitures of the Cisco 5x20S BPE was a custoneirsidsia. Figure 17 shows a CW carrier
inserted directly under a 3.2-MHz bandwidth 16-QAlble-modem signal centered at 31.6 MHz. After cemsation for analyzer resolution
bandwidth (RBW) settings, the C/l was measuredia #iB. There was no perceived degradation in aalléem performance.

Cisco Systems, Inc.
All contents are Copyright © 1992—2005 Cisco Systems, Inc. All rights reserved. Important Notices and Privacy Statement.
Page 22 of 33



Figure 17
CW Carrier Test
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Figure 18 shows a 3.2 MHz bandwidth 16-QAM cablalero signal that was placed in the lower portiothefupstream spectrum of an
operating cable network with ingress present. Térgar frequency is 16.5 MHz. There was no percedagtadation in cable modem

performance.
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Figure 18
Live Plant Test
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Note: The Cisco 5x20U supports all capabilities of thedBi5x20S and adds support for Euro-DOCSIS and G51S.

Test Site 2: Europe
Two test locations in Europe were chosen whereoousts wanted to deploy the Cisco 5x20S BPE newrfesito operate 16-QAM in a
previously unusable part of the spectrum. CiscdDBXKBPE supports these capabilities.

A Cisco 5x20S BPE line card and a Cisco uBR905 €albscess Router were used for the test setup. e @BRI05 upstream signal was
combined with the tested node via a two-way spliffbe downstream was attenuated and connectée ttable modem. The spectrum
analyzer RBW filter setting of all zero-span pi@sifor this test was 1 MHz, and the analyzer varicale was set to 5 dB/div.

Results
The cable modem upstream carrier was intentiorsaityto a frequency where ingress was especialgree¥he approximate C/l was 5 dB,
although the ingress amplitude varied considerdlbhlng the test.

The results of the test clearly showed that it p@ssible to successfully operate 16-QAM on theecaletwork, despite the severity of the
ingress in part of the spectrum previously thoughie unusable. Tables 7, 8, 9, and 10 summarizasuned performance results.
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Table 7. Location 1 — Test A

Center Frequency (fc) = 25 MHz

w
N
<
T
N

13 21 99.99 percent
3 14 99.95 percent
3 14 99.98 percent
0 12 100 percent

Note: Two tests at 3 dBmV were performed with 1500-bydekgts:
1. Standard test of 10,000 packets
2. Longer time period with 255,276 packets

The Cisco 5x20S BPE worked well at a C/l of 12 dB.

Table 8. Location 1 — Test B

fc =13 MHz

w
N
<
T
N

13 20 99.99 percent
8 14 99.98 percent
3 11 99.89 percent
16-QAM
fc =13 MHz
1.6 MHz
8 14 99.94 percent
16-QAM
fc =13 MHz
3.2 MHz
8 12 97.84 percent

Figure 19 shows the selected spectrum with contiasweep. Figure 20 shows the carrier placed isfletrum with a 10-second maximum
hold.
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Figure 19
Spectrum Analyzer Continuous Sweep

Figure 20
Spectrum Analyzer Maximum Hold
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Table 9. Location 2 — Test A

QPSK
fc = 18 MHz
3.2 MHz
CMTS Input (dBmV) C/I (dB) Ping
13 5 89.00 percent

Figure 21 displays severe ingress with the spectmatyzer in maximum hold for 10 seconds.

Figure 21
Ingress with Spectrum Analyzer in Maximum Hold for 10 Seconds

Figure 22 illustrates the C/I ratio of the QPSKnsibwith a 5 dB/div scale.

Figure 22
C/I Ratio of QPSK Signal with 5 dB/div Scale
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Table 10. Location 2 — Test B

16-QAM

fc =24 MHz

3.2 MHz
CMTS Input (dBmV) C/l (dB) Ping
8 15 99.95 percent
3 11 99.89 percent

Figure 23 shows a zero-span trace of the cable maigmnal while set for 3 dBmV. The spectrum analy®@BW is 1 MHz, and the vertical
scale is 5 dB/div.

Figure 23
Zero-Span Trace of Cable Modem Signal Set for 3 dBmV

Test Site 3: North America

The third test site was a customer location insiligtheastern United States.

Test Setup for Packet Loss

The Cisco uBR10012 was configured with the Cisc@®&BPE running 16-QAM/3.2 MHz channel width. Thied® 5x20S BPE was in slot
8/0 with u0, ul, u2, and u3 connected to a liveaplodems tested included the Toshiba 2200 andMtat 4200. A 23.25 MHz CW carrier
from an Acterna SDA-5000 was the interfering sigiidle test began at a C/I of 23 dB and the ratis dexreased to 12 dB.

The test was performed using a command-line interf€LI) ping command with a packet size of 1518sfiiba 1400 packet size), and 500
continuous pings.

Interface 8/0 is a Cisco 5x20S BPE with 423 totatlems on 4 upstream ports. Table 11 shows cablem®donnected to the Cisco 5x20S
BPE under test.
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Table 11. Cable Modems Connected to Line Card Under Test

Interface Cable Modem

Total Registered Unregistered Offline
Cable8/0/0/U0 175 163 12 11
Cable8/0/0/U1 193 176 17 15
Cable8/0/0/U2 53 51 2 2
Cable8/0/0/U3 1 1 0 0

Table 12 summarizes Cisco 5x20S BPE performancdtsassing Toshiba 2200 and Motorola 4200 cable emsd

Table 12. Performance Results

Toshiba 2200 Cable Modems:

Measured C/I CMTS Reported SNR Comments

23 dB 25dB No packet loss/48-ms avg. speed

20dB 24 dB 1 percent packet loss/47-ms avg. speed
16 dB 22 dB 1 percent packet loss/46-ms avg. speed
12 dB 17 dB 7 percent packet loss/45-ms avg. speed

Motorola 4200 Cable Modems:

Measured C/I CMTS Reported SNR Comments

23 dB 25dB No packet loss/47-ms avg. speed

20dB 22 dB 1 percent packet loss/47-ms avg. speed
16 dB 21dB 1 percent packet loss/47-ms avg. speed
12 dB 16 dB 8 percent packet loss/41-ms avg. speed

Live Plant Test
Additional 16-QAM/3.2 MHz channel bandwidth tester& performed with ingress and noise coming froenctistomer’s network.
Noise-generating equipment was not used.

On the Cisco 5x20S BPE card with advanced PHY dhipedy including ingress cancellation, CPU uttion of 2 to 3 percentand 3to 5
percent was observed for non-peak and peak periesisectively.

All results were verified by the cable customeid anquired on the Cisco uBR10012 while connecteahtoperating cable network. Operation
for 16-QAM was successful on both the Cisco MC28€ tard and the Cisco 5x20S BPE. The Cisco MC28Cdard was running 256-QAM
downstream/16-QAM upstream and exhibited no upstreacket loss until ~22 dB C/I. The Cisco 5x20S BRI tested with 16-QAM,
achieving <1-percent packet loss at ~20 dB and dBLE/I.

Additional Cisco 5x20S BPE Lab Tests

An additional set of tests was conducted to quariié Cisco 5x20S BPE advanced PHY performanceganmfd for 3.2 MHz bandwidth
16-QAM operation. The following results summarizeasured performance in a controlled lab environpsattup to closely simulate real-
world impairments.
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Test Procedure

1. Measure cable modem transmitted digitally mogbdaarrier at the CMTS upstream input port; ve@if§BmV average power level.
2. Apply AWGN such that upstream digitally moduthtearrier average power level-to-AWGN ratio is 2 d
3. Apply interferers in this configuration (that with carrier-to-AWGN at 25 dB).

4. Three cable modems were used in the test, eacting 100 packets per second (pps) for 60 secéddbyte packets, with a Smartbits
traffic generator.

5. Measure results from 0.05- to 5-percent (sonetiB0-percent) packet loss. Result is packet losgst to 1 percent when averaging across
all three modems.

6. Preliminary testing indicated that the perforg®nf 64-byte versus 1500-byte packets was withdB 1so all subsequent tests were
performed at 64 bytes.

Definitions

« C/lis measured with C = Digitally modulated carié@erage power level; | = Peak power of interféesccept AWGN)
« fc = Center frequency

« fc + 1/2 fs = Digitally modulated carrier centeeduency + 1/2 symbol rate offset from fc

AWGN Test
Reduce carrier-to-AWGN ratio until 0.5- to 1-percpacket loss is observed.

Single Carrier Interferer
Reduce C/I until 0.5- to 1-percent packet losshisenved.

1. CW carrier at fc + 1/2 fs
2. Fifty-percent amplitude modulated carrier at ft/2 fs

3. One hundred-percent amplitude modulated caatifr + 1/2 fs

Dual Carrier Interferers
Reduce C/I until 0.5- to 1-percent packet losshiseoved.

Note: Both interfering carriers have identical peak powdne measured result is the peak power of eaclercaeparately.

1. One hundred-percent AM carrier at 15 Hz (madegusvo Viewsonics comb generators added toget@efg-1 MHz, plus frequency
modulated carrier (50-kHz peak deviation) @ fc

2. One hundred-percent AM carrier at 15 Hz (madegusvo Viewsonics comb generators added toget@efy-1 MHz, plus 100-percent AM
carrier @ fc
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Common Path Distortion

CPD signal was derived from a standard fiber nddk-tevel output port using a diode circuit as soerce of the impairments. The CPD was
generated using National Television System Commifl'SC) standard channelization, using analogrélar2—78 and 96-99. Upstream
channel fc = 30 MHz.

Results
Measured values represent 0.5- to 1.2-percent gegracket loss with FEC enabled. A negative Cib iaticates that the interfering signal
power was greater than the cable-modem signal pdvabite 13 gives results of the test.

Table 13. Test Results

Test Measurement Results
AWGN 16 dB C/N
1 CW carrier at fc + 1/2 fs -3dB C/l
2 50 percent AM at fc + 1/2 fs —4 dB C/IN
3 100 percent AM Carrier at fc + 1/2 fs 2dB Cl/l
4 Dual Carrier AM 6 dB C/I
5 Dual Carrier AM + FM 2dB C/l
6 CPD 9dB Cll
Summary

Reliable 3.2 MHz bandwidth QPSK and 16-QAM upstregraration have been verified under conditions ickemed as extreme as when the
power of an in-channel interfering carrier excettds of the cable modem transmitted signal. Opamdti the presence of complex
interference comprising multiple carriers, frequentwdulated carriers, or CPD has been shown aadéw as single digits, and carrier-to-
AWGN ratios in the mid-teens. This performance txesn further verified in operating cable network#sia, Europe, and North America,
utilizing parts of the upstream spectrum previoudklyught unusable.

The advanced PHY in DOCSIS 2.0 provides signifilgaimiproved upstream data-transmission robustnesgpared to DOCSIS 1.x PHY.
A-TDMA and ingress cancellation are among the improents, and they are available today in the Gg@dS and 5x20U BPEs, as well as
the Cisco uBR7200 Series MC16U, MC16X, MC28U, and28X BPEs. The technology has been proven in bpé#nating cable networks
and controlled lab settings, and is fully compatibith DOCSIS 1.x cable modems. Indeed, featurels as ingress cancellation will improve
the performance of those DOCSIS 1.x modems. AdwhRtY technology has moved beyond theory into wealtd deployments.
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