
DECLARATION OF JUNE ANN MUNFORD



1. My name is June Ann Munford. I am over the age of 18, have personal

knowledge of the facts set forth herein, and am competent to testify to the

same.

2. I earned a Master of Library and Information Science (MLIS) from the

University of Wisconsin-Milwaukee in 2009. I have over ten years of

experience in the library/information science field. Beginning in 2004, I

have served in various positions in the public library sector including

Assistant Librarian, Youth Services Librarian and Library Director. I have

attached my Curriculum Vitae as Appendix CV.

3. During my career in the library profession, I have been responsible for

materials acquisition for multiple libraries. In that position, I have cataloged,

purchased and processed incoming library works. That includes purchasing

materials directly from vendors, recording publishing data from the material

in question, creating detailed material records for library catalogs and

physically preparing that material for circulation. In addition to my

experience in acquisitions, I was also responsible for analyzing large

collections of library materials, tailoring library records for optimal catalog



search performance and creating lending agreements between libraries 

during my time as a Library Director. 

4. I am fully familiar with the catalog record creation process in the library

sector. In preparing a material for public availability, a library catalog record

describing that material would be created. These records are typically

written in Machine Readable Catalog (herein referred to as “MARC”) code

and contain information such as a physical description of the material,

metadata from the material’s publisher, and date of library acquisition. In

particular, the 008 field of the MARC record is reserved for denoting the

date of creation of the library record itself. As this typically occurs during

the process of preparing materials for public access, it is my experience that

an item’s MARC record indicates the date of an item’s public availability.

5. Typically, in creating a MARC record, a librarian would gather various bits

of metadata such as book title, publisher and subject headings among others

and assign each value to a relevant numerical field. For example, a book’s

physical description is tracked in field 300 while title/attribution is tracked in

field 245. The 008 field of the MARC record is reserved for denoting the

creation of the library record itself. As this is the only date reflecting the

inclusion of said materials within the library’s collection, it is my experience



that an item’s 008 field accurately indicates the date of an item’s public 

availability.

6. I have reviewed Exhibit DISH-1016, “An Efficient Digital Modulation 

Scheme for Multimedia Transmission on the Cable Television Network” by 

Krista S. Jacobsen and John M. Cioffi as published in National Cable 

Television Association 1994 Technical Papers.  

7. Attached hereto as Appendix JACOBSEN01 is a true and correct copy of the 

MARC record for National Cable Television Association Technical Papers

as held by the Linda Hall Library. I secured this record myself from the 

library’s public catalog. The ‘Location Items’ field visible on page 2 of 

Appendix JACOBSEN01 indicates that this collection includes the 1994 

edition of National Cable Television Association Technical Papers

containing “An Efficient Digital Modulation Scheme for Multimedia 

Transmission on the Cable Television Network”. The MARC record 

contained within Appendix JACOBSEN01 accurately describes the title, 

author and publisher of National Cable Television Association Technical 

Papers.



8. Attached hereto as Appendix JACOBSEN02 is a true and correct copy of 

“An Efficient Digital Modulation Scheme for Multimedia Transmission on 

the Cable Television Network” as published in National Cable Television 

Association 1994 Technical Papers as held by the Linda Hall Library. These 

scans were secured from the library’s collection by counsel. In comparing 

Exhibit DISH-1016 to Appendix JACOBSEN01, it is my determination that 

Exhibit DISH-1016 is a true and correct copy of “An Efficient Digital 

Modulation Scheme for Multimedia Transmission on the Cable Television 

Network” by Krista S. Jacobsen and John M. Cioffi.

9. The 008 field of the MARC record in Appendix JACOBSEN01 indicates the 

date of record creation. The 008 field of Appendix JACOBSEN01 indicates 

the Linda Hall Library first acquired this book as of September 19, 1995. 

Considering this information, it is my determination that National Cable 

Television Association 1994 Technical Papers and therefor “An Efficient 

Digital Modulation Scheme for Multimedia Transmission on the Cable 

Television Network” was made available to the public shortly after its initial 

acquisition in September 1995.

10.I have reviewed Exhibit DISH-1017, Introduction to Communications 

Engineering by Robert M. Gagliardi, 2nd Edition.  



11.Attached hereto as Appendix GAGLIARDI01 is a true and correct copy of 

the MARC record for Introduction to Communications Engineering as held 

by the University of Pittsburgh library. I secured this record myself from the 

library’s public catalog. The MARC record contained within Appendix 

GAGLIARDI01 accurately describes the title, author, publisher, and ISBN

number of Introduction to Communications Engineering.

12.Attached hereto as Appendix GAGLIARDI02 is a true and correct copy of 

selections from Introduction to Communications Engineering as held by the 

University of Pittsburgh library. I secured these scans myself from the 

library’s collection. In comparing Exhibit DISH-1017 to Appendix

GAGLIARDI02, it is my determination that Exhibit DISH-1017 is a true and 

correct copy of Introduction to Communications Engineering by Robert M. 

Gagliardi.

13.The 008 field of the MARC record in Appendix GAGLIARDI01 indicates 

the date of record creation. The 008 field of Appendix GAGLIARDI01 

indicates University of Pittsburgh library first acquired this book as of 

March 4, 1988. Considering this information, it is my determination that 



Introduction to Communications Engineering was made available to the 

public shortly after its initial acquisition in March 1988.

14.I have reviewed Exhibit DISH-1019, Broadband Cable TV Access 

Networks: From Technologies to Applications by Shlomo Ovadia.  

15.Attached hereto as Appendix OVADIA01 is a true and correct copy of the 

MARC record for Broadband Cable TV Access Networks: From 

Technologies to Applications as held by the Penn State University library. I 

secured this record myself from the library’s public catalog. The MARC 

record contained within Appendix OVADIA01 accurately describes the title, 

author, publisher, and ISBN number of Broadband Cable TV Access 

Networks: From Technologies to Applications.

16.Attached hereto as Appendix OVADIA02 is a true and correct copy of 

selections from Broadband Cable TV Access Networks: From Technologies 

to Applications as held by the Penn State University library. I secured these 

scans myself from the library’s collection. In comparing Exhibit DISH-1019 

to Appendix OVADIA02, it is my determination that Exhibit DISH-1019 is 

a true and correct copy of Broadband Cable TV Access Networks: From 

Technologies to Applications by Shlomo Ovadia.



17.The 008 field of the MARC record in Appendix OVADIA01 indicates the 

date of record creation. The 008 field of Appendix OVADIA01 indicates 

Penn State University library first acquired this book as of May 10, 2001. 

Considering this information, it is my determination that Broadband Cable 

TV Access Networks: From Technologies to Applications was made 

available to the public shortly after its initial acquisition in May 2001.

18.I have reviewed Exhibit DISH-1021, DSL: Simulation Techniques and 

Standards Development for Digital Subscriber Line Systems by Walter Y. 

Chen.  

19.Attached hereto as Appendix CHEN01 is a true and correct copy of the 

MARC record for DSL: Simulation Techniques and Standards Development 

for Digital Subscriber Line Systems as held by the Penn State University

library. I secured this record myself from the library’s public catalog. The 

MARC record contained within Appendix CHEN01 accurately describes the 

title, author, publisher, and ISBN number of DSL: Simulation Techniques 

and Standards Development for Digital Subscriber Line Systems.

20.Attached hereto as Appendix CHEN02 is a true and correct copy of 

selections from DSL: Simulation Techniques and Standards Development 



for Digital Subscriber Line Systems as held by the Penn State University 

library. I secured these scans myself from the library’s collection. In 

comparing Exhibit DISH-1021 to Appendix CHEN02, it is my 

determination that Exhibit DISH-1021 is a true and correct copy of DSL: 

Simulation Techniques and Standards Development for Digital Subscriber 

Line Systems by Walter Y. Chen.

21.The 008 field of the MARC record in Appendix CHEN01 indicates the date 

of record creation. The 008 field of Appendix CHEN01 indicates Penn State 

University library first acquired this book as of May 26, 1998. Considering 

this information, it is my determination that DSL: Simulation Techniques 

and Standards Development for Digital Subscriber Line Systems was made 

available to the public shortly after its initial acquisition in May 1998.

22.I have reviewed Exhibit DISH-1022, ASDL/VDSL Principles: A Practical 

and Precise Study of Asymmetric Digital Subscriber Lines and Very High 

Speed Digital Subscriber Lines by Dennis J. Rauschmayer.  

23.Attached hereto as Appendix RAUSCHMAYER01 is a true and correct 

copy of the MARC record for ASDL/VDSL Principles: A Practical and 

Precise Study of Asymmetric Digital Subscriber Lines and Very High Speed 



Digital Subscriber Lines as held by the Penn State University library. I 

secured this record myself from the library’s public catalog. The MARC 

record contained within Appendix RAUSCHMAYER01 accurately 

describes the title, author, publisher, and ISBN number of ASDL/VDSL 

Principles: A Practical and Precise Study of Asymmetric Digital Subscriber 

Lines and Very High Speed Digital Subscriber Lines.

24.Attached hereto as Appendix RAUSCHMAYER02 is a true and correct 

copy of ASDL/VDSL Principles: A Practical and Precise Study of 

Asymmetric Digital Subscriber Lines and Very High Speed Digital 

Subscriber Lines as held by the Penn State University library. I secured these 

scans myself from the library’s collection. In comparing Exhibit DISH-1022 

to Appendix RAUSCHMAYER02, it is my determination that Exhibit 

DISH-1022 is a true and correct copy of ASDL/VDSL Principles: A 

Practical and Precise Study of Asymmetric Digital Subscriber Lines and 

Very High Speed Digital Subscriber Lines by Dennis J. Rauschmayer.

25.The 008 field of the MARC record in Appendix RAUSCHMAYER01 

indicates the date of record creation. The 008 field of Appendix 

RAUSCHMAYER01 indicates Penn State University library first acquired 

this book as of February 25, 1999. Considering this information, it is my 



determination that ASDL/VDSL Principles: A Practical and Precise Study of 

Asymmetric Digital Subscriber Lines and Very High Speed Digital 

Subscriber Lines was made available to the public shortly after its initial 

acquisition in February 1999.

26.I have reviewed Exhibit DISH-1023, “Synchronized Discrete Multi-Tone 

(SDMT) Modulation for Cable Modems: Making the Most of the Scarce 

Reverse Channel Bandwidth” by Krista S. Jacobsen as published in 

Proceedings of WESCON 97. 

27.Attached hereto as Appendix JACOBSEN03 is a true and correct copy of the 

MARC record for Proceedings of WESCON 97 as held by the University of 

Pittsburgh library. I secured this record myself from the library’s public 

catalog. The MARC record contained within Appendix JACOBSEN03

accurately describes the title, author, publisher, and ISBN number of 

Proceedings of WESCON 97. In comparing Exhibit DISH-1023 to Appendix 

JACOBSEN03, it is my determination that Exhibit DISH-1023 is a true and 

correct copy of “Synchronized Discrete Multi-Tone (SDMT) Modulation for 

Cable Modems: Making the Most of the Scarce Reverse Channel 

Bandwidth” by Krista S. Jacobsen.



28.The 008 field of the MARC record in Appendix JACOBSEN03 indicates the 

date of record creation. The 008 field of Appendix JACOBSEN03 indicates 

the University of Pittsburgh library first acquired these proceedings as of 

February 13, 1998. Considering this information, it is my determination that 

Proceedings of WESCON 97 and therefore “Synchronized Discrete Multi-

Tone (SDMT) Modulation for Cable Modems: Making the Most of the 

Scarce Reverse Channel Bandwidth” was made available to the public 

shortly after its initial acquisition as of February 13, 1998, if not earlier via 

the conference itself.

[remainder of page intentionally left blank]



29.I have been retained on behalf of the Petitioner to provide assistance in the 

in establishing the authenticity and public availability of the documents 

discussed in this declaration. I understand that my declaration will be 

submitted as an exhibit to a petition for inter partes review. I am being 

compensated for my services in this matter at the rate of $200.00 per hour 

plus reasonable expenses.  My statements are objective, and my 

compensation does not depend on the outcome of this matter.

30.I declare under penalty of perjury that the foregoing is true and correct. I 

hereby declare that all statements made herein of my own knowledge are 

true and that all statements made on information and belief are believed to 

be true; and further that these statements were made the knowledge that 

willful false statements and the like so made are punishable by fine or 

imprisonment, or both, under Section 1001 of Title 18 of the United States 

Code.

Dated: 1/7/2024 

June Ann Munford
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An Efficient Digital Modulation Scheme for Multimedia Transmission 
on the Cable Television Network 

Krista S. Jacobsen• and John M. Cioffi 
Information Systems Laboratory 

Stanford University 
Stanford, California 94305-4055 

Abstract 

We present a comparison between the performances 
of single-carrier modulation with equalization and 
multicarrier modulation on simulated cable television 
(CATV) channels. Simulations indicate that for a 
given data rate, the complexity of multicarrier is sig­
nificantly lower than that of a sin_gle-carrier system. 
Furthermore, multicarrier is able to Ieduce the effects 
of various distortions on a CATV network, including 
microreflections and interference from external signals 
such as amateur radio, with a reasonable computa­
tional complexity while achieving information bit rates 
on the order of 80 Mbits/s. 

Introduction 

The feasibility of offering high-speed interactive data 
services to customers on CATV networks or similar 
broadband coaxial networks is currently being investi­
gated by a number of service providers. With over 92% 
of the homes in the United States passed by cable, the 
CATV network is a potential supplier of these interac­
tive data services. However, there are several electrical 
transmission problems that must he overcome before 
these services can be supplied reliably over CATV net­
works. 

Present1y, CATV networks are generally simplex 
broadcast tree- or star-structured networks. How-

•This work wu supported by NSF contract l'Ulmber NCR-
9203131, JSEP contract number NCR-9203131, NASA contract 
nwnber NAG2-8<12, and an NSF Graduate Fellow,hip. 

ever, these networks can be converted for duplex ser­
vice, as some already have been, by replacing am­
plifier/repeater segments with i;o-ealled "diplex" fil­
ters and amplifiers that separate the downstream fre­
quencies (50-550 MHz) from upstream frequencies (5-
40 MHz) for interactive transmission. Some CATV 
networks can also have high-frequency attenuation re­
duced by the installation of equalizing diplex amplifiers 
that can boost the usable spectrum to 1 GHz. Even 
after such installation, however, the network operator 
finds that only some channels are available for new 
digital services. Consequently, the deployment of dig­
ital services is likely to be incremental and to demand 
high spectral efficiency in those channels allocated for 
the new services. 

The transmission of digital signals over the CATV 
network is complicated by two general effects. First, 
the hardware in CATV networks is not ideal. Taps, 
amplifiers, and splitters can all cause signals to be re­
flected at their insertion points. In particular, splitters 
in subscriber homes are known to have poor isolation 
characteristics. The effect of reflected signals on the 
frequency transfer characteristic of a CATV channel is 
passband ripple, which is known to cause "ghosting" in 
received analog signals. The effects of rippling on dig­
ital signals, however, are more severe. Variations in a 
channel's frequency response cause successively trans­
mitted symbols to interfere with one another, an effect 
known as intersymbol interference (ISi) . Depending on 
the absolute deviations of the chan~el magnitude te• 
sponse (which are determined by the magnitudes of 
impedance mismatches on a CATV system) and the 
frequency with which those deviations occur in the fre­
quency response ( which depends on the length of coax­
ial cable between mismatches), a given symbol could 
interfere significantly with a large number of adjacent 
symbols. Without some scheme to combat ISi, a re­
ceiver would make detection errors. In turn, the detec­
tion errors could disablei for example, a digital video 
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decoder, resultingi n a loss of the signal. Consequently, 
a robust digital transmission technique for multimedia 
signals must alleviate the ISi caused by CATV chan­
nels if reliable transmission is to be achieved. 

A second source of signal degradation in CATV net­
works is interference from other signals. For example, 
leaks in a CATV network caused by poorly shielded 
consumer devices or system hardware allow amateur 
radio (ham) signals to enter the CATV system. Be­
cause the frequency spectrum allocations for CATV 
and ham overlap, receivers on leaky CATV networks 
can tune interfering ham signals along with the desired 
signals. As a result, the received signal is degraded. 
Furthermore, the bandwidth of ham signals can vary 
from fewer than 100 Hz to several megahertz.(!] In ad­
dition, the duration, spectral location, and severity of 
ham interferers can vary. As a result, an effective dig­
ital transmission scheme must be able to maintain a 
desired performance level in the presence of interfering 
signals. 

In the next section , we discuss two candidate tech­
niques for multimedia transmission on the CATV net­
work: single-carrier quadrature amplitude modulation 
(QAM) with equalization and multica.rrier modula­
tion. Subsequently, we present a. simulated channel, 
and we compare the performances of the single-carrier 
and multicarrier systems on this channel. Our results 
indicate that for a fixed system throughput, the com• 
putational complexity of the multi carrier system is sig­
nificantly less than that of the single-carrier system. 
Next, we simulate a ham interfering signal and in­
vestigate its effect on the achievable data rates and 
system complexities. Simulations show that a slightly 
more complex multicarrier system achieves bit rates 
and data rates only slightly lower than those achiev­
able on the "clean" channel. In contrast, the single­
carrier system requires an enormous increase in com­
plexity to achieve a data. throughput comparable to 
the multicarrier system's. 

Background 

Although numerous digital transmission techniques 
exist for tra.nsmitting digital signals on bandlimited 
cha.p.nels, given a finite-complexity constraint and the 
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desire to achieve high throughput with little latency, 
there are two practical options: single-carrier quadra­
ture amplitude modulation (QAM) with equalization 
and multicarrier modulation. In QAM, symbols are 
decoded one by one in the receiver. Because pra.cti.­
eal channels cause ISi, an equalizer js used to reduce 
the ISi, thereby improving the performance of the sys­
tem with a fixed complexity. Equalization is, however, 
an inherently suboptimal detection method for practi­
cal channels. Furthermore, equalizers do not perform 
well on channels with significant deviations in their 
frequency response magnitudes. As a result, we inves­
tigate multicarrier modulation for digital transmission 
over CATV networks. 

In multicarrier modulation, a channel is divided into 
N equal-bandwidth subchannels, each with its own 
cauier, such that the frequency response is roughly 
constant across each subchannel. The resulting sub­
channels are approximately memoryless if N is large 
enough. Discrete multiton-e modulation {DMT), a 
common form of multicarrier modulation , makes the 
subchannels exactly independent and memoryless in 
the white Gaussian noise case by using the basis vec­
tors of the inverse fast Fourier transform (JFFT) a.s 
the subchannel carriers and adding a cyclic prefix to 
ea.ch symbol. The cyclic prefix is a block of determin­
i.stic data that is used to "clear'' each subchannel after 
every symbol period, and it is discarded at the receiver 
prior to reconstructing the data stream using an FFT. 
The length of the cyclic prefix must be sufficient to 
ensure that blocks of data from one symbol period to 
the next do not interfere with each other. Specifically, 
if the length of the channel impulse response is v+ 1, 
then the length of the cyclic prefix must be 11. Be­
cause each transmitted block must have a cyclic prefix 
to be transmitted over any non-ideal channel, a por­
tion of every block is wasted by the inclusion of the 
cyclic prefix. Therefore, one goal in the design of a 
multicarrier system is to minimize the percentage of 
each block wasted by transmitting the cyclic prefix. 
For any fixed channel impulse response, the percent­
age of each block lost to the cyclic prefix decreases as 
the FFT/JFFT size (which is 2N)1 is increased. Th.e 
penalty for the increased FFT /IFFT size is an increase 
in system complexity. This relationship will be demon­
strated in detail in the next section. 

In contrast to traditional frequency-division mul­
tiplexing (FDM) techniques, multicarrier modulation 
does not constrain the number of bits pei- subchannel 

l A 2N-point complex-to-real IFFT is required in the trans­
mitter to ensure that the signal applied to the channclis real. 



Figure L DMT block diagram 

to be equal for all subchannels. Instead, bits are origi­
nally assigned to sub channels just after training during 
system -initialization in direct proportion to the sub­
channel signal-to-noise ratios. As a result, subchan­
nels that suffer from little attenuation and/or little. 
noise carry the most bits, while subchannels that are 
severely attenuated and/or very noisy might not carry 
any bits. This property can be used to alleviate the 
problems caused by both frequency-domain ripple and 
interferers such as ham radio signals. Because the bit 
distribution is continuously updated during tTansmis-­
sion as the receiver sends the required information to 
the transmitter on secure overhead channels, even se-, 

vere and unpredictable interference like ham can be 
tolerated by a multicarrier system. If the noise on a 
subcha.nnel becomes severe while the system is in use, 
the transmitter simply assigns fewer or no bits to that 
subchannel while the noise persists. Each subchannel 
then supports its own QAM constella.tion, and, be• 
cause the subcbannels are essentially independent and 
memoryless, a memoryless detector is used for each in 
the receiver. As a result, no equalizer is required in 
the multicarrier receiver . Figure 1 shows a block dia­
gram of the DMT transmitter and receiver. For more 
information on multicanier modulation and DMT, aee 
[2], [3), [4], [SJ, and [6) . 

Sin1ulations 

In this section, we describe our simulated channel 
model and discuss how well our model approximates 
actual CATV channels. We then use our simulated 
channel to compare the performances, in terms of the 
computational complexity required to support a, given 

2000 ft 

500ft 

SOOft 

Figure 2: CATV system diagram 

throughput, of multicarrier systems and single-carrier 
systems with equalization. Finally, we modify our sim­
ulated channel to determine the effects of interference 
from amateur radio signals or other comparatively nar­
rowband signals on the two transmission systems. 

CATV Channel Model 

To enable us to quantify the performances of both 
single-carrier and multicarrier modulation on CATV 
channels, we computed a "typical" channel frequency 
response using the system configuration shown in Fig­
ure 2. 2 Because most of the degradations to CATV 
signals are caused by "leaky" hardware in subscriber 
drops, we have only modeled the portion of the cable 
system that is nearest to subscriber homes. The sys.­
tern is modeled as 1/2» copperclad coaxial cable deliv­
ering signals through bridge taps to fourteen homes. 
We have assumed that both source and termination 
impedances are 75!1 Since the upstream frequency al­
location in most CATV systems is from 5-40 MHz, and 
we are trying to determine the viability of transmit­
ting bidirectionally on the CATV network, we selected 
the 6-MRz slot from 30-36 MHz as our simulated chan­
nel The frequency response magnitude of this channel 
is shown in Figure 3. In computing the frequency re­
sponse magnitude of the channel, we have assumed the 
presence of a gain element that brings the maximum 
magnitude to O dB. We note that our channel meets 
the FCC's technical specifications for the frequency re­
sponse of CATV channels.[7) Furthermore, our channel 
exhibits the frequency-domain rippling that is common 

2Thanks to Professor D. G. Mcsserschmitt of the University 
of California at Berkeley for making his tranffll.ission line mod­
eling program available to our reselll"Cb group. 
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Figure 3: Frequency response magnitude of simulated 
channel 

in actual CATV ehannels due to leaky consumer hard­
ware such as splitters. Consequently, this channel will 
help us to illustrate the ability of multic-arrier modu­
lation to combat ISL In addition, by modeling inter­
fering signals as flat nulls in the channel's frequency 
response, we will be able to illustrate the effect of in­
terferers on the performances of both single-carrier and 
multicarrier transmission systems. 

System Comparison on Simulated Chan­
nel 

In this section, we investigate the achievable data rates 
and i;omplexities of both DMT and single-carrier sys­
tems for various signal power and channel .noise levels. 
We assume here that no interfering signals, either from 
within the CATV system or from external sources, de­
grade the channel. 

First, we simulated the DMT system described pre­
viously using 2N = 4096 (2048 subchannels) with our 
simulated channel and symbol error probabilities of 
10-7 and 10-9 . We assumed a flat noise power spec­
tral density over the 6 MHz bandwidth and a flat 
power distribution over the subchannels. With these 
assumptions, we have defined the overall DMT signal­
to-noise ratio (SNR) as the ratio of the signal power 
to the noise power for the subchannels that have 0 
dB attenuation. Allocating fractional numbers of bits 
to subchanncls was allowed in the simulation, and a 
5.~ dB coding gain was assumed. Table 1 details the 
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Table 1: Achievable bit rates on simulated channel 

II I Bit rate (Mbps) jl 
DMT SNR (dB) Pe= 10-t I Pe= 10-9 ! 

40 65.256 57.493 
43 71.251 63.485 
46 77.246 69.479 
49 83.243 75.474 
52 89.240 81.471 
55 95.237 87.467 
58 lOl.23 93.4.64 
61 107.23 99.461 

achievable bit rates for various DMT SNRs and the 
two error probabilities.3 We see from the data in the 
table that, for any SNR, the throughput ofthe system 
operating with a symbol error probability of 10-9 is 
decreased by approximately 7 .8 Mbits/s with respect 
to the Pe = 10-7 system. For either symbol error 
probability, however, the throughput of the multicar­
rier system is adequate to support a number of mul­
timedia services. For example, with 49 dB SNR and 
Pe= 10- 7 , a bit rate of 83.243 Mbits/s is high enough 
to support 4 20-Mbit /s HDTV signals or 16 5-Mbit/s 
digitized NTSC signals. We note that a 6-MHz slot on 
the CATV network could easily be used to transmit a 
variety of multimedia signals with different bandwidth 
requirements simply by assigning an appropriate num­
ber of subchannels to eacb signal. Furthermore, be­
cause of the flexibility in bandwidth allocation that 
multicarrier affords, a given 6-MHz slot could serve 
several users at the same time. 

To illustrate the relationship between the channel 
frequency response magnitude and the number of bits 
supported by each DMT subchannel, Figure 4 shows 
the bit allocation for the 4.9 dB SNR case with a sym­
bol error probability of 10-9. Because both the power 
distribution and noise power spectral density are as­
sumed to be fiat, each sobchannel supports a number 
of bits directly proportional to its frequency response 
magnitude. 

Because the complexity of DMT systems is pro­
portional to the FFT /IFFT size used in the imple­
mentation (or, equivalently, the number of subchan­
nels into which the channel is divided), we varied the 
FFT size to determine the effect of a reduced num­
ber of subchannels on the achievable bit rate. With . 
P. = 10- 9 , the results are given in Table 2. • 1n ad­
dition to the achievable bit ~ates, Table 2 gives the 

3 Tbese data were first prcllented in (8), 



Table 2: Achievable bit rates with P0 = 10-9 as a function of FFT size 

DM.T SNR (dB) : I 4096 
40 57.493 
43 63.485 
46 69.479 
49 75.474 
52 81.471 
55 87.467 
58 93.464 
61 99.464 

% data 98.6 
Complexity (MIPS) 264 

( assumes 2M log2 M instructions/FFT) 
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Figure 4: Bit allocation for mulLicarrier system with 
49 dB SNR and P11 = 10- 9 

percentage of each block that is actually data given 
that the length of our channel's impulse response is 
approximately v + 1 =: 59 symbol periods. Finally, 
the complexity, in millions of instructions per second 
(MIPS), of the multicarrier transmitter and receiver 
combination is given for each FFT size. The number 
of instructions required to compute the M -point FFT 
of a real input sequence is commonly approximated as 
2M log2 M, where M is a power of 2. Because we must 
compute ifr FFTs per second for a passband mnlti­
canier system operating in a bandwidth of 1/T Hz, 
we find that the complexity in MIPS for a multicarrier 
system is roughly equal to 410"1 M, where M ::: 2N 
in our notation. We have assumed in computing the 
complexity values in the table that the multicarrier 
system uses the entire 6 MHz of allocated bandwidth. 

FFT si:ie (M - 2N 
2048 1024. 512 256 128 

67.468 57.420 57.323 57.131 56.752 
63.457 63.402 63.294. 63.078 62.653 
69.448 69.388 69.267 69.028 68.556 
75.441 75.374 75.243 74.980 74.461 
81.434 81.362 81 .218 ·80.933 80.366 
87.428 87.350 87.195 86.885 86.272 
93.422 93.338 93.171 92.838 92.178 
99.416 99.326 99.147 98.791 98.084 

97.2 94.3 88.7 77.3 54.7 
240 216 192 168 144 

The data in Table 2 show that for a given DMT 
SNR, the maximum achievable bit rate decreases only 
slightly as the FFT size (or, equivalently, the system 
complexity) is decreased. However, the percentage of. 
each block that is data decreases more dramatically 
as the cyclic prefix consumes a larger percentage of 
each size-2N block. Because we wish to maximize the 
amount of data transmitted, we cannot arbitrarily de­
crease the size of our FFT simply because the system 
throughput remains approximately constant." Conse­
quently, we will constrain the minimum FFT size to 
be 512, allowing a maximum 11.3% of each transmit­
ted block to be lost to the cyclic prefix. In addition, 
because the achievable bit rates for Pe = 10-9 with 
2N-::: 4096, 2048, and 1024 are nearly equal, and the 
data percentages per block are ;;Jao similar, we ha.ve 
used only the FFT sizes 1024 and 512 with Pe .;:: 10-9 

in the following analysis. 

To compute the complexity of single-carrier systems 
yielding the same throughputs as the DMT systems, 
we first computed the data rates and the numbers of 
bits per symbol that must be supported by each single­
carrier QAM system. After adjusting the throug_hput 
values according to the data percentages given in Ta­
ble 2, we find that single-carrier QAM systems must 
support the bit rates ·and approximate numbers of bits 
given in Table 3. To make the comparison between the 
single-carrier and multicarriet .systems more trac~able 
for the reader, we have maintained a column of DMT 

4 In actuality, we could uae lhc smaller FFT sizes (for ex• 
omple; 2N S 256) by implementing a time-domain equalizer 
(TEQ), the purpoae of which is to reduce the required length 
of the cyclic prefix in exchange for an increase in system com­
plexity. A detailed discussion of the TEQ is beyond the scope 
of th.is paper, but interested readers 1hould consult (6] or [9] for 
details. • 
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Table 3: Data for single-carrier systems assuming 5.0 dB coding gain 

Corresponding to N = 1024 DMT Corresponding to N = 512 DMT 
DMT SNR {dB) Data (Mbps) QAM bits 

40 54.170 9 
43 59.813 10 
46 65.461 11 
49 71.108 12 
52 76.757 13 
55 82.406 14 
58 88.055 15 
61 93.704 16 

SNR values. Table 3 also contains the SNRs that must 
be achieved by single-carrier receivers to support the 
required numbers of bits. In computing the required 
receiver SNRs, we have used the rule of thumb that , for 
Pe= 10- ·9 , the first 2 QAM bits require 16.5 dB, -and 
each additional bit. requires 3.0 dB. Additionally, we 
have assumed, as we did for the multicarrier system, 
a 5.0 dB coding gain. 

Finally, we simulated a series of minimum mean­
square-error linear equalizers {MMSE-LEs) to com­
pare the single-carrier computational complexities at 
the various data. throughput rates to the complexities 
of the corresponding DMT systems. Since the com­
plexity of an MMS.E-LE is proportional to the number 
of taps, Ni, in the equalizer, we have computed the 
approximate numbers of taps required for the MMSE­
LEs to achieve the required SNRs given in Table 3. 
The results are given in Table 4. ln Table 4, -y is 
the "complexity increase factor," and it is the ratio 
of MMSE-LE complexity to DMT complexity for each 
DMT SNR and FFT size given in the table. In com­
puting the complexities for the MMSE-LE systems, 
we have assumed T/2 spacing and a transmit symbol 
rate of 6 Msymbols/s. Therefore, the bandwidths of 
the single-carrier and multicarrier systems are equal. 
In addition, the increases in complexity for both the 
DMT system and the single-carrier system due to the 
5.0 dB code are approximately equal. Thus, we have 
neglected the code in our complexity calculations in 
both cases. The data in Table 4 show that the com• 
plexity of the MMSE-LE system increases with SNR in 
contrast to the DMT system, the complexity of which 
is constant for any SNR once the FFT size is selected. 
Furthermore, the complexity increase factors given in 
Table 4 show that, for this channel , the complexity of 
a single-carrier QAM system with an MMSE-LE re­
ceiver is at least 2.5 times the complexity of a DMT 
system operating at the same data rate. 
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SNRrc11 Data (Mbps) QAM bits SN R,r.1} 

32.5 50.828 8 29.5 
35.5 56.123 9 32.5 
38.5 61.419 10 35.5 
41.5 66.718 11 38.5 
44.5 72.016 12 41 .5 
47.5 77.316 13 44.5 
50.5 82.615 14 47.5 
53.5 87.914 15 50.5 

We note that by using a decision feedback equalizer 
(DFE) instead of a linear equalizer, the complexity 
of the single-carrier system might be reduced slightly 
with 1espect to the MMSE-LE case because only the 
feedforward filter would need to run at the T /2 rate. 
However, our preliminary results from DFE simula­
tions show that the complexity of a DFE receiver is 
still at least twice that of the multica.rrier system. 

System Comparison on Degraded Chan­
nel 

In this section, we explore the effect of interfering sig­
nals on the performances of single-carrier and multi­
carrier systems. For this simulation, we have simulated 
a ham interferer of bandwidth 30-kHz located near the 
middle of our 6-MHz simulated channel. We have as. 
awned that the ham signal causes a -20 dB null in our 
channel's frequency response magnitude, as shown in 
Figure 5. 

In order to select an appropriate FFT size for the 
multicarrier system, we computed the channel's im­
pulse response to determine the required cyclic prefix 
length. Since the impulse response length is roughly 
281 samples, we chose 2N '= 2048, implying that ap­
proximately 86% of each ttansmitted block is data. 
Assuming P0c = 10-9 and 5.0 dB coding gain, we then 
simulated another multicarrier system and found the 
achievable btt rates on this channel for the same DMT 
SNRs we used previously. The results are given in Ta­
ble 5. Comparing the bit rates given in Table 5 with 
those in Table 2 for the case 2N = 2048, we see that 
the effect of the interferer is a minimal decrease in the 
overall bit rate for each value of DMT SNR. A plot of 
the bit distribution, shown in Figure 6 for the 4.9 dB 
SNR case, indicates that only the subchannels overlap-



Table 4: MMSE-LE complexity data assuming T /2-spaced equalizer 

1 DMT SNll (dB) 
Corresponding to 2N = 1024 DMT Corresponding to 2N - 512 DMT 
N, Complexity (MIPS) 'Y N, Complexity (MIPS) 'Y II 

40 45 540 2.50 40 480 2.50 , 
43 45 540 2.50 45 540 2.81 
46 50 600 '2.75 45 540 2.81 
49 50 600 2.75 45 540 2.81 
52 55 660 3.00 50 600 3.13 
55 60 720 3.33 50 600 3.13 
58 70 840 3.88 55 660 3.44 
61 75 900 4.17 65 780 4.06 

Table 5: Achievable bit rates and data rates for 2N = 2048 DMT system on channel with 30-kHz interfering 
signal 

31 92 

II DMT SNR (dB) I Bit rate (Mbps) I Data. rate (Mbps) II 
40 
43 
46 
49 
52 
55 
58 
61 

'3 34 35 
F rtquency (MHZ) 

57.314 49.479 
63.600 54.647 
69.291 59.819 
75.283 64.992 
81.276 70.166 
87.270 75.340 
93.264 80.515 
99.258 85.689 

throughput with respect to the data rates achievable 
with 2N = 2048 on the 4'clean" channel of the previous 
section is about 11 %. 

38 

Figme 5: Frequency response magnitude of simulated 
channel with 30-k.Hz interferer 

Finally, we computed the required numbers of QAM 
bits and receiver SNRs and simulated another set of 
MMSE-LEs that achieve the same data rates as the 
DMT systems on the degraded channel. The perti­
nent values ate given in Table 6. In computing the 
data in Table 6, we have again assumed a 6.0 dB cod­
ing gain and T /2 equalizer spacing. The values of -y 
in Table 6 clearly illustrate the dramatic increase in 
complexity required by the MMSE-LE to achieve the 
same data rates as the multicarrier system. We note 
again that the complexity of the single-carrier system 
increases with SNR, while that of the multicarrier sys­
tem remains 240 MIPS. Furthermore, if the bandwidth 
of the interfering h.am signal were even wider than the 
30 kHz we assumed, then the complexity comparison 
would further favor multicarrier. Equalizers with rea­
sonable numbers of taps are simply not effective on 
channels with so-called ((dead-zones" caused by strong 
interfering signals. Thus, to achieve data rates on the 
order of those attainable with a multi carrier system on 
a channel with a dead-zone, a receiver would need an 
equalizer with a prohibitive number of taps. 

ping the interfering signal's bandwidth carry fewer bits 
~ban they did in the previous simulations. However, 
since the channel's impulse response length has in­
creased significantly, the data percentage per block has 
decreased, yielding lower data rates. Specifically, for 
each DMT SNR value, the percent decrease in data 

1994 NCTA TECHNICAL PAPERS -311 



Table 6: MMSE-LE data for degraded channel 

II DMT SNR (dB) I Data rate {Mbps) I QAM bits I SN R,.e,, l Nr 1 Complexity {MIPS) I / II 
40 49.479 8 
43 64.647 9 
46 59.819 10 
49 64.992 11 
52 70.166 12 
55 75.340 13 
58 80.515 13 
61 85.689 14 
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Figure 6: Bit allocation for multiearrier system on de­
graded channel with 49 dB SNR and Pe = 10-9 

Conclusion 

The results of our simulations indicate that discrete 
multitone modulation is more computationally effi­
cient than single-carrier modulation with equalization 
for the transmission of digital data over CATV chan­
nels with rippled pa.ssbands. Furthermore, DMT can 
easily adapt to a variety of channel degradations, op­
timizing the system hit rate for a given channel and 
complexity. Because system reliability is important for 
any consumer service, a digital transmission system 
must maintain a certain level of performance under a 
wide variety of circumstances. Given our simulation 
results, multicarrier modulation appears to be better 
equipped than single-carrier modulation to accomplish 
this objective. 
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29.5 160 1920 8.00 
32.5 165 1980 8.25 
'35.5 170 2040 8.50 
38.5 195 2340 9.75 
41.5 225 2700 11 .25 
44.6 250 3000 12.50 
44.5 Z50 3000 12.50 
47.5 260 3120 13.00 
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CHAPTER7 

RF DIGITAL QAM MODEMS 

rhe purpose of this chapter is to explain the design and operation principles of RF cable 
modulators and demodulators (modems) for transporting digital video and data signals over 
the HFC network using the quadrature amplitude modulation (QAM) fonnat based on a 
well-known standard. The principles of design and operation of QAM modems are essential 
for the understanding of cable modems and digital set-top boxes, which are discussed in 
Chapter 8. We shall start with a brief review of all the building blocks ofQAM modems. In 
Section 7.2, the MPEG transport framing is discussed, which enables the tmnsmission of 
MPEG packets. Tbe next four sections will explain each of the four layers in the forward­
error-correction (FEC) coding scheme. The FEC layers include Reed-Solomon coding, 
Trellis coded modulation, interleaving, and randomization. The building blocks, operation. 
und design of M-ary QAM modulators are discussed in Sections 7.7 and 7.8. Three key 
building blocks of the QAM receiver. namely. adaptive equalizer, carrier, and timing recov­
ery are explained in Sections 7.9 and 7. 10. Two important parameters to test the fide li ty of 
1he QAM transmitter are introduced in Section 7. 11. Finally, the BER of M-ary QAM sig­
nals in a Gaussian channel are derived in Section 7 .12. 

7.1 RF QAM Modem Building Blocks 

Radio frequency (RF) digital transmitters and re~ei vers constitute one of the most important 
systems in HFC networks to transport digital video and/or data signals from the cable TV 
headend to the subscriber and back to the headend. In particular, the QAM modulation for­
mat was selected as the standard format for cable TV access networks by well-known stan­
dard organizations DOCSIS [l], DA VIC [2], and ITU-T J.83 Annex B [3]. Figure 7. 1 
i.hows a simplified block diagram ofa QAM transmitter aod receiver operating over an HFC 
network. The QAM transminer portion of the modem consists of a Reed-Solomon (R-S) 
cncoder, a convolutional interleaver, a randomizer or scrambler, a Trellis encoder (TCM), a 
symbol mapper, an M-ary QAM modulator with differential encoder, and an RF up­
converter. The QAM receiver portion of the modem consists of an RF tuner, a QAM de­
modulator, a symbol demapper, a TCM decoder, a convolutional deinterleaver, an R-S de­
coder, and a derandomizer (descrambler). All tbese QAM modem building blocks are 
explained in the following sections based on the DOCSlS I. I protocol (I], which is the pri­
mary standard used in the U.S. Figure 7 .2 illustrates the F EC section of t11e QAM modem. 
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