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(57) ABSTRACT 

A multi-point communications system is set forth herein. The 
communications system comprises a head end unit disposed 
at a primary site and a plurality of receivers disposed at 
remote sites. The head end unit includes a transmitter for 
transmitting OFDM/DMT symbols over a predetermined 
number of bins across a transmission medium. The OFDM/ 
DMT symbols are transmitted in periodically occurring for 
matted symbol frames. The cyclic pre?x includes a predeter 
mined periodic signal superimposed thereon. The receivers 
receive the OFDM/DMT symbols over a subset of the prede 
termined number of bins from the transmission medium and 
use the superimposed signals to attain symbol alignment. 
Preferably, the superimposed signal is an impulse signal that 
varies in polarity throughout the transmission cycle and 
Which is superimposed on one or more symbols occurring 
during a cyclic pre?x of the formatted symbol frames. In 
accordance With a further aspect of the present invention, the 
receivers apply a predetermined incremental phase shift to 
received samples corresponding to the received OFDM/DMT 
symbols to thereby compensate for phase shifts resulting 
from the cyclic pre?x. The multi-point communications sys 
tem may include a similar system for aligning symbols trans 
missions from a remote service unit having a transmitter. 
Such a system includes a plurality of remote service units 
each including a transmitter for transmitting OFDM/DMT 
symbols over a predetermined number of bins across a trans 
mission medium. Each of the plurality of remote service units 
is operable in a symbol alignment mode in Which the trans 
mitter transmits a broad band periodic signal. The head end 
unit includes a receiver for receiving the OFDM/DMT sym 
bols, including the broad band periodic signal, from the trans 
mission medium. The head end unit uses the time position of 
the broad band periodic signal to align the symbol transmis 

(51) Int. Cl. sions of the remote service unit With other ones of the remote 
H04L 2 7/28 (2006.01) service units. 
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APPARATUS AND METHOD FOR SYMBOL 
ALIGNMENT IN A MULTI-POINT 

OFDM/DMT DIGITAL COMMUNICATIONS 
SYSTEM 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

[0001] The present application is a continuation applica 
tion of US. application Ser. No. 11/201,853, ?led Aug. 11, 
2005, Which is a continuation of US. application Ser. No. 
09/312,990, ?led Jul. 25, 2001, now US. Pat. No. 6,950,388, 
Which is a continuation-in-part application of US. applica 
tion Ser. No. 08/700,779, ?led Aug. 22, 1996, now US. Pat. 
No. 5,790,514, Which is a continuation of US. application 
Ser. No. 08/845,544, ?led Apr. 24, 1997, now US. Pat. No. 
6,285,654. 

STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH OR DEVELOPMENT 

[0002] Not Applicable 

BACKGROUND OF THE INVENTION 

[0003] The present invention is directed to an OFDM/DMT 
digital communications system. More particularly, the 
present invention is directed to an apparatus and method for 
attaining symbol alignment in a multi-point, OFDM/DMT 
digital communications system. 
[0004] Multi-point communications systems having a pri 
mary site that is coupled for communication With a plurality 
of secondary sites are knoWn. One such communications 
system type is a cable telephony system. Cable telephony 
systems transmit and receive telephone call communications 
over the same cable transmission media as used to receive 
cable television signals and other cable services. 
[0005] One cable telephony system currently deployed and 
in commercial use is the Cablespan 2300 system available 
from Tellabs, Inc. The Cablespan 2300 system uses a head 
end unit that includes a primary transmitter and primary 
receiver disposed at a primary site. The head end unit trans 
mits and receives telephony data to and from a plurality of 
remote service units that are located at respective secondary 
sites. This communication scheme uses TDM QPSK modu 
lation for the data communications and can accommodate 
approximately thirty phone calls Within the 1.9 MHZ band 
Width typically allocated for such communications. 
[0006] As the number of cable telephony subscribers 
increases over time, the increased use Will strain the limited 
bandWidth allocated to the cable telephony system. Generally 
stated, there are tWo potential solutions to this bandWidth 
allocation problem that may be used separately or in conjunc 
tion With one another. First, the bandWidth allocated to cable 
telephony communications may be increased. Second, the 
available bandWidth may be used more ef?ciently. It is often 
impractical to increase the bandWidth allocated to the cable 
telephony system given the competition betWeen services for 
the total bandWidth available to the cable service provider. 
Therefore, it is preferable to use the allocated bandWidth in a 
more e?icient manner. One Way in Which the assigned band 
Width may be used more ef?ciently is to use a modulation 
scheme that is capable of transmitting more information 
Within a given bandWidth than the TDM QPSK modulation 
scheme presently employed. 
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[0007] The present inventors have recogniZed that OFDM/ 
DMT modulation schemes may provide such an increase in 
transmitted information for a given bandWidth. Such systems, 
hoWever, present a number of technical problems. One such 
problem is the determination of hoW a neWly added receiver is 
to attain symbol alignment Without disrupting communica 
tions to the other receivers that are already in communication 
With a primary transmitter at a central site. A remote receiver 
must ?rst obtain symbol alignment to properly recogniZe the 
data that is transmitted from the primary transmitter before it 
can perform the functions required of it. Also, a neWly added 
transmitter must align its symbol transitions With other 
remote transmitters. The present inventors have recogniZed 
that need and have disclosed a solution to the problem. 

BRIEF SUMMARY OF THE INVENTION 

[0008] A multi-point communications system is set forth 
herein. The communications system comprises a head end 
unit disposed at a primary site and a plurality of receivers 
disposed at remote sites. The head end unit includes a trans 
mitter for transmitting OFDM/DMT symbols over a prede 
termined number of bins across a transmission medium. The 
OFDM/DMT symbols are respectively transmitted in peri 
odically occurring formatted symbol frames. The cyclic pre 
?x includes a predetermined periodic signal superimposed 
thereon. The receivers receive the OFDM/DMT symbols over 
a sub set of the predetermined number of bins from the trans 
mission medium and use the superimposed signals to attain 
symbol alignment. Preferably, the superimposed signal is an 
impulse signal that varies in polarity throughout the transmis 
sion cycle and Which is superimposed on one or more sym 
bols occurring during a cyclic pre?x of the formatted symbol 
frames. 
[0009] In accordance With a further aspect of the present 
invention, the receivers apply a predetermined incremental 
phase shift to received samples corresponding to the received 
OFDM/DMT symbols to thereby compensate for phase shifts 
resulting from the cyclic pre?x. 
[0010] The multi-point communications system may 
include a similar system for aligning symbols transmissions 
from a remote service unit having a transmitter. Such a system 
includes a plurality of remote service units each including a 
transmitter for transmitting OFDM/DMT symbols over a pre 
determined number of bins across a transmission medium. 
Each of the plurality of remote service units is operable in a 
symbol alignment mode in Which the transmitter transmits a 
broad band periodic signal. The head end unit includes a 
receiver for receiving the OFDM/DMT symbols, including 
the broad band periodic signal, from the transmission 
medium. The head end unit uses the time position of the broad 
band periodic signal to align the symbol transmissions of the 
remote service unit With other ones of the remote service 
units. 
[0011] Other features and advantages of the present inven 
tion Will become apparent upon revieW of the folloWing 
detailed description and accompanying draWings. 

BRIEF DESCRIPTION OF THE SEVERAL 
VIEWS OF THE DRAWINGS 

[0012] FIG. 1 is a schematic block diagram of a multi-point 
communications system having a plurality of remote service 
units disposed at a plurality of secondary sites Wherein each 
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of the remote service units comprises a receiver having an 
improved receiver architecture. 
[0013] FIG. 2 is a block diagram of illustrative embodi 
ments of the head end unit and a remote service unit of the 
communications system of FIG. 1. 
[0014] FIG. 3 illustrates tWo symbol constellations that are 
transmitted in tWo separate frequency bins in accordance With 
OFDM/DMT data modulation techniques. 
[0015] FIGS. 4 and 5 illustrate exemplary bandwidth allo 
cations for the local cable system and the cable telephony 
system, respectively. 
[0016] FIGS. 6-8 illustrate various embodiments of the 
receiver of the remote service unit at various levels of detail. 
[0017] FIGS. 9-11 illustrate various embodiments of the 
transmitter of the remote service unit at various levels of 
detail. 
[0018] FIGS. 12-15 illustrate various aspects of one 
embodiment of a partial sequence ?lter that may be used in 
either the head end unit or the remote service unit. 
[0019] FIGS. 16-22 illustrate a system that may be used to, 
inter alia, attain up stream and doWnstream symbol alignment 
betWeen the head end unit and a neWly added remote service 
unit to thereby initialiZe communications. 

DETAILED DESCRIPTION OF THE INVENTION 

[0020] FIG. 1 is a block diagram ofa multi-point commu 
nications system Which may use a remote service unit having 
the improved receiver and transmitter architectures disclosed 
herein. As illustrated, the communications system, shoWn 
generally at 20 includes a head end unit (HE) 25 disposed at 
a primary site. The head end unit communicates With a plu 
rality of remote service units (RSUs) 30 respectively disposed 
at a plurality of secondary sites, over a transmission medium 
35 such as a coaxial cable. 

[0021] The digital communications system 20 may, for 
example, be a cable telephony system. In such an application, 
the head end unit 25 is disposed at a cable television trans 
mission facility While the remote service units 30 are disposed 
at individual customer locations, such as individual customer 
homes. The transmission medium 35 Would be the neW or 
existing transmission cable used to transmit the cable televi 
sion services. The head end unit 25 in a cable telephony 
network is responsible for communicating With and intercon 
necting telephone calls betWeen the plurality of remote ser 
vice units 30 as Well communicating With a central sWitching 
of?ce 40 for sending and receiving telephone calls from sites 
exterior to the local cable television service area. 
[0022] A block diagram of one embodiment of a head end 
unit 25 and a remote service unit 30 is shoWn in FIG. 2. As 
illustrated, the head end unit 25 and the remote service units 
30 each generally comprise respective baseband sections 45, 
50 and respective RF sections 55, 60. The baseband section 45 
of the head end unit 25 receives constellation data at one or 
more lines 65 and performs an Inverse Fast Fourier Transform 
on the received data. The transformed signal is modulated 
Within the RF section 55 for transmission along the cable 
transmission 35. The remote service units 30 receive the RF 
modulated data from the cable transmission medium 35 in the 
respective RF section. The received signal is demodulated 
Within the RF section 60 of the remote service unit 30 and the 
resulting signal is supplied to the baseband section 50 Which 
performs a Fourier Transform on the signal to recover the data 
transmitted by the head end unit 25. The recovered data is 
supplied from the baseband section 50 along one or more 
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lines 70 for further decoding. As is apparent from the block 
diagram of FIG. 2, constellation data may also be received at 
one or more lines 75 of the baseband section 50 of the remote 
receiving unit 30. The received data undergoes an Inverse 
Fourier Transformation or, more preferably, a direct sequence 
transformation and the resulting signal is RF modulated for 
transmission along the cable transmission medium 35 for 
receipt by the head end unit 25. The head end unit 25 demodu 
lates the received signal in the RF section 55 and performs a 
Fast Fourier Transform on the demodulated signal to recover 
the transmitted data and provide it on one or more lines 80 for 
further decoding. 
[0023] The present system 20 utiliZes OFDM/DMT digital 
data modulation for exchanging communications data 
betWeen the head end unit 25 and the remote service units 30. 
Such OFDM/DMT digital data communications assign a par 
ticular amplitude, frequency, and phase for each transmitted 
“sub-symbol”. The transmitted “sub-symbol” represents one 
or more information data bits that are to be transmitted 
betWeen the units 25 and 30. Each sub-symbol may be rep 
resented by a point Within a “constellation” the point being 
transmitted at a given carrier frequency or “bin”. FIG. 3 
illustrates the use of tWo constellations 90 and 95, each having 
sixteen constellation points that are capable of being trans 
mitted Within tWo separate frequency bins. As illustrated, a 
sub-symbol having a carrier signal of frequency f1 has its 
amplitude and phase varied depending on the constellation 
point that is to be transmitted. For example, a constellation 
point representing the binary states 0000 is transmitted as a 
sub-symbol at a phase of 61 and an amplitude of Al during a 
designated symbol time. A constellation point representing 
the binary states 1111, however, is transmitted as a sub 
symbol at a phase of 62 and an amplitude of A2 during a 
designated symbol time. Similarly, the second constellation 
95, preferably having the same amplitude and phase designa 
tions for its sub-symbols as the ?rst constellation 90, is used 
to modulate a second carrier frequency f2. The resulting 
modulated signals are combined into a single output symbol 
in Which the individual sub-symbols are differentiated from 
one another based on their respective carrier frequencies or 
“bins”. It Will be recogniZed that many variations of the 
disclosed OFDM/DMT transmission scheme are possible, 
the foregoing scheme being merely illustrated herein to pro 
vide a basic understanding of OFDM/DMT communications. 

[0024] Referring to FIG. 4 there is shoWn an exemplary 
break-up of the bandWidth allocated to a local cable television 
service. As illustrated, the entire allocated bandWidth is fur 
ther sub-allocated into smaller bandWidth portions for the 
transmission of selected services such as cable television, 
audio broadcasting, cable telephony, and other miscellaneous 
services. The bandWidth allocated for cable telephony con 
stitutes the focus of further discussion. HoWever, it Will be 
recogniZed that the digital communications system described 
herein can be utiliZed in any multi-point digital data commu 
nications system. 
[0025] FIG. 5 illustrates the bandWidth allocated, for 
example, to the cable telephony communications. Without 
limitation, the bandWidth of the exemplary embodiment may 
be about 2 MHZ With a center frequency of about 600 MHZ. 
As shoWn, the bandWidth is divided into a plurality of fre 
quency bins 100, each bin carrying a sequence of sub-sym 
bols corresponding to the data that is to be communicated. 
The head end unit 35 sends and receives data to and from 
multiple remote service units 30 and must be capable of 



US 2008/0298483 A1 

processing substantially all, if not all of the bins allocated to 
cable telephony transmission. Accordingly, the head end unit 
25 must have a substantial amount of processing poWer. Such 
a high amount of processing poWer naturally gives rise to 
increased production, maintenance, and poWer costs. Simi 
larly, the remote service units 30 require substantial process 
ing poWer if they are to each process the entire bandWidth or 
number of bins allocated to the cable telephony communica 
tions and transmitted by the head end unit 25. 
[0026] The present inventors, hoWever, have recognized 
that many applications using multi-point, OFDM/DMT data 
communications do not require that the remote service units 
30 process the entire number of bins transmitted by the trans 
mitter at the primary site. Rather, as recognized by the present 
inventors, the remote service units 30 employed in many 
types of OFDM/DMT data communications systems, such as 
cable telephony systems, need only be capable of processing 
a limited number of bins of the entire number of bins trans 
mitted by the head end unit 25. 
[0027] Based on this recognition, the remote service units 
30 are designed to process substantially feWer bins than the 
entire number of bins transmitted by the head end unit 25. 
More particularly, the receiver architecture of each RSU is 
particularly adapted to exclusively digitally process only a 
limited number of bins of the larger number of OFDM/DMT 
bins that are transmitted by the head end unit 25. Remote 
service units 30 disposed at different secondary sites are 
preferably designed to process different subsets of bins. More 
preferably, the particular subsets of bins processed by any 
remote service units is dependent on command transmissions 
received from the head end unit 25. 
[0028] Such a receiver architecture has several advantages. 
For example, the digital signal processing capability required 
by the receiver of each RSU is signi?cantly reduced thereby 
making each RSU more economical to design, manufacture, 
and maintain. Additionally, each RSU consumes less poWer 
than Would otherWise be required if each RSU had to process 
the complete number of bins sent by the head end unit 25. 
[0029] FIG. 6 is a schematic block diagram ofone embodi 
ment of a receiver 110 suitable for use in the remote service 
units 30. As illustrated, the exemplary embodiment is com 
prised of ?ve functional sections: an RF conversion section 
115, an IF-to-digital conversion section 120, a Fourier Trans 
form section 125, a decoding and framing section 130, and a 
timing and control logic section 140. 
[0030] The RF conversion section 115 receives the RF sig 
nal from the transmission medium 35 through, for example, a 
splitter, and transposes the desired part of the OFDM/DMT 
spectrum containing the information that is to be recovered 
into a predetermined intermediate frequency (IF) pass band. 
As Will be readily recognized, and as Will be set forth in 
further detail beloW, the RF conversion is achieved With a 
combination of mixers, ?lters, and frequency synthesizers. 
[0031] The IF-to-digital section 120 is used to sample the 
IF analog signal output of the RF conversion section 115 and 
provide a digital output signal corresponding to feWer than all 
of the bins transmitted by the head end unit 25. The resulting 
digital output signal can thus be processed by the Fourier 
Transform section 125 using substantially less processing 
poWer than Would otherWise be required to process the full 
number of bins. The desired output signal is achieved by band 
pass ?ltering the signal to provide a signal that comprises a 
subset of the original OFDM/DMT bins transmitted by the 
head end unit 25. This ?ltered signal is then under-sampled 
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such that the desired signal folds doWn to near base band via 
an aliasing process. Under-sampling permits the use of a 
loWer frequency A-to-D conversion than Would otherWise be 
required. Additionally, the under sampling reduces the num 
ber of digital samples that are generated, thereby reducing the 
amount of processing poWer required in subsequent digital 
processing steps in the Fourier Transform section 125. 
[0032] It Will be recognized, hoWever, that under sampling 
is not the only choice for reducing the number of digital 
samples that are generated to the subsequent sections. For 
example, a mixer could be used to mix the ?ltered signal to 
base band thereby reducing the sampling frequency required 
to properly sample the received signal. This too Would alloW 
one to take advantage of the reduced bin receiver to reduce 
speed, complexity, and poWer usage of the system. 
[0033] The Fourier Transform section 125 is used to take 
the Fourier transform of the sampled signal output from the 
IF-to-digital section 120 in order to obtain a frequency 
domain representation of the OFDM/DMT modulated signal. 
This can be achieved in any one of multiple Ways. First, the 
Fourier Transform section 125 may include a digital signal 
processor that performs a Fourier Transform on the sampled 
data. HoWever, unlike ordinary OFDM/DMT digital commu 
nications Which perform a Fast Fourier Transform over all the 
bins sent by the transmitter at the primary site, the Fourier 
Transform implemented by the presently disclosed receiver 
110 is taken over a reduced number of bins. This results in 
signi?cant cost and poWer savings. A further improvement 
can be achieved in the case Where the sampled signal received 
from the IF-to -digital section 120 contains more bins than any 
individual receiver needs to receive. In this case, a hardWare 
correlator could be used to obtain a Fourier Transform of only 
the bin frequencies containing data that the receiver 110 is to 
recover. This permits further poWer and complexity reduction 
When the narroW band receive WindoW is still someWhat 
larger than the needed bandWidth. Furthermore, this architec 
ture alloWs the speed and poWer consumption to be scaled 
according to the number of bins any particular receiver needs 
to receive. 

[0034] It Will be recognized that an FFT can be performed 
on the reduce subset of received bins yet still reap the advan 
tages inherent in the disclosed receiver architecture. This is 
due to the fact that the FFT can be implemented using a digital 
signal processor of reduced complexity When compared to an 
FFT processing the entire bandWidth transmitted by the head 
end unit 25. 

[0035] The decoding and formatting section 130 receives 
the processed output of the Fourier Transform section 125 and 
converts the received frequency domain constellation points 
into the corresponding data they represent thereby complet 
ing the recovery of the transmitted data. The decoding and 
formatting section 130 also performs any error correction, 
digital equalization, slicing to bits, framing, and descram 
bling that is required. Such decoding and formatting, as is 
readily recognized, is dependent on the framing and format 
ting used by the head end unit 25 in transmitting the data and 
may take on any form. 

[0036] It is Worth noting that phase compensation can be 
implemented in the decoding and formatting section 130 to 
compensate for any differences betWeen the mixing frequen 
cies of the transmitter of the head end unit 25 and the mixing 
frequencies of the receiver of the remote service unit 3 0. Such 
phase compensation can be implemented by effectively rotat 
ing the phase of each received sub-symbol through a prede 
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termined phase angle 63 during each symbol period. As such, 
the phase angle through Which each sub-symbol is rotated is 
a multiple of 63. For example, a ?rst sub-symbol during a ?rst 
symbol period T1 is rotated by phase angle 63 While the 
sub-symbol received during a subsequent second symbol 
period T2 is rotated by a phase angle equal to 2*63. 
[0037] The output from the decoding and formatting sec 
tion 130 is supplied to the input of one or both of an analog 
to-digital section 132 and direct digital section 137. The ana 
log-to-digital section 132 converts the digital information 
received from the decoding and formatting section 130 to an 
analog signal that may be supplied to various analog devices. 
The direct digital section 137 provides an interface betWeen 
the digital signal output of the decoding and formatting sec 
tion 130 and any digital data devices. 
[0038] A centraliZed timing and control block 140 is used 
in the illustrated embodiment to provide the timing and con 
trol signals required to coordinate the operation of the other 
processing sections. It Will be recognized, hoWever, that this 
timing and control function may also be performed in a 
decentraliZed Way, Wherein each of the individual processing 
sections 115, 120, 125, and 130 contain or share individual 
timing and control circuitry. HoWever, in such instances, 
additional synchronization circuitry dealing With the result 
ing asynchronous nature of the clocks in the individual sec 
tions may be required. Such a decentraliZed architecture 
could also require more pipelining With its associated 
memory. 
[0039] FIG. 7 illustrates one manner in Which the RF sec 
tion 115, the IF-to-digital section 120, and a portion of the 
Fourier Transform section 125 can be implemented. As 
shoWn, the signal transmitted from the head end unit 25 is 
received by a ?rst bandpass ?lter 150 that, for example, has a 
Wide pass band With end frequencies of about 470 MHZ and 
750 MHZ. The signal from the bandpass ?lter 150 is supplied 
to the input of a tuner 155 that has its characteristics deter 
mined by the output of a tuner synthesiZer 160 that is tied to 
receive the output of a reference clock that, for example, has 
a clock frequency of about 4 MHZ. Without limitation, the 
tuner 155 mixes the signal from the bandpass ?lter 150 to a 
signal having a frequency of about 240 MHZ. The output of 
the tuner 155 is supplied to the input of a further ?lter 165, a 
SAW ?lter in the illustrated embodiment. The output of SAW 
?lter 165 is supplied to an IF mixer 170 that transposes the 
signal to an intermediate frequency (I) of, for example, 10.7 
MHZ. The mixer 170 performs the IF conversion by mixing 
the signal received from the SAW ?lter 165 With the signal 
generated by oscillator 175. The signal generated by the oscil 
lator 175 is synchroniZed to the reference clock signal 
received on line 180. 

[0040] The received signal, noW converted to the IF band, is 
subsequently supplied to the input of an IF bandpass ?lter 185 
that, for example, has a 300 KHZ bandWidth and a center 
frequency of about 10.7 MHZ. The output of the bandpass 
?lter 185 is an OFDM/DMT modulated signal having only a 
subset of the entire number of bins transmitted by the head 
end unit 25. One or both of the ?lters 165 and 185, hoWever, 
may be used to reduce the bandWidth of the received signal so 
as to limit the number of bins that are ultimately processed. 
The ?ltered IF signal is converted to a digital signal by anA/D 
converter 190 that has its conversion clock on line 195 syn 
chroniZed to the reference clock on line 180 through a clock 
dividing circuit 200. As noted above, the conversion clock 
frequency may be selected to be loW enough to result in 
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undersampling of the IF signal thereby reducing the number 
of samples supplied at the A/ D converter 190 output. An 
increased in the sampling rate, hoWever, can be used to com 
pensate for any inexactness of ?lters 165 and/or 185. 

[0041] The output of the A/D converter 190 is supplied to 
the input of a digital signal processing circuit 205 that gener 
ates the Fourier Transform of the signal that it receives, 
extracts the received symbols based on the Fourier Transform 
information, and performs any other processing functions 
required. In a cable telephony system, the output of the digital 
processing circuit 205 may be supplied to the inputs of one or 
more D/A converters or CODECs that convert the data con 

tained in the received symbols to one or more analog output 
signals, such as audio voice signals, that can be heard by a 
person engaged in a telephone conversation. 

[0042] FIG. 8 illustrates one embodiment of a hardWare 
correlator 210 that may be used in the Fourier Transform 
section 125. The illustrated hardWare correlator 210 is 
designed to correlate nine frequency bins Within the total 
bandWidth of frequency bins that are provided in digital for 
mat at the output of the A/D converter 190 of, for example, the 
IF-to-digital circuit 120. The correlator 210 includes a mul 
tiplier section 215, a frequency generator section 220, and an 
accumulator section 225. As shoWn, the multiplier section 
215 receives the digital data that is output from the IF-to 
digital section 125 and multiplies each value by the sine and 
cosine value of each of the nine frequency bins. The sine and 
cosine values are supplied as inputs to the multiplier 215 from 
the frequency generator section 220. The frequency generator 
section 220 includes a step-siZe register 227 that includes, in 
the present embodiment, nine register locations that are pro 
grammed by a microcontroller or digital signal processor. The 
values stored in the step-siZe register 225 are used to deter 
mined the step-siZe of the addresses supplied to address the 
data in a cosine table ROM 230, shoWn here has a quarter 
Wave cosine table. An address modi?er circuit 235 receives 
the address data from the address register 240 and modi?es 
the data so that the address data supplied to the cosine table 
ROM 230 falls Within an acceptable range of addresses and 
thereby accesses the proper portion of the Wave. A sine/ co sine 
bit is supplied from, for example, the timing and control 
circuit 140 so that each value received from the IF-to-digital 
converter 125 is multiplied by both the sine and cosine values 
of each of the nine frequency bins. The data resulting from the 
multiplication operation are accumulated in the accumulator 
section 225 and output to the decoder/formatting section 130 
for further processing. 
[0043] One embodiment of a transmitter suitable for use in 
the remote service units 30 is illustrated in FIG. 9. The trans 
mitter, shoWn generally at 300 transmits its digital data in an 
OFDM/DMT modulated format using a number of bins that is 
less than the number of bins transmitted and received by the 
head end unit 25. Accordingly, the transmitter 300 can gen 
erate the OFDM/DMT transmission output by modulated 
direct digital synthesis. 
[0044] The transmitter 300 of the illustrated embodiment is 
designed to accept both analog and digital signal information 
for OFDM/DMT transmission. Accordingly, the transmitter 
300 includes an analog-to-digital interface unit 305 and a 
direct digital interface unit 310. The analog-to-digital inter 
face unit 305 is used to sample an analog signal, such as a 
voice signal of a person engaged in a telephone conversation, 
and convert it to digital data to be transmitted. For example, 
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the analog-to-digital interface unit 305 may contain CODECs 
and SLICs for connecting one or more telephones to the 
system. 
[0045] The direct digital interface unit 310 interfaces With 
any type of device that provides a signal that is already in 
digital format. For example, the direct digital interface unit 
310 might have a serial interface for receiving data, as in a 
modern application. The unit 310 might also receive data 
from a system CPU to be sent to the receiver of the head end 
unit 25. 
[0046] The transmitter 300 also includes a data interface 
unit 315. The data interface unit 315 receives data from any 
combination of the folloWing: sampled analog data from the 
output of the analog-digital interface unit 305, direct digital 
data from the output of the direct digital interface unit 310, or 
other digital data sources that, for example, provide system 
communication information generated from Within or With 
out the data interface unit 315. The data interface unit 315 
formats the data received from these data sources into a single 
data stream. Tasks such as data framing, scrambling, error 
correction coding, CRC generation, data synchronization, 
and stuf?ng may be performed by the data interface unit 315 
as part of the formatting function. Optionally, the data inter 
face unit 315 may group the data into Words that represent the 
unique constellation points to be transmitted. As Will be 
readily recogniZed, the speci?c formatting operations 
executed by the data interface unit 315 are dependent on the 
particular requirements of the communications system in 
Which the remote service unit 30 is employed. 
[0047] The serial data stream output from the data interface 
unit 315 is supplied to the input of the transmit engine circuit 
320. The data that the transmit engine circuit 320 receives 
includes one constellation point for each OFDM/DMT bin of 
the reduced set of bins that is active during a single symbol 
time. The transmit engine circuit 320 is responsible for cal 
culating the Inverse Fourier Transform on the data stream that 
is to be modulated and for producing a time domain sequence 
for each symbol along With any cyclic pre?x. Generally, 
systems using OFDM/DMT modulation performs this func 
tion using an IFFT that is implemented, for example, With a 
digital signal processor. HoWever in a multi-point applica 
tion, such as the communication system disclosed herein, 
only a limited number of the possible frequencies or bins are 
used by each secondary transmitter. Given that only a portion 
of the total available transmission bandWidth is utiliZed, the 
disclosed secondary transmitter architecture is more e?icient 
and cost-effective. 
[0048] In the preferred embodiment of the transmit engine 
circuit 320, the time domain sequence is generated by modu 
lated direct digital synthesis, sample by sample. In addition to 
reducing the complexity of the transmitter, this operation 
reduces system latency. The time domain sequence for a 
given symbol is created by generating sine Waves, sample by 
sample, and adding them together. The frequency determines 
the bin in Which the data Will be received. The phase and 
amplitude are used to convey the data intelligence. 
[0049] Additionally, the preferred embodiment of the sys 
tem is such that there are 256 bins betWeen 0 HZ and the 
Nyquist frequency. This is typical in OFDM/DMT systems. 
That is, the spectrum betWeen 0 HZ and the Nyquist frequency 
is divided into a number of bins Wherein the number is a 
poWer of 2, i.e. 2” Where n is an integer. This facilitates the use 
of FFTs and IFFTs. HoWever, the presently disclosed trans 
mitter 300 preferably uses a Nyquist frequency that is greater 
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than the transmit bandWidth, thereby leaving a number of bins 
turned off on each edge. Such a transmission scheme provides 
a natural ?ltering effect at the edges of the bandWidth. In the 
preferred embodiment, 209 bins ?t Within the allocated trans 
mit bandWidth. An additional eight bins are turned off on 
either end of that bandWidth to leave some transition band 
Width for ?lters. 
[0050] Optionally, the transmitter 300 may utiliZe a digital 
?lter 325 that receives the output of the transmit engine circuit 
320. This optional ?lter performs any desired digital ?ltering 
of the output stream and, for example, may be useful in 
further limiting the bandWidth of the signal. The ?lter 325 
may be, for example, a digital partial sequence ?lter With 
reduced complexity. Such a digital partial sequence ?lter is 
set forth beloW. 

[0051] The digital sequence output from either the digital 
?lter 325 or the transmit engine circuit 320 is supplied to the 
input of a digital-to-baseband converter or a digital-to-IF 
converter 330 depending on Whether the signal output is at an 
IF or at baseband. The converter 330 includes components 
that perform digital-to-analog conversion and analog ?lter 
ing. If the output is at an IF, a bandpass ?lter centered around 
any image of the output spectrum may be employed. This 
results in an IF signal that is more easily processed in subse 
quent operations. 
[0052] The output of the converter 330 is supplied to the 
input of an RF frequency converter 335. The RF frequency 
converter 335 shifts the OFDM/DMT spectrum from IF or 
baseband to the desired RF frequency. As Will be readily 
recogniZed, the RF frequency converter 335 may be imple 
mented using a combination of mixers, ?lters, and frequency 
synthesiZers to implement the conversion functions and pro 
vides an OFDM/DMT output that is suitable for transmission 
along the transmission medium. 
[0053] Timing and control of the transmitter system 300 is 
provided by a common timing and control logic circuit 340.A 
centraliZed timing and control circuit 340 is used in the illus 
trated embodiment. This function, hoWever, could also be 
performed in a decentraliZed Way. If decentraliZed timing and 
control are utiliZed, the timing and control circuits Would 
likely be more complex to deal With the resulting lack of 
synchronism betWeen circuits. It could also require more 
pipelining With its associated memory. 
[0054] One embodiment of digital transmission circuitry 
that may be used to generate the digital OFDM/DMT signal 
for subsequent D/A conversion and RF modulation is set forth 
in FIG. 10. The digital transmission circuitry 350 illustrated 
here may be used to implement, inter alia, the transmit engine 
circuit 320 of FIG. 9. The digital transmission circuitry 350 
accepts digital data from, for example, the output of ?rst and 
second CODECs respectively associated With individual ?rst 
and second telephones. Additionally, the circuitry 350 may 
receive digital data that is to be transmitted in embedded 
control channels Within the transmitted signal, each of the 
embedded control channels being respectively associated 
With one of the ?rst and second telephones. The digital data 
output from the CODECs and on the embedded control chan 
nels are combined together by a combiner circuit 360 into tWo 
separate data groups, illustrated here as DATA1 and DATA2. 
The presently disclosed embodiment provides the capability 
of generating OFDM/DMT transmissions in one or more of 
nine frequency bins. 
[0055] Each data group DATA1 and DATA2 is supplied to 
the input of an encoder logic circuit 365. The encoder logic 
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circuit 365 divides the data groups into symbol groups and 
maps each symbol to a point of a constellation to obtain a 
phase and amplitude for each symbol. The amplitude infor 
mation for each symbol is provided on one or more lines 370, 
While the phase information for each symbol is provided on 
one or more lines 375. 

[0056] Generation of the desired frequency and phase for 
each symbol takes place through the interrelated operation of 
the start address selection ROM 380, the step siZe selection 
register 385, adder 390, address register 395, address modi 
?er 400, and sine table ROM 405. The sine table ROM 405 
contains the digital data representation of a sine Wave, or 
selected portion thereof, shoWn here as a quarter Wave table, 
in successive addressable memory locations. The successive, 
addressable memory locations of the sine table ROM 405 are 
addressed in a speci?c manner to provide a digital output 
signal having the phase and frequency characteristics of the 
symbol that it is to represent. The phase of the sine Wave 
represented by the digital output signal is dependent on the 
memory location that is ?rst addressed at the beginning of the 
symbol period While the frequency of the sine Wave is deter 
mined by the step siZe used to address successive memory 
locations Within the sine table ROM. 

[0057] The selection of the memory location that is ?rst 
addressed at the beginning of a symbol period is dependent on 
the phase information on output lines 375 of the encoder logic 
circuit 365. The phase information is supplied to the start 
address ROM 380 Which provides a start address Which is 
output to the address storage register 395. The step siZe 
through Which the memory locations Within the sine table 
ROM 405 are to be cycled is determined by the value at the 
output of the step siZe storage register 385. The step siZe 
storage register 385 includes one or more memory storage 
locations that are accessible to a microcontroller or DSP. The 
microcontroller determines the step siZes that are stored in the 
step siZe storage register 385 based on the desired symbol 
carrier frequency bins that can be usedithe larger the step 
siZe, the higher the carrier frequency. In the illustrated 
embodiment, the step siZe register 385 includes nine register 
locations for the nine bins that can be transmitted. Preferably, 
the step siZe register 385 is programmed by the microcontrol 
ler based on commands received from the head end unit 25. 
The step siZe value is supplied at one or more output lines 410 
of the step siZe register 385 to the input of the adder 390. The 
adder 390 functions to provide the address signals that are 
used to successively address the memory locations of the sine 
table ROM 405. Accordingly, the output of the address reg 
ister 395 is fed back to the input of the adder 390 so that the 
sine table ROM 405 selection address is incremented by the 
appropriate step siZe on each successive addressing cycle 
corresponding to the particular frequency bins. 
[0058] Since the sine table ROM 405 of the present 
embodiment only contains a portion of a single sine Wave, an 
address modi?er 400 is used. The address modi?er 400 
includes combinatorial and/ or programmed logic circuits that 
perform calculations that ensure that the address value sup 
plied to the sine table ROM 405 falls Within an acceptable 
range and thereby accesses the appropriate portion of the 
Wave. Such calculations ensure that the neWly calculated 
address starts at the appropriate portion of the sine table ROM 
405 Without generating an undesired discontinuity. 
[0059] The output of the sine table ROM 405 is supplied to 
the input of a multiplier 420. The multiplier 420 accepts each 
digital data value that is output from the sine table ROM 405 
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and multiplies each value by the corresponding amplitude 
factor as determined from the amplitude information output 
of the encoder logic circuit 365 received along lines 370. 
[0060] Since the sine table ROM 405 of the presently dis 
closed embodiment includes only positive values, some cir 
cuitry must be provided to generate the negative portions of 
the Wave. To this end, the output of the multiplier 420 is 
supplied to a tWo’s complement converter 430 and the most 
signi?cant bit (MSB) from the address register 395 is used to 
signal the Converter 430 to either through-connect the output 
of the multiplier 420 to an accumulator 440 orperform a tWo’s 
complement operation on the output before providing it to the 
accumulator 440. The accumulator 440 adds all of the data 
points for the nine frequency bins that are generated during a 
single sample period and provides the resulting data on output 
lines 445. 
[0061] As Will be readily recognized, the timing and control 
inputs from the timing and control logic circuitry 340 are not 
illustrated in FIG. 10. Such inputs have been omitted in order 
to simplify the ?gure. Given the foregoing description, the 
timing and control operations can be readily derived. 
[0062] FIG. 11 shoWs yet a further embodiment of the basic 
elements of the transmit engine shoWn in FIG. 10. In the 
embodiment of FIG. 11, a full Wave sine table ROM 500 is 
utiliZed. Accordingly, the tWo’s complement circuit 430 and 
the address modi?er 400 are not provided. 
[0063] With reference to FIG. 9, the digital ?lter 325 may 
be a partial sequence ?lter as shoWn generally at 600 of FIG. 
13. The basic operation of a partial sequence ?lter 600 can 
best be understood in connection With the Waveforms illus 
trated in FIG. 12. Line 605 of FIG. 12 is a time domain signal 
representing one bin of an OFDM/DMT signal over three 
symbol periods. As shoWn, the beginning of each symbol 
signal is generally discontinuous to the preceding symbol 
signal and the end of each symbol signal is generally discon 
tinuous to the beginning of the subsequent symbol signal. The 
discontinuities betWeen symbols result in a generally broad 
band frequency spectrum Which the digital ?lter 325 is 
designed to limit. 
[0064] The digital ?lter 325 may be implemented as a ?nite 
impulse response (FIR) ?lter. Typically, a FIR ?lter is 
expected to process all of the digital samples provided by the 
transmit engine of the preceding stage. That is, all of the 
digital samples that are output from the transmit engine 320 
are supplied to the input of and are processed by the FIR ?lter. 
Such a FIR ?lter thus requires a substantial amount of pro 
cessing poWer. For example, a 101 tap FIR ?lter responsive to 
a digital signal having a 10 MHZ sampling frequency Would 
typically require approximately 1000 MIPS to perform the 
requisite multiplication. If the ?lter is symmetric, the com 
plexity can be reduced so that 500 MIPS are required to 
perform this multiplication. In either instance, such a ?lter 
implementation may be quite costly, particularly in a multi 
point digital communications system. 
[0065] The present inventors have recogniZed a unique 
characteristic of DMT/OFDM signals and have used this 
characteristic to reduce the complexity of the ?lter. With 
reference to FIG. 12, the present inventors have recogniZed 
that the OFDM/DMT signal looks like a tone during a sub 
stantial portion of the middle of the symbol period. The dis 
continuities that broaden the frequency spectrum of the trans 
mitted symbols occur only at the beginning portion and end 
portion of the symbol period. In vieW of this characteristic, 
the inventors have recogniZed that, When the taps of a FIR 














