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(57) ABSTRACT 

A method and apparatus for generating specific time domain 
sequences with and without extension using existing 
sequence generation hardware v,rithout requiring the storage 
of the entire sequence is presented. Instead of storing the 
entire sequence, the method requires only the storage of a 
reference sequence and a series of rotation vectors. The 
reference sequence and the series of rotation vectors are 
used to generate the specified sequence. 
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METHOD FOR GENERATING MULTI-CARRIER 
SEQUENCES 

FJELD OF THE INVENTION 

[0001] This invention relates generally to data communi­
cations, and particularly to generating unextended multi­
carrier symbols without requiring the use of a storage 
medium to store the unextended multi-carrier symbols. 

BACKGROUND OF THE INVENTION 

[0002] Many modern communications systems use 
advanced coding techniques to increase the number of bits 
that may be transmitted for a given amount of available 
bandwidth. For example, multi-carrier techniques such as 
di5crete multi-tone (DMT) and orthogonal frequency divi­
sion multiplexing (OFDM) use a plurality of carrier fre­
quencies to transmit large amounts of data. OFDM, a 
multi-carrier coding technique used in the IEEE technical 
standard 802.lla for wireless local area network5 (LANs), 
permits the transmission of as many as six coded bits per 
subcarrier frequency and as many as 288 coded bits per 
symbol and provides up to 54 Mbps of data transfer rate. 

[0003] At a transmitting end of the communications sys­
tem, a modem for a communications system using multi­
carrier coding techniques, such as DMT and OFMD, 
encodes data symbols in the frequency domain and then uses 
an inverse Fourier Transform to convert the frequency 
domain symbol into its time domain representation for 
transmission purposes. At a receiving end of the communi­
cations system, another modem receives the time domain 
symbol and performs a Fourier Transform to return the time 
domain symbol back to its frequency domain representation, 
which permits recovery of the encoded data. 

[0004] The frequency domain symbol consists of a set of 
points from individual signal constellations that are simul­
taneously presented to the inverse Fourier Transform. The 
inverse Fourier Transform effectively modulates each con­
stellation point with a unique, but related, frequency and 
then sums the resulting time domain waveforms to form a 
single time domain waveform that contains the original 
information. The inverse Fourier Transform has a funda­
mental frequency, and each unique frequency is an integer 
multiple of this fundamental frequency. Similarly, at the 
receiving end, the Fourier Transform effectively splits the 
time domain waveform into components that are carried by 
the unique, but related, frequencies and then demodulates 
each one to obtain the constellation point that was transmit­
ted. 

[0005] Whenever data is transmitted, it encounters mul­
tiple sources of interference and even data transmitted using 
advanced coding techniques such as OFDM and DMT are 
not immune. Real-world effects such as multipath delays and 
inter-carrier crosstalk cause noise to appear on the commu­
nications system, hence, reducing overall system perfor­
mance. Multipath delays occur when wireless signals are 
reflected off objects (such as buildings and walls) and arrive 
at different times at the destination while inter-carrier 
crosstalk occurs when signals from a second transmission 
line are induced onto a first transmission line and interfere 
with signals being transmitted on the first transmission that 
is lying adjacent to the second transmission line. 
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[0006] Multipath delays within a single time domain sym­
bol do not present a significant problem to the multi-carrier 
communications system, but when a delayed signal from 
one symbol appears on another symbol, discontinuities are 
introduced into the signal stream. This phenomenon is 
known as inter-symbol interference (ISI). The discontinui­
ties can introduce errors into the signal stream, which in turn 
results in a reduction of the overall data transfer rate of the 
communications system. 

[0007] In an attempt to combat ISI, guard bands are 
inserted periodically within the signal stream. The guard 
bands contain repeated data, unused data, or a specified 
signal sequence that is inserted into the signal stream to help 
mitigate the effects of ISL The guard bands themselves can 
be a significant portion of the overall signal stream. In the 
IEEE 802.lla technical standard, guard bands account for 
20% of the total signal stream. In a communications system 
such as asymmetric digital subscriber line (ADSL), the 
guard band accounts for only 6% of the total signal stream. 
This is because ADSL uses twisted-pairs of copper wire to 
transmit its signal and therefore is not subject to multipath 
delays. 

[0008] The generation of the guard bands that contain 
repeated data uses a relatively simple procedure know11 as 
cyclic extension, wherein after the data stream is partitioned 
in to units of appropriate size for transmission purposes, 
25% of the information at one end of the unit is replicated 
at the other end. The actual percentage replicated for guard 
band purposes depends upon the communications system in 
question, the IEEE 802.lla technical standard specifies 
25%. For example, the modem takes a portion of the data 
stream, where the size of the portion can vary depending on 
the technical standard used, and replicates a percentage of 
the data at one end of the portion and places that percentage 
at the other end of the portion. 

[0009] However, to complicate matters, when the commu­
nications system is powered up or is reset, the modems must 
undergo what is known as a training period. The training 
period is used to allow the modems to adjust hardware and 
functional units to meet current operating conditions. The 
IEEE 802.lla technical standard specifies two training 
sequences that are to be used during the training period, a 
short sequence and a long sequence. The short and the long 
description for the training sequences are in reference to the 
periodicity of the training sequences. The IEEE 802.lla 
technical standard also requires that the short sequence and 
long sequences should be cyclically extended in a different 
manner to the extension applied to standard data transmis­
s10n. 

[0010] One solution used in the generation of training 
sequences that is currently used in a large number of 
communications systems is to store the training sequences 
on chip (in a memory) and then simply inject them into the 
communications system when they are needed. This is an 
inefficient solution because the training sequences need to be 
stored in a memory. By storing the sequences in a memory, 
the overall hardware requirements for the communications 
system is increased and hence ,vill result in larger integrated 
circuits and a more expensive product. 

[0011] Other solutions use compression and other encod­
ing methods to reduce the storage requirements. However, if 
compression or other encoding methods are used, then 
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specialized hardware is needed to decompress or decode the 
stored values. The specialized hardware would require addi­
tional area on the integrated circuit itself. 

[0012] A need has therefore arisen for a solution to gen­
erating the required training sequences for a multi-carrier 
system without requiring that the sequences themselves be 
stored in a memory in the system. 

SUMMARY OF THE INVENTION 

[0013] In one aspect, the present invention provides a 
method for generating vectors that are used to generate 
specified sequences, the method involves the partitioning of 
the specified sequence into partitions (or segments), select­
ing a partition one at a time, and determining a set of 
frequency domain constellations needed to generate the 
selected partition. The method is repeated for each partition 
in the sequence. 

[0014] In another aspect, the present invention provides a 
method for generating the specified sequence from a series 
of frequency domain constellations, the method involves 
determining a set of frequency domain constellations for a 
specific portion of the specified sequence, converting the set 
of frequency domain constellations into its time domain 
representation, and extending the time domain representa­
tion. 

[0015] A preferred embodiment of the present invention 
has a principal advantage in that it permits the generation of 
training sequences for use during a training period without 
requiring the storage of the actual sequences themselves. 
The present invention therefore reduces the hardware 
required to store the training sequences. 

[0016] A preferred embodiment of the present invention 
has an additional advantage in that it uses hardware already 
present in a communications system to generate the required 
training sequence. 

[0017] A preferred embodiment of the present invention 
has yet another advantage in that it can be used to generate 
training sequences of any arbitrary length and cyclic exten­
sion without requiring any modifications. 

[0018] A preferred embodiment of the present invention 
has yet another advantage in that it can be used to generate 
testing sequences of arbitrary length and cyclic extension for 
use in testing and evaluation purposes. 

[0019] A preferred embodiment of the present invention 
has another advantage in that since it uses existing data 
generating hardware and software to generate the training 
sequences, the training sequence can make use of existing 
modem hardware such as equalizers to produce a compen­
sated training sequence that is flat across a frequency band 
of interest and not attenuated by the transmitter hardware as 
an uncompensated training sequence that is simply extracted 
from memory would be. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0020] The above features of the present invention will be 
more clearly understood from consideration of the following 
descriptions in connection with accompanying drav,ings in 
which: 

[0021] FIG. 1 is a diagram displaying a typical (prior art) 
configuration of a ,vireless local area network; 
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[0022] FIG. 2 is a diagram displaying the structure of a 
signal stream according to the IEEE 802. lla technical 
standard; 

[0023] FIG. 3 is a diagram displaying an exemplary 
transmission unit of a signal stream according to the IEEE 
802.lla technical standard; 

[0024] FIG. 4 is a block diagram displaying a data mode 
process for generating the exemplary transmission unit of a 
signal stream according to the IEEE 802.lla technical 
standard; 

[0025] FIG. 5 is a diagram displaying a simplistic repre­
sentation of a short training sequence according to the IEEE 
802.lla technical standard; 

[0026] FIG. 6 is a diagram displaying a simplistic repre­
sentation of a long training sequence according to the IEEE 
802.lla technical standard; 

[0027] FIGS. 7a-b are diagrams displaying a frequency 
domain constellation and the same frequency domain con­
stellation after it is rotated 45 degrees according to a 
preferred embodiment of the present invention; 

[0028] FIGS. 8a-b are data plots displaying the real com­
ponent of the frequency domain constellations displayed in 
FIGS. 7a-b after the frequency domain constellations are 
converted into time domain data by an inverse Fourier 
Transform according to a preferred embodiment of the 
present invention; 

[0029] FIGS. 9a-b are data plots displaying the imaginary 
component of the frequency domain constellations dis­
played in FIGS. 7a-b after the frequency domain constel­
lations are converted into time domain data by an inverse 
Fourier Transform according to a preferred embodiment of 
the present invention; 

[0030] FIG. 10a is a block diagram displaying a multi­
carrier modem according to a preferred embodiment of the 
present invention; 

[0031] FIG. 10b is a block diagram displaying a processor 
of a multi-carrier modem in greater detail according to a 
preferred embodiment of the present invention; 

[0032] FIG. 11 is a diagram of a transmit path of a 
multi-carrier modem according to a preferred embodiment 
of the present invention; and 

[0033] FIGS. 12a-b are diagrams displaying examples of 
the algorithm for generating cyclically extended signal 
streams displayed in FIG. 11 according to a preferred 
embodiment of the present invention. 

DETAILED DESCRIPTION OF ILLUSTRATIVE 
EMBODIMENTS 

[0034] The making and use of the various embodiments 
are discussed below in detail. However, it should be appre­
ciated that the present invention provides many applicable 
inventive concepts which can be embodied in a wide variety 
of specific contexts. The specific embodiments discussed are 
merely illustrative of specific ways to make and use the 
invention, and do not limit the scope of the invention. 

[0035] A preferred embodiment of the present invention 
discloses a method and apparatus for generating specific 
sequences of data. \\-bile the present implementation 
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involves the use of the invention in the generation of training 
sequences for a ,vireless communications system, namely 
the IEEE 802.lla wireless local area network, the ideas 
presented by the invention have application in other types of 
networks, included wired networks. Therefore, the present 
invention should not be construed as being limited solely to 
the generation of data sequences for IEEE 802.lla wireless 
networks. 

[0036] Referring now to FIG. 1, a diagram (prior art) of 
a typical wireless local area network (LAN) installation 
according to the IEEE 802.11 technical standard, "ANSI/ 
IEEE Std 802.11, 1999 Edition; Information technology­
Telecommunications and information exchange between 
systems-Local and metropolitan area networks---Specific 
requirements. Part 11: Wireless LAN Medium Access Con­
trol (MAC) and Physical Layer (PHY) Specifications" 
which is incorporated herein by reference. A supplement to 
the IEEE 802.11 technical standard, "IEEE Std 802.lla-
1999, Supplement to IEEE Standard for Information tech­
nology-Telecommunications and information exchange 
between systems-Local and metropolitan area networks­
Specific requirements-Part 11: Wireless LAN Medium 
Access Control (MAC) and Physical Layer (PHY) specifi­
cations: High-speed Physical Layer in the 5 GHz Band," is 
also incorporated herein by reference. FIG. 1 provides an 
illustration of the basic building blocks of an IEEE 802.11 
network. 

[0037] FIG. 1 displays a first basic service set (BSS) 110 
and a second BSS U0. ABSS is the basic building block of 
an IEEE 802.11 network and can be thought of as a coverage 
area within which member stations may participate in direct 
communications. A BSS is started, formed, and maintained 
by an access point (AP). BSS 110 corresponds to AP 130 and 
BSS U0 corresponds to AP 140. An AP is a station that is 
connected to a distribution system (DS) 150. A DS allows 
multiple BSSs to interconnect v,rith one another and form an 
extended service set. The medium used in a DS may be the 
same as the medium used in the BSSs or it may be different, 
e.g., the medium used in the BSSs may be wireless radio 
frequency (RF) while a DS may use fiber optic. Internal to 
BSS 110 is an AP 130 and a ,vireless station (STA) 170 while 
internal to BSS 120 is an AP 140 and a STA180. ABSS may 
contain more than two stations ( e.g., a maximum of about 20 
stations per BSS is typical today), but it will have one AP. 

[0038] As shown in FIG. 1, BSS 110 is connected to DS 
150 via the access point 130 and the second access point 140 
connects DS 150 to BSS 120. It should be noted that an 
access point also contains a wireless station and can be 
addressed like any other wireless station. 

[0039] Stations within a BSS, for example, stations 130 
and 170 in BSS 110, may communicate with one another 
without interfering with stations in other BSSs. However, 
the stations within a BSS cannot simply communicate 
whenever they wish; they must follow an established set of 
rules designed to minimize collisions and maximize perfor­
mance. 

[0040] Referring now to FIG. 2, a diagram illustrates the 
structure of a time domain signal stream according to the 
IEEE 802.lla technical standard. The signal stream consists 
of a stream of individual transmission units (one of which is 
transmission unit 210). An individual transmission unit 210 
may, in turn, be broken up into a guard band 220 and a time 
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domain data field 230. The transmission unit 210 is sepa­
rated from other transmission units by transition times, such 
as a transition time 240, where the signal that is transmitted 
typically consists of a combination of the previous symbol 
and the current symbol. 

[0041] The time domain data field 230 contains a time 
domain representation of a portion of the data being trans­
mitted. According to the IEEE 802.lla technical standard, 
the data being transmitted is initially encoded in the fre­
quency domain. The conversion from the frequency domain 
to the time domain is performed using an inverse Fourier 
Transform, with an inverse Fast Fourier Transform being the 
preferred implementation of the inverse Fourier Transform. 

[0042] A frequency domain data symbol, visually repre­
sented as a set of constellations represented by points with 
real and imaginary coordinates (frequency domain constel­
lations), when converted into it-; time domain representation, 
becomes a stream of real and imaginary data values. Accord­
ing to the IEEE 802.lla technical standard there is no 
preferred size for the inverse Fourier Transform. A com­
monly used size for the inverse Fourier Transform is 64 
points, however, inverse Fourier Transforms of size 128 and 
256 points are also used in some systems. Inverse Fourier 
Transforms of size larger than 256 incur significant perfor­
mance penalties resulting from the amount of computation 
time required to calculate the transform that any perfor­
mance increase is outweighed by the greater computation 
requirements. 

[0043] The guard band 220 is simply a portion from one 
end of the time domain data being transmitted by the 
transmission unit 210, copied and appended at the other end. 
According to the IEEE 802.lla technical standard, the guard 
band 220 occupies one-fifth (20%) of the transmission unit 
210 while the time domain data occupies the remaining 
four-fifths (80%) of the transmission unit 210. 

[0044] Referring now to FIG. 3, a diagram illustrates a 
single transmission unit according to the IEEE 802.lla 
technical standard. FIG. 3 displays a guard band 305 and 
four segments 310, 315, 320, and 325 of time domain data. 
Each of four segments and the guard band 305 are labeled 
with a letter. The letter is a representation of the time domain 
data contained therein. The letter may represent any amount 
of time domain data. For example, a single letter may 
represent one time domain data value or it may represent 64 
( or more) time domain data values. The use of letters permits 
a simple and clean method to denote and discuss the data 
being transmitted. Segments represented by identical letters 
contain the same time domain data while segments with 
different letters contain different data. FIG. 3 illustrates that 
the guard band 305 contains the same data as the fourth 
segment 325. 

[0045] Referring now to FIG. 4, a block diagram illus­
trates a data mode process for generating an exemplary 
extended transmission unit of a signal stream according to 
the IEEE 802.lla technical standard. The generation process 
begins with an input stream being provided to an inverse 
Fourier Transform (IFT) unit 405. The input stream is made 
up of frequency domain symbols, generated by a symbol 
generator (or a processor) (neither are shown in FIG. 4). The 
IFT unit 405 performs an inverse Fourier Transform on the 
frequency domain symbols, converting them into their time 
domain representation. The output of the IFT unit 405 is a 
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stream of numerical values, with numbers being real num­
bers, imaginary numbers, or a combination of both. FIG. 4 
displays the output of the IFT unit 405 as a sequence of 
letters, "A B C D". Each letter may represent a single 
numerical value or a sequence of multiple numerical values, 
with each letter representing the same number of numerical 
values. 

[0046] The output of the IFT unit 405 then becomes the 
input of an extend unit 410. The extend unit 410 performs 
the cyclic extension operation discussed previously. The 
extend unit 410 simply duplicates a portion of the data at the 
beginning of the input stream and places it at the end of the 
input stream. FIG. 4 displays that the input stream "AB C 
D" has been extended by duplicating the "D" and placing at 
the end of the input stream. The extend unit 410 produces at 
its output a sequence of letters, ·'DAB CD". 

[0047] Training periods are vital to the proper operation of 
a modem. Because operating conditions change, especially 
for communications systems using wireless transmissions, 
training periods are crucial. The training periods permit the 
modems to adjust hardware and software to meet the current 
operating conditions. During the training period, a modem 
on one end of the transmission medium transmits a 
sequence(s) of symbols that is received by another modem 
located at the other end of the transmission medium. The 
receiving modem knows what the sending modem sent and 
by comparing the received signals ,vith the sent signals, the 
receiving modem is able to adjust its hardware and software 
to make the received signals match the sent signals as 
perfectly as possible. The process is often reversed with the 
two modems exchanging roles so that both modems may be 
properly adjusted. 

[0048] According to the IEEE 802.lla technical stan­
dards, two sequences of symbols are used for training 
purposes. A first sequence, referred to as a short sequence for 
its short periodicity, is transmitted first and is then followed 
by a second sequence, referred to as a long sequence. 

[0049] Referring now to FIG. 5, a diagram illustrates a 
symbolic representation of the short training sequence 
according to the IEEE 802.lla technical standard. The short 
sequence may be represented as a sequence of letters, "AA 
AAAAAAAA". Wherein each "A" represents a sequence 
of at least 16 complex time domain values and each "A" 
contains the same sequence of complex time domain values. 
The entire sequence lasts for approximately 8 micro-seconds 
when transmitted. FIG. 5 displays the two transmission 
units 505 and 510 that comprises the short training sequence. 
The structure of a transmission unit as discussed earlier may 
be overlaid onto the transmission units displayed in FIG. 5. 

[0050] Since each transmission unit can be broken up into 
five segments and there are five "A's" in each transmission 
unit, each segment may be represented with a single "A". 
This being the case, one segment 515 may be viewed as a 
guard band and the remaining segments 520 may be viewed 
as the time domain data field. 

[0051] Referring now to FIG. 6, a diagram illustrates a 
simple representation of a long training sequence according 
to the IEEE 802.lla technical standard. FIG. 6 displays the 
two transmission units 605 and 610 that comprises the long 
training sequence. Each transmission unit may be broken up 
into five segments and each segment is represented by a 
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letter, with each letter representing at least 16 complex time 
domain values. Segments represented by different letters 
contain different time domain values, while segments rep­
resented by the same letters contain identical time domain 
values. Each transmission unit has a guard band that is a 
copy of the first segment in the transmission unit. 

[0052] Referring now to FIGS. 7a-b, diagrams illustrate a 
single frequency domain constellation and the same fre­
quency domain constellation after it is rotated 45 degrees 
according to a preferred embodiment of the present inven­
tion. A vertical axis (IM) represents the imaginary number 
scale, while a horizontal axis (RE) represents the real 
number scale. FIG. 7a displays a frequency domain con­
stellation containing a single data point 705 located at 
coordinates (1, lj), where j represent'> the imaginary number, 
I. FIG. 7b displays a frequency domain constellation that 
also contains a single data point 710. The frequency domain 
constellation in FIG. 7b is the frequency domain constella­
tion displayed in FIG. 7a after it has been rotated -45 
degrees. The data point 705 (FIG. 7a) is now data point 710 
and is located at coordinates (v2, 0j). 

[0053] Referring now to FIGS. Sa-b, data plots illustrate 
the real component of the frequency domain constellations 
displayed in FIGS. 7a-b after the frequency domain con­
stellations are converted into time domain data by an inverse 
Fourier Transform according to a preferred embodiment of 
the present invention. FIG. Sa displays the real components 
of the time domain data resulting from an inverse Fourier 
Transform of the frequency domain constellation displayed 
in FIG. 7a, while FIG. Sb displays the real components of 
the time domain data resulting from an inverse Fourier 
Transform of the frequency domain constellation displayed 
in FIG. 7b. 

[0054] Table 1 displays the actual numerical values of the 
two data plots. Column 1 displays the position of the 
numerical value in the data stream, column 2 displays the 
values corresponding to the data plot shown in FIG. Sa, 
column 3 displays an alphabet letter representation for each 
unique number displayed in column 2, column 4 displays the 
values corresponding to the data plot shown in FIG. Sb, and 
column 5 displays an alphabet letter representation for each 
unique number displayed in column 4. 

TABLE 1 

Value RE(F1G. Letter Letter 
Number 8a) Rep RE(FIG. 8b) Rep 

0 0.0156 A 0.0221 B 
1 0.0221 B 0.0156 A 
2 0.0156 A 0 C 
3 0 C -0.0156 D 
4 -0.0156 D -0.0221 E 
5 -0.0221 E -0.0156 D 
6 -0.0156 D 0 C 
7 0 C 0.0156 A 
8 0.0156 A 0.0221 B 
9 0.0221 B 0.0156 A 

10 0.0156 A 0 C 
11 0 C -0.0156 0 
12 -0.0156 D -0.0221 E 
13 -0.0221 E -0.0156 D 
14 -0.0156 D 0 C 
15 0 C 0.0156 A 

[0055] Note that the sequence of numerical values for the 
data plot displayed in FIG. Sb is identical to the sequence of 
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numerical values for the data plot displayed in FIG. Sa, with 
the exception that it has been shifted. For example, value 
number 8 for FIG. Sa is 0.0156 is value number 7 for FIG. 
Sb. A value number N for FIG. Sa i5 equivalent to value 
number (N-1) modulo 16 for FIG. Sb, where modulo is the 
remainder from an integer division operation. Therefore, a 
rotation of the frequency domain constellation is equivalent 
to a circular shift of the time domain data stream corre­
sponding to the frequency domain constellation, with the 
amount (and direction) of circular shift being dependent on 
the amount (and direction) of rotation. 

[0056] Referring now to FIGS. 9a-b, data plots illustrate 
the imaginary component of the frequency domain constel­
lations displayed in FIGS. 7a-b after the frequency domain 
constellations are converted into time domain data by an 
inverse Fourier Transform according to a preferred embodi­
ment of the present invention. FIG. 9a displays the imagi­
nary components of the time domain data resulting from an 
inverse Fourier Transform of the frequency domain constel­
lation displayed in FIG. 7a, while FIG. 9b di5plays the 
imaginary components of the time domain data resulting 
from an inverse Fourier Transform of the frequency domain 
constellation displayed in FIG. 7b. 

[0057] Table 2 displays the actual numerical values of the 
two data plots. Column 1 displays the position of the 
numerical value in the data stream, column 2 displays the 
values corresponding to the data plot shown in FIG. 9a, 
column 3 displays an alphabet letter representation for each 
unique number displayed in column 2, column 4 displays the 
values corresponding to the data plot shovm in FIG. 9b, and 
column 5 displays an alphabet letter representation for each 
unique number displayed in column 4. 

TABLE 2 

Value IM(FIG. Letter Letter 
Number 9a) Rep IM(FIG. 9b) Rep 

0 -0.0156 M 0 N 
1 0 N 0.0156 0 
2 0.0156 0 0.0221 p 

3 0.0221 p 0.0156 0 
4 0.0156 0 0 N 
5 0 N -0.0156 M 
6 -0.0156 M -0.0221 Q 
7 -0.0221 Q -0.0156 M 
8 -0.0156 M 0 N 
9 0 N 0.0156 0 

10 0.0156 0 0.0221 p 

11 0.0221 p 0.0156 0 
12 0.0156 0 0 N 
13 0 N -0.0156 M 
14 -0.0156 M -0.0221 Q 
15 -0.0221 Q -0.0156 M 

[0058] Table 2 shows that the correspondence between a 
rotation in the frequency domain and a circular shift in the 
time domain holds true for both the real and imaginary 
components of the time domain data stream. 

[0059] The above tables show the correspondence 
between a rotation in the frequency domain and a circular 
shift in the time domain for a single frequency domain 
constellation. However, due to the linearity of the inverse 
Fourier Transform, when several frequency domain constel­
lations (each with a unique frequency) are applied to the 
input, this relationship between rotation in the frequency 
domain and shifting in the time domain is preserved. 
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[0060] According to a preferred embodiment of the 
present invention, since the desired sequences (for example, 
the short and long training sequences) are known prior to 
use, the generation of the desired sequence can be performed 
in two separate steps. A first step involves calculating the 
rotations and shifts needed to generate the desired sequences 
and then storing the calculated values. A second step 
involves the actual generation of the desired sequences using 
the calculated values. 

[0061] For the purposes of discussion of FIGS. lOa-b, the 
communications system is an IEEE 802.lla wireless local 
area network (WLAN) that uses an inverse Fast Fourier 
Transform (IFFT) of size 256 points, the guard band is one 
fourth the size of the IFFT or 64. The particular size of the 
IFFT was chosen based on engineering decisions. Smaller 
and larger IFFTs may be used without requiring modifica­
tions to the present invention in any way. The size of the 
guard band however, is fixed by the IEEE 802.lla technical 
standard at one-fourth the size of the IFFT. Therefore, if an 
IFFT of size 128 was chosen, then the guard band must be 
32. If an IFFT of size 64 was chosen, then the guard band 
must be 16. 

[0062] Referring now to FIG. lOa, a diagram illustrates an 
algorithm 1000 for calculating the rotations and shifts 
needed to generate the desired sequences according to a 
preferred embodiment of the present invention. According to 
a preferred embodiment of the present invention, the algo­
rithm 1000 executes only when there is a new sequence to 
process. In other alternative embodiments of the present 
invention, the multi-carrier modem does not even have to 
execute the algorithm 1000 due to the fact that the required 
information for generating the sequences have previously 
been calculated and stored in a memory in the multi-carrier 
modem. 

[0063] When the algorithm 1000 is executed, the algo­
rithm 1000 is provided with the desired transmission 
sequence, preferably in its time domain representation. The 
algorithm 1000 begins by partitioning the desired transmis­
sion sequence into properly sized transmission units (block 
1010). It should be noted that the desired transmission 
sequence should be periodic, an integer multiple of the 
period of the desired transmission sequence, and should be 
equal in size to the time domain data field of the transmis­
sion unit. For an IEEE 802.lla WLAN using an IFFT of size 
256 and a 64-point guard band, the transmission units are 
320 points long, hence the desired transmission sequence is 
partitioned into 320-point transmission units. The algorithm 
1000 then determines the amount of the cyclic extension. 
For an IEEE 802.lla WLAN with a 256-point IFFT, the 
cyclic extension is 64 points, or one-fourth of the IFFT size. 

[0064] After determining the amount of the cyclic exten­
sion, the algorithm 1000 determines the amount of shifting 
required to produce the sequence designated as the time 
domain data field from a reference periodic sequence (block 
1030). The reference periodic sequence is a stored periodic 
sequence from which the other periodic sequences in the 
desired transmission sequence are generated. If the sequence 
in the time domain data field is represented by "C D A B" 
and the reference periodic sequence was represented by "A 
B CD", then the algorithm 1100 would determine that the 
original periodic sequence would need to be shifted by two 
letters to obtain the sequence in the time domain data field. 
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Once again, each letter in the exemplary sequences above 
may represent a sequence of values. 

[0065] With the amount of shifting determined (block 
1130), the algorithm 1100 is able to calculate the amount of 
rotation required on each reference frequency domain con­
stellation to produce the required shift. The reference fre­
quency domain constellations are the constellations that 
correspond to the reference periodic sequence. If an inverse 
Fourier Transform is performed on the reference frequency 
domain constellations, then the reference periodic sequence 
is produced. The amount of rotation required for each 
constellation to produce the required shift is expressible by 
the expression: 

[0066] rotation=360*S/N*M degrees 

[0067] where S is the number of data values in the desired 
shift, N is the number of data values in the periodic sequence 
and M is the multiple of the fundamental frequency with 
which the particular constellation is to be modulated. In the 
four-letter sequence example above, the amount of rotation 
required to shift the sequence by two letters is 360*2/4*M= 
180*M degrees. Therefore, for constellations modulated by 
even multiples (M even) of the fundamental frequency the 
rotation is 180 degrees and for constellations modulated by 
odd multiples (M odd) of the fundamental frequency the 
rotation is O degrees. According to a preferred embodiment 
of the present invention, the rotation is calculated for the 
case where M=l. 

[0068] If an exemplary multi-carrier communications sys­
tem has four active carrier frequencies, then there would be 
four reference frequency domain constellations for the ref­
erence time domain sequence. The rotation vector would 
then be applied to each of the four reference frequency 
domain constellation, with the rotation being applied to each 
reference frequency domain constellation being: 

Constellation Number 

1 
2 
3 
4 

Rotation Vector (degrees) 

360 *SIN* 1 
360 * S/N * 2 
360 * S/N * 3 
360 * S/N * 4 

[0069] After calculating the reqms1te rotation, the algo­
rithm 1000 stores the rotation in a memory for later use in 
the generation of the desired periodic sequence. The algo­
rithm 1000 repeats until it has calculated and stored the 
rotations vectors needed to generate the entire desired peri­
odic sequence. 

[0070] According to another preferred embodiment of the 
present invention, the algorithm 1000 comprises an addi­
tional step of actually performing the rotations needed and 
then storing the rotated constellations in memory. The 
additional step of performing the rotation has an advantage 
of saving computation time during the actual generation of 
the desired transmission sequence. However, a person of 
reasonable skill in the art of the present invention should 
realize that this step is an extension of the present invention. 

[0071] According to yet another preferred embodiment of 
the present invention, the desired transmission sequence 
may be presented to the algorithm 1000 as a sequence of 

6 
Mar. 13, 2003 

frequency domain data. If this were the case, then an 
algorithm to calculate the required rotations would partition 
the frequency domain sequence and compare the constella­
tions with the reference frequency domain constellations and 
calculate the needed rotation vectors based on the reference 
frequency domain constellations. 

[0072] Referring now to FIG. 10b, a diagram illustrates an 
algorithm 1050 for generating the desired transmission 
sequence from stored rotation vectors according to a pre­
ferred embodiment of the present invention. According to a 
preferred embodiment of the present invention, the algo­
rithm 1050 is executed whenever the communications sys­
tem wishes to transmit a desired transmission sequence. 
Examples of such instances would be during a training 
period or during a testing period or whenever the commu­
nications system is required to transmit a prespecified 
sequence. 

[0073] The algorithm 1050 begins by reading from a 
memory (or some other storage location) a rotation vector 
(block 1060). The rotation vector corresponds to a rotation 
of the reference frequency domain constellations required to 
generate a portion of the desired transmission sequence. The 
algorithm 1050 then performs the rotation a-s specified by the 
rotation vector (block 1070) for each of the reference 
frequency domain constellations. 

[0074] After rotating the reference frequency domain con­
stellations, the algorithm 1050 performs an inverse Fourier 
Transform on the rotated frequency domain constellations 
(block 1080). The inverse Fourier Transform converts the 
rotated frequency domain constellations into their time 
domain representation. The time domain representation is 
then extended (block 1090). The output of the extension is 
a portion of the desired transmission sequence. The algo­
rithm 1050 repeats until it has completed the generation of 
the desired transmission sequence. 

[0075] According to another preferred embodiment of the 
present invention, a portion of the computation required to 
generate the desired transmission sequences may be saved if 
the actual rotated frequency domain constellations were 
stored rather than the rotation vectors. However, a person of 
reasonable skill in the art of the present invention should 
realize that this step is an extension of the present invention. 

[0076] Referring now to FIG. lla, a block diagram illus­
trates a transmit path 1100 of a multi-carrier modem accord­
ing to a preferred embodiment of the present invention. A 
typical modem has two data paths, a transmit path and a 
receive path. The transmit path is used to process outgoing 
data while the receive path is used to process incoming data. 
According to a preferred embodiment of the present inven­
tion, the receive path of the multi-carrier modem is essen­
tially identical to the receive path of other multi-carrier 
modems. 

[0077] The transmit path 1100, however, is necessarily 
different to support the generation of the training sequences. 
For example, a memory (if one exists) is much smaller since 
it is no longer dedicated to the storage of the actual values 
in the training sequences, as there would be in a typical 
multi-carrier modem. In exi-sting methods used for generat­
ing training sequences, an entire period of the training 
sequence would need to be stored in memory. When the 
training sequences are needed, then they can be read from 
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the memory and transmitted. Some methods use compres­
sion and other encoding techniques to reduce the storage 
requirements. However, if compression or other encoding 
methods are used, then specialized hardware and/or software 
is needed to decompress or decode the stored values. Addi­
tionally, if the actual data values were stored in the memory, 
then the sequence generation would still require different 
generation hardware due to the cyclic extension performed 
by the existing transmit path hardware. 

[0078] A data stream is provided to the transmit path 1100 
by a connection to a device (not shown) that is connected to 
the modem. Alternatively, the data stream is provided by a 
microprocessor (not shown) or a microcontroller (not 
shown) v.rithin the modem. The data stream is input into a 
symbol encoder 1110. The symbol encoder 1110 takes the 
data stream and performs a mapping operation that maps the 
data stream into the various frequency subcarriers of the 
multi-carrier system. The output of the symbol encoder 1110 
is known as a frequency domain data symbol. The actual 
mapping operation performed by the symbol encoder 1110 is 
beyond the scope of this discussion. 

[0079] The symbol encoder 1110 operates in the frequency 
domain since the mapping operation is simpler to perform in 
the frequency domain due to the fact that the multi-carrier 
system operates with multiple carrier frequencies. The fre­
quency domain data symbol is then input into an inverse 
Fourier Transform 1120. According to a preferred embodi­
ment of the present invention, the inverse Fourier Transform 
is implemented using an inverse Fast Fourier Transform 
algorithm. There are other algorithms for implementing an 
inverse Fourier Transform and any of them may be used. The 
inverse Fourier Transform 1120 converts the frequency 
domain data symbol into a time domain data symbol that is 
then suitable for transmission. 

[0080] After the conversion into a time domain symbol, 
the data is then cyclically extended in a cyclic extension unit 
1130. As discussed previously, the cyclic extension unit 
simply duplicates some of the data at the beginning of the 
data and places it at the end, v.rith the duplicated portion 
becoming the data stream's guard band. According to the 
IEEE 802.lla technical standard, the cyclic extension unit 
1130 extends the data stream by 25%. However, the actual 
extension amount is variable and can be changed depending 
on application. The extension amount may vary from zero 
percent upwards, with no practical limit except one deter­
mined by the designer of the modem. An upper limit on the 
amount of the extension is determined by the environment in 
which the communications system is operating and the 
desired performance of the communications system. 

[0081] After extension, the data stream is ready to receive 
final manipulation before being transmitted. The data stream 
enters a filtering-converting-amplifying unit 1140. In this 
unit 1140, the data stream receives final filtering to ensure 
that only the desired signal is being transmitted, it is 
converted into an analog signal by a digital-to-analog con­
verter, the output of which is possibly filtered again and is 
amplified to a signal level that is suitable for transmission by 
an antenna 1150. 

[0082] Referring now to FIG. llb, a block diagram of a 
microprocessor 1160 with a memory 1165 that is capable of 
providing the data stream provided to the transmit path 1100 
displayed in FIG. lla above according to a preferred 
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embodiment of the present invention. Alternatively, the 
microprocessor may be replaced with a microcontroller or 
some other device that is connected to the modem. The 
microprocessor 1160 and the memory 1165 are displayed in 
FIG. llb as being separate entities. However, it is possible 
for the memory to be inside the microprocessor. 

[0083] Internal to the microprocessor is a rotation unit 
1170. The rotation unit 1170 is coupled to the memory 1165 
through a data bus that is used to move data in and out of the 
microprocessor 1160. The rotation unit 1170 rotates the 
reference frequency domain constellations in accordance to 
a rotation vector that is read from the memory 1165 by the 
microprocessor 1160. The output of the rotation unit 1170 is 
provided to the symbol encoder 1110 of the transmit path 
1100 displayed in FIG. lla. 

[0084] According to another preferred embodiment of the 
present invention, the symbol encoder 1110, inverse Fourier 
Transform 1120, and the cyclic extension unit 1130 are also 
internal to the microprocessor 1160. Additionally, portions 
of the filter, converter, and amplification unit 1140 are also 
internal to the microprocessor 1160. The portions include 
any digital signal processing and digital filtering operations. 
These functional units may be implemented as functional 
blocks within the microprocessor 1160 or they may be 
software functions executing within the microprocessor 
1160. 

[0085] Referring now to FIGS. l2a-b, diagrams illustrate 
examples of the operation of the algorithms displayed in 
FIG. 10a for calculating shifts and rotation vectors accord­
ing to a preferred embodiment of the present invention. FIG. 
12a displays a sequence that is to be transmitted, and the 
sequence is represented by a sequence of letters "C D AB 
C DAB CD". Note that the sequence itself may extend for 
more letters, but only the first ten letters are displayed. The 
sequence is periodic v.rith a period of four characters, "C D 
A B". For this example, the communications system trans­
mits data in five letter transmission units with one of the 
letters being a guard band. The ratio of guard band to time 
domain data field in the system in this example is similar to 
an IEEE 802.lla compliant communications system. FIG. 
12a overlays the transmission unit structure over the 
sequence of letters. 

[0086] A first transmission unit 1210 encompasses the 
letters "C D A B C", with a first "C" representing a guard 
band 1220. Note that the remaining four letters ("DAB C") 
in the transmission unit 1210 corresponds to the time 
domain data field. Also note that the remaining four letters 
("D AB C") is the periodic sequence "C D AB" after it has 
been circularly shifted one letter to the left. Reviewing the 
results displayed in FIGS. 7a-b, 8a-b, and 9a-b, it is evident 
that by shifting the reference frequency domain constella­
tions corresponding to the periodic sequence "C D AB" by 
-90*M degrees, the resulting rotated frequency domain 
constellations would correspond to a periodic sequence "D 
ABC". 

[0087] A second transmission unit 1215 encompasses the 
letters "DAB CD", ,vith a first "D" being a guard band 
1225. Notice that the remaining four letters ("AB CD") is 
the original periodic sequence "C DAB" after it has been 
circularly shifted two letters to the left. This is accomplished 
by rotating the reference frequency domain constellations by 
-180*M degrees. 
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[0088] FIG. 12b displays a sequence that is to be trans­
mitted, and the sequence is represented by a sequence of 
letters "AB CD EA B CD EA B CD". Note that the 
sequence it5elf may extend for more letters, but only the first 
fourteen letters are displayed. The sequence is periodic with 
a period of five characters, "AB CD E". For this example, 
the communications system transmits data in seven letter 
transmission units with two of the letters being a guard band. 

[0089] A first transmission unit 1260 encompasses the 
letters "AB C D EA B", with a first "AB" being a guard 
band 1270. Notice that the remaining five letters ("C D EA 
B") is the original periodic sequence "ABC DE" after it has 
been circularly shifted two letters to the left. This is accom­
plished by rotating the reference frequency domain constel­
lations by -144*M degrees, or -72*M degrees for each 
shifted letter. 

[0090] A second transmission unit 1265 encompasses the 
letters "CD EA B CD", with a first "CD" being a guard 
band 1275. Notice that the remaining five letters ("EA B C 
D") is the original periodic sequence "AB C D E" after it 
has been circularly shifted one letter to the right. This is 
accomplished by rotating the reference frequency domain 
constellations by +72*M degrees. Note that the rotation 
required in this example was a positive ( +) 72*M degrees. 
This sign change is required because the circular shift was 
in the rightward direction and the circular shift in the 
leftward direction had previously been defined as a negative 
degree change. 

[0091] Because the shifting discussed here is circular, 
meaning that the letters that are shifted out one end of the 
sequence is brought about to the other end, the shifting may 
occur in either direction. If there are N letters in the periodic 
sequence, then a shift of 2 in the rightward direction is 
equivalent to a shift of N-2 in the leftward direction. The 
same is true for rotating the frequency domain constellation, 
where a rotation of R degrees is equivalent to a rotation of 
-(360-R) degrees. 

[0092] A general expression may be derived for the rela­
tionship between the rotation in the frequency domain and 
the shifting in the time domain. Let the N point periodic 
input be represented by the sequence (x0 x1 x2 ... xm ... 
xN_1) and the output of the inverse Fourier Transform unit 
405 (FIG. 4) be represented by the sequence (X0 X1 X2 .. 

• xm • · · XN_i). Then, if (xo X1e-j2nS/N X2e-j2"2S/N ... 
xme-i2 nmS/N ... xN_1e-i2..---r(N-l)S;N), where S is the desired 
shift amount and j represents the imaginary number, v'-1 
represents the input sequence then the output of the inverse 
Fourier Transform unit 405 is represented by (X0 _s X1_s X2 _s 
... ~-s ... XN-l-s), where the subscripts are modulo N. 

[0093] Another application for the present invention is the 
generation of periodic sequences for testing purposes. For 
example, during regulatory testing (which is required for 
governmental approval of electronic products prior to sale in 
a nation), it is normal to require a device under test to 
generate a specific output sequence. From this output 
sequence, device characteristics are measured and approval 
is granted or not granted based on the measured character­
istics. Other uses of test sequences may be for functional 
testing during manufacture, product performance testing 
during performance evaluation, etc. 

[0094] A typical test sequence may be of the form "UV W 
X U V W X U V W X" and if the communications system 
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is an IEEE 802.lla wireless LAN, then the sequence can be 
partitioned into five letter segments, such as "UV W XU", 
where a first "U" is the guard band and the "V W X U" 
sequence represents the time domain data field. Using the 
present invention, the periodic test sequence may be gener­
ated via rotations of the reference frequency domain con­
stellations. 

[0095] An advantage of a preferred embodiment of the 
present invention that should be mentioned is derived from 
the fact that it uses the actual hardware that is normally used 
to transmit the data sequences to generate and transmit the 
training and test sequences. Because of this fact, the training 
and test sequences can be readily equalized prior to being 
transmitted. Since real-world devices often suffer from non­
linear attenuation as operating frequencies increase, a wide­
band signal commonly suffers increased attenuation at its 
higher frequency components. The use of the same trans­
mission hardware to transmit the training and test sequences 
permits the sequences to be equalized, i.e., the frequency 
response be flattened, as they are transmitted. 

[0096] According to another preferred embodiment of the 
present invention, the value of the desired shift, S, can in fact 
be a fractional value. While the results of such a shift does 
not correspond to any desired time domain sequence when 
viewed as a single transmission unit, when viewed across 
multiple transmission units ( or as the entire time domain 
sequence), the shift does indeed result in a continuous 
sequence that appears fine. 

[0097] While this invention has been described with ref­
erence to illustrative embodiments, this description is not 
intended to be construed in a limiting sense. Various modi­
fications and combinations of the illustrative embodiments, 
as well as other embodiments of the invention, will be 
apparent to persons skilled in the art upon reference to the 
description. It is therefore intended that the appended claims 
encompass any such modifications or embodiments. 

What is claimed is: 
1. A method for generating vectors for use in generating 

data sequences comprising: 

(a) partitioning a periodic time domain sequence into a 
plurality of partitions; 

(b) selecting a partition; and 

(c) determining a set of at least one frequency domain 
constellations required to generate the partition. 

2. The method of claim 1, further comprises the step of (d) 
repeating steps (b)-(c) for each remaining partition. 

3. The method of claim 1, wherein the determining step 
further comprises: 

calculating a shift required to transform a reference time 
domain sequence into the selected partition; 

calculating an offset vector based on the calculated shift; 
and 

storing the offset vector. 
4. The method of claim 3, wherein the partition has a finite 

length, N, and wherein the calculating of the offset vector 
comprises the expression: 

offset vector=360*S/N degrees 
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where S is the calculated shift, and N is the length of the 
partition. 

5. The method of claim 3, wherein the partition has a finite 
length, N, and wherein the calculating of the offset vector 
comprises the expression: 

offset vector=360*S/N*M degrees 

where S is the calculated shift, N is the length of the 
partition, and M is an integer value, corresponding to a 
multiple of a fundamental frequency with which each 
frequency domain constellation is modulated. 

6. The method of claim 1, wherein the determining step 
further comprises: 

calculating a set of at least one frequency domain con­
stellations required to generate the selected partition; 
and 

storing the set of at least one frequency domain constel­
lations in a storage location. 

7. The method of claim 6, wherein the calculating step 
further comprises: 

calculating a shift required to transform a reference time 
domain sequence into the selected partition; 

calculating an offset vector based on the calculated shift; 
and 

applying the offset vector to a set of at least one reference 
frequency domain constellations, producing the set of 
at least one frequency domain constellations. 

8. The method of claim 7, wherein the partition has a finite 
length, N, and wherein the calculating of the offset vector 
comprises the expression: 

offset vector=360*S/N degrees 

where S is the calculated shift, and N is the length of the 
partition. 

9. The method of claim 7, wherein the partition has a finite 
length, N, and wherein the calculating of the offset vector 
comprises the expression: 

offset vector=360*S/N*M degrees 

where S is the calculated shift, N is the length of the 
partition, and M is an integer value, corresponding to a 
multiple of a fundamental frequency with which each 
frequency domain constellation is modulated. 

10. The method of claim 1, wherein the selected partition 
further comprises a guard band and a time domain data field, 
and wherein the determining step applies to the time domain 
data field. 

11. A method for generating periodic time domain 
sequences comprising: 

(1) determining a set of at least one frequency domain 
constellations corresponding to a portion of a desired 
time domain sequence; 

(2) converting the set of at least one frequency domain 
constellations into a time domain representation; and 

(3) extending the time domain representation. 
12. The method of claim 11, wherein there are a plurality 

of portions of the desired time domain sequence, and the 
method further comprises the step of (4) repeating steps 
(1)-(3) for remaining portions of the desired time domain 
sequence. 
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13. The method of claim 11, wherein the determining step 
comprises: 

retrieving a stored offset vector; and 

rotating each reference frequency domain constellation in 
a set of at least one reference frequency domain con­
stellations according to the offset vector. 

14. The method of claim 13, wherein the offset vector 
comprises an angle value, and a sign value. 

15. The method of claim 13, wherein the rotating step 
comprises the expression: 

rotation=rotation vector*M degrees 

where rotation vector is the retrieved rotation vector, and 
M is an integer corresponding to a multiple of a 
fundamental frequency with which each reference fre­
quency domain constellation is modulated 

16. The method of claim 11, wherein the determining step 
comprises reading the set of at least one frequency domain 
constellations from a storage location. 

17. The method of claim 11, wherein the converting step 
comprises using an inverse Fourier Transform. 

18. The method of claim 17, wherein the converting step 
comprises using an inverse Fast Fourier Transform. 

19. The method of claim 18, wherein the inverse Fast 
Fourier Transform is a 256-point inverse Fast Fourier Trans­
form. 

20. The method of claim 18, wherein the inverse Fast 
Fourier Transform is a 64-point inverse Fast Fourier Trans­
form. 

21. The method of claim 18, wherein the inverse Fast 
Fourier Transform is a 128-point inverse Fast Fourier Trans­
form. 

22. The method of claim 11, wherein the extending step 
comprises duplicating a portion of the time domain repre­
sentation of the rotated constellation at a first end of the time 
domain representation of the rotated constellation and 
appending the portion to a second end of the time domain 
representation of the rotated constellation. 

23. The method of claim 22, wherein the portion com­
prises 25% of the time domain representation of the rotated 
constellation. 

24. A modem comprising: 

a memory; 

a symbol encoder coupled to the memory, to transform a 
data stream into a frequency domain data symbol; 

an inverse Fourier Transform unit coupled to the symbol 
encoder, to convert the frequency domain data symbol 
into a time domain data stream; 

a cyclic extension unit coupled to the inverse Fourier 
Transform unit, to generate an extension of the time 
domain data stream by copying a prespecified amount 
of the time domain data stream and appending the 
extension onto the time domain data stream; and 

a processor coupled to the memory, the processor com­
prises a rotation unit coupled to the memory, the 
rotation unit to rotate a reference frequency domain 
data symbol by an amount specified by a rotation 
vector. 

25. The modem of claim 24, wherein the memory contains 
the rotation vector. 
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26. The modem of claim 24, wherein there are a plurality 
of rotation vectors, and wherein the rotation vectors are 
precalculated and stored in the memory during the manu­
facture of the modem. 

27. A communications system comprising 

a transmission medium; and 

at least two modems, wherein each modem comprising: 

a memory; 

a symbol encoder coupled to the memory, to transform 
a data stream into a frequency domain data symbol; 

an inverse Fourier Transform unit coupled to the sym­
bol encoder, to convert the frequency domain data 
symbol into a time domain data stream; 
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a cyclic extension unit coupled to the inverse Fourier 
Transform unit, to generate an extension of the time 
domain data stream by copying a prespecified 
amount of the time domain data stream and append­
ing the extension onto the time domain data stream; 
and 

a processor coupled to the memory, the processor 
comprises a rotation unit coupled to the memory, the 
rotation unit to rotate a reference frequency domain 
data symbol by an amount specified by a rotation 
vector. 

28. The communications system of claim 27, wherein the 
transmission medium is radio frequency spectrum. 

29. The communications system of claim 27, wherein the 
transmission medium is a wired transmission line. 

* * * * * 
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