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sYsitivs ANDMETHODS FOR BOQUALIZATION OF RECEIVED SIGNALSIN A WIRELESS COMMUNICATION
NETWORK

1. Heldofthe lnvention

The invention relates generally to wireless communication and more particularly to systems and methods for
wireless commumication over a wide bandwidth channel using a plurality of sub-charmels.
2. Background

Wireless communication systems are proliferating at the Wide Area Network (WAN), Local Area Network
(LAN), and Personal Area Network (PAN) levels. These wireless communication systems use a variety of techmiques to
allow simultaneous access to multiple users. The most common of these techniques are Frequency Division Multiple
Access (FDMA), which assigns specific frequencies to each user, Time Division Multiple Access (TDMA), which
assigns particular time slots to each user, and Code Division Multiple Access (CDMA), which assigns specific codesto
each user. But these wireless commumication systems and various modulation techniques are afflicted by a host of
problems that limit the capacity and the quality of service provided to the users. The following paragraphs briefly describe

a few of these problems for the purpose of illustration.

One problem that can exist in a wireless communication system is multipath interference. Multipath
interference, or multipath, occurs because some of the energy in a transmitted wireless signal bounces off of obstacles,
such as buildings or mountains, as it travels fiom source to destination. The obstacles in effect create reflections of the
transmitted signal and the more obstacles there are, the more reflections they generate. The reflections then trave] along
their own transmission paths to the destination (or receiver). The reflections will contain the same information as the
original signal; however, because of the differing transmission path lengfhs, the reflected signals will be out of phase with
the original signal. As aresult, they will often combine destructively with the original signal in the receiver. This is referred
to as fading. To combat fading, current systems typically try to estimate the multipath effects and then compensate for
them in the receiver usihg an equalizer. In practice, however, it is very difficult to achieve effective multipath
compensation.

A second problem that can affect the operation of wireless communication systems is interference from adjacent
communication cells within the system. Tn FDMA/TDMA systerns, this type of interference is prevent through a
frequency reuse plan. Under a fiequency reuse plan, available commumication frequencies are allocated to
communication cells within the communication system such that the same frequency will not be used in adjacent cells.
Essentially, the available frequencies are split info groups. The number of groups is termed the reuse factor. Then the
communication cells are grouped into clusters, each cluster containing the same number of cells as there are frequency
groups. Bach frequency group is then assigned to a cell in each cluster. Thus, if a frequency reuse factor of 7 is used, for
example, then a particular communication frequency will be used only once in every seven commumication cells. Thus,
in any group of seven communication cells, each cell can only use 1/7° of the available frequencies, i.e., each cell is only
abletousel/7" of the available bandwidth.

Tn 2 CDMA. commurication system, each cell uses the same wideband communication channel. In order to
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avoid inferferénce with adjacent"¢dlls,"each Gommunication cell uses a particular set of spread spectrum codes to
differentiate communications within the cell from those originating outside of the cell. Thus, CDMA systems preserve
the bandwidth in the sense that they avoid reuse planming, But as will be discussed, there are other issues that Timit the
bandwidth in CDMA systems as well. Thus, in overcoming interference, system bandwidth is often sacrificed.
Bandwidth is becoming a very valuable commodity as wireless communication systems continue to expand by adding
more and more users. Therefore, trading off bandswidth for system performance is a costly, albeit necessary, proposition
that is inherent in all wireless communication systetns.

The foregoing are just two examples of the types of problems that can affect conventional wireless
commumication systems. The examples also illustrate that there are many aspects of wireless commumication system
performance that can be improved through systems and methods that, for example, reduce interference, increase
bandwidth, or both.

Not only are conventional wireless commumication systems effected by problems, such as those described in the
preceding paragraphs, but also different types of systems are effected in different ways and to different degrees. Wireless
communication systems can be split into three types: 1) line-of sight systems, which can include point-to-point or point-
to-multipoint systems; 2) indoor non-fine of sight systems; and 3) outdoor systems such as wireless WANS. Line-of-sight
systerns are least affected by the problems described above, while indoor systems are more affected, due for example to
signals bouncing off of building walls. Outdoor systems are by far the most affected of the three systems. Because these
types of problems are limiting factors in the design of wireless transmitters and receivers, such designs must be tailored to
the specific types of system in which it will operate. In practice, each type of system implements unique communication
standards hat address the issues unique to the particular type of system. Even if an indoor system used the same
communication protocols and modulation techniques as an outdoor system, for example, the receiver designs would still
be different because multipath and other problems are unique to a given type of system and must be addressed with
unique solutions. This would not necessarily be the case if cost efficient and effective methodologies can be developed to
combat such problems as described above that build in programmability so that adevice can be reconfigured for different
types of systems and still maintain superior performarce.

SUMMARY OF THE INVENTION

Tn order to combat the above problems, the systems and methods described herein provide a novel chamel
access technology that provides a cost efficient and effective methodology that builds in programmability so that 2 device
can be reconfigured for different types of systems and still maintain superior performance. In one aspect of the invention,
a method of comnmmicating over a wideband-communication channel divided into a plurality of sub-channels is
provided. The method comprises dividing a single serial message intended for one of the plurality of communication
devices into a plurality of parallel messages, encoding each of the plurality of paralle] messages onto at least some of the
plurality of sub-channels, and transmitting the encoded plurality of parallel messages to the communication device over
the wideband communication channel.
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“{When srmbols &t restfictéd to pérticular range of values, the transmitters and receivers can be simplified to
eliminate high power consuming components such as a local oscillator, synfhesizer and phase locked Ioops. Thus, inone
aspect a transmitter comprises a phirality of pulse converters and differential amplifiers, to convert abalanced trinary data
siream into a pulse sequence which can be filtered to reside in the desired frequency ranges and phase. The use of the
balanced trinary data stream allows conventional components to be replaced by less costly, smaller components that
consume Jess power.

Similarly, in another aspect, a receiver comprises detection of the magnitude and phase of the symbols, which
can be achieved with an envelope detector and sign detector respectively. Thus, conventional receiver components can
bereplaced by less costly, smaller components that consume less power.

Other aspects, advantages, and novel features of the invention will become apparent fom the following Detailed
Description of Preferred Embodiments, when considered in corjunction with the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

Preferred embodiments of the present inventions taught herein are illustrated by way of example, and not by
way of limitation, in the figures of the accompanying drawings, in which:

Figure 1 is a diagram illustrating an example embodiment of a wideband channel divided into a plurality of sub-
channels in accordance with the inventiory,

Figure 2 is a diagram illustrating the effects of multipath in a wireless communication systen;

Figure 3 is a diagram illustrating another example embodiment of a wideband communication channel divided
into a phurality of sub-channels in accordance with the invention;

Figure 4 is a diagram illustrating the application of aroll-off factor to the sub-channels of figures 1 and 2;

Figure 5A is a diagram illustrating the assignment of sub-charmnels for a wideband communication channe] in
accordance with the invention;

Figure 5B is a diagram illustrating the assignment of time slots for a wideband communication channel in
accordance with the invention;

Figure 6 is a diagram illustrating an example embodiment of a wireless commumication in accordance with the
mvention;

Figure 7 is a diagram illustrating the use of synchronization codes i the wireless communication system of
figure 5 in accordance with the invention;

Figure 8 is a diagram illustrating a comelator that can be used to conrelate synchronization codes in the wireless
commumnication system of figure 5;

Figure 9 is a diagram illustrating synchronization code correlation in accordance with the invention;

Figure 10 is a diagram illustrating the cross-comrelation properties of synchronization codes configured in
accordance with the invention;

Figure 11 is a diagram illustrating anofher example embodiment of a wireless communication system in

3
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accordance with the invention;

Figure 12A is a diagram illustrating how sub-channels of a wideband commumication channel according to the
present invention can be grouped in accordance with the present invention;

Figure 12B is a diagram illustrating the assignment of the groups of sub- channels of figure 12A in accordance
with the invention;

Figure 13 is a diagram illustrating the group assignments of figure 12B in the time domain;

Figure 14 s a flow chart illustrating the assignment of sub-channels based on SIR measurements in the wireless
commumication system of figure 11 in accordance with the inventiory;

Figure 15 is a logjcal block diagram of an example embodiment of transmitter configured in accordance with
the invention;

Figure 16 is a logical block diagram of an example embodiment of a modulator configured in accordance with
the present invention for use in the transmitter of figure 15;

Figure 17 is a diagram illustrating an example embodiment of a rate controller configured in accordance with
the invention for use in the modulator of figure 16;

Figure 18 is a diagram illustrating another example embodiment of a rate controller configured in accordance
with the invention foruse in the modulator of figure 16;

Figure 19 is a diagram illustrating an exanmple embodiment of a frequency encoder configured in accordance
with the invention for use in the modulator of figure 16;

Figure 20 is a logjcal block diagram of an example embodiment of a TDM/FDM block configured in
accordance with the invention for use in the modulator of figure 16;

Figure 21 is a logical block diagram of another example embodiment of a TDM/FDM block configured in
accordance with the invention for use in the modulator of figure 16;

Figure 22 is alogical block diagram of an example embodiment of a frequency shifter configured in accordance
with the invention for use in the modulator of figure 16;

Figure23 is alogical block diagram of'a receiver configured in accordance with the invention;

Figure 24 is a logjcal block diagram of an example embodiment of a demodulator configured in accordance
with the invention for use in the receiver of figure 23;

Figure 25 is a logical block diagram of an example embodiment of an equalizer configured in accordance with
the present invention for use in the demodulator of figure 24;

Figure 26 is a logical block diagram of an example embodiment of a wireless commumication device
configured in accordance with the invention;

Figure27 is a flow chat illustrating an exemplary method for recovering bandwidth in a wireless

communication network in accordance with the invention;
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" “figure 28 is a diagram illustrating an exemplary wireless communication network in which the method of

figure 27 can be implemented;

Figure 29 is a logical block diagram illustrating an exemplary transmitter that can be used in the network of
figure 28 to implement themethod of figure 27

Figure 30 s a logjcal block diagram illustrating another exenplary transmitter that can be used in the network of
figure 28 to implement the method of figure 27

Figure 31 is a diagram illustrating another exemplary wireless conmunication network in which the method of
figure 27 can be implemented,

Figure 32 is a diagram illustrating an exemmplary receive chain that illustrated various stages of areceiver;

Figure 33 is a diagram illustrating an embodiment of an equalizer;

Figure 34is a diagram illustrating an example configuratiory,

Figure 35 is a diagram illustrating an exanple implementation of DFE;

Figure 36 is a diagram illustrating an example embodiment of a matched filter 3600 that can be used, for
example, in the receive chain of figure 32; and

Figure 37 is a diagram illustrating an example embodiment of a DFE that can be used to implement an iterative
equalization.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

1 Introduction

Tn order to improve wireless communication system performance and allow a single device to move from one
type of system to another, while still maintaining superior performance, the systerms and methods described herein
provide various communication mefhodologies that enhance performance of transmitters and receivers with regard to
yarious common problems that afffict such systems and that allow the transmitters and/or receivers to be reconfigured for
optimal performance in a variety of systems. Accordingly, the systems and methods described herein define a channel

access protocol that uses a common wideband communication channe] for all communication cells. The wideband
channel, however, is then divided info a plurality of sub-channels. Different sub-charmels are then assigned to one ormore
users within each cell. But the base station, or service access point, within each cell transmits one message that occupies
the entire bandwidth of the wideband channel. Bach user's communication device receives the entire message, but only
decodes those portions of the message that reside in sub-channels assigned to the user. For a point-to-point system, for
example, a single user may be assigned all sub-charmnels and, therefore, has the full wide band chamnel available to them.
Tn awireless WAN, on the other hand, the sub-channels may be divided among a plurality of usezs.

Tn the descriptions of example embodiments that follow, implementation differences, or Unique Concerms,
relating to different types of systems will be pointed out to the extent possible. But it should be understood that the systems

5
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and ethods described herein & Applicablé to any type of communication systerns. In addition, teoms such as
commmmication cell, base station, service access point, efc. are used interchangeably to refer to the common aspects of
networks at these different levels. ~ To begin illustrating the adventages of the systems and methods described herein,
one can start by looking at the multipath effects for a single wideband communication channe] 100 of bandwidth B as
shown in figure 1. Communications sent over charmel 100 in a traditional wireless commumnication system will comprise
digital data bits, or symbols, that are encoded and moduilated onto a RF carrier that is centered at frequency f; and occupies
bandwidth B. Generally, the width of the symbols (or the' symbol duration) 7is defined as 1/B. Thus, if the bandwidth Bis
equal to 100MHz, then the symbol duration Tis defined by the following equation:

T = 1/B = 1/100 megahertz (MHZ) = 10 nanoseconds (ns). (1)

When a receiver receives the commmication, demodulates it, and then decodes it, it will recreate a stream 104
of data symibols 106 as illustrated in figure 2. But the receiver will also receive multipath versions 108 of the same data
stream. Because multipath data streams 108 are delayed in time relative to the data stream 104 by delays d1, d2, d3, and
4, for example, they may combine destructively with data stream 104.

A delay spread d} is defined as the delay fiom reception of data stream 104 to the reception of the last multipath
data stream 108 that interferes with the reception of data stream 104. Thus, in the example illustrated in figure 2, the delay
spread d is equal to delay d4. The delay spread d will vary for different environments. An environment with a lot of
obstacles will create a lot of multipath reflections. Thus, the delay spread d; will be longer. Experiments have shown that
for outdoor WAN type environments, the delay spread d; can be as long as 20 microseconds. Using the 10ns symbol
duration of equation (1), this trenslates to 2000 symbols. Thus, with a very large bandwidth, such as 100MHz, multipath
interference can cause a significant amount of interference at the symbol level for which adequate compensation is
difficult to achieve. This is true even for indoor environments. For indoor LAN type systemns, the delay spread ds is
significantly shorter, typically about 1 microsecond. For a 10ns symbol duration, thisis equivalent to 100 symbols, which
is more manageable but still significant. By segmenting the bandwidth B mto a plurelity of sub-channels 202, as
illustrated in figore 2, and generating a distinct data stream for each sub-channel, the multipath effect canbereduced toa
much more manageable level. For example, if the bandwidth & of each sub-chanmel 202 is 500KHz, then the symbol
duration s 2 microseconds. Thus, the delay spread d; for each sub-charmel is equivalent to onty 10 symbols (outdoor) or
halfasymibol (indoor). Thus, by breaking up amessage that occupies the entire bandwidth B into discrete messages, each
occupying the bandwidth b of sub-channels 202, a very wideband signal that suffers from relatively minor multipath
effectsis created.

Before discussing firther features and advantages of using a wideband communication channel segmented into
a plurality of stib-channels as described, certain aspects of the sub-channels will be explained in more detail. Referring
back to figure 3, the overall bandwidth B is segmented into Vsub-channels center at frequencies f; 1o fivz. Thus, the sub-
channel 202 that is immediately o the right of /2 is offtet from /¢ by /2, where b is the bandwidth of each sub-channel

202. The next sub-channel 202 is offset by 35/2, the next by 55/2, and so on. To the left of /Z, each sub-channel 202 is
6
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Preferably, sub-channels 202 are nor-overlapping as this allows each sub-channe]l to be processed
independently in the receiver. To acconplish this, a roll-off factor is preferably applied to the signals in each sub-channel
in apulse-shaping step. The effect of such a pulse-shaping step is illustrated in figure 3 by the non-rectangular shape of the
pulsesin each sub-channel 202. Thus, the bandwidth & of each sub-channel can berepresented by an equation such as the
following;

b=(1+1)/T; @

Where »=the roll-off factor; and 7'=the symbol duration.

Without the roll-off factor, i, &= I/I; the pulse shape would be rectangular in the frequency domain, which
corresponds to a (sin x)/ finction in the time domain. The time domain signal for a (sin x)/ signal 400 is shown in figure
41in order to illustrate the problems associated with a rectangular pulse shape and the need to use aroll-off factor.

As can be seen, main lobe 402 comprises almost all of signal 400. But some of the signal also resides in side
Jobes 404, which stretch out indefinitely in both directions from main lobe 402. Side lobes 404 make processing signal
400 much more difficult, which increases the complexity of the receiver. Applying a roll-off factor 7; as in equation 2,
causes signal 400 to decay faster, reducing the number of side lobes 404. Thus, increasing the roll-off factor decreases the
length of signal 400, i.e., signal 400 becomes shorter in time. But inchuding the roll-off factor also decreases the available
bandwidth in each sub-channel 202. Therefore, 7 must be selected so as to reduce the number of side lobes 404 o a
sufficient urmber, e.g, 15, while still maximizing the available bandwidth in each sub-charne] 202.

Thus, the overall bandwidth B for communication channel 200 s given by

the following equation:

B=N(I+1)/T; &)
or

B=MT; @
Where

M=(1+r)N. o)

For efficiency purposes related to transmitter design, it is preferable that 7-is chosen so that M'in equation (5) is an
integer. Choosing # so that Mis an integer allows for more efficient transmitters designs using, for example, Inverse Fast
Fourier Transform (IFFT) techniques. Since M =N+N{), and Nis always an integer, this means that » must be chosen
so that Nf7) is an integer. Generally, it s preferable for -to be between 0.1 and 0.5. Therefore, if Nis 16, for example, then
0.5 could be selected for 7 so that Nf7) is an integer. Altematively, if a value for #is chosen in the above example so that
N{#) is not an integer, B can be made slightly wider than /I"to compensate. In this case, it is still preferable that 7 be
chosen so that N{7) is approximately an infeger.

2. Example Embodiment of a Wireless Commumication System
With the above in mind, figure 6 illustrates an example communication system 600 comprising a plurality of

cells 602 that each use a common wideband commmumnication channel to commumicate with communication devices 604
7
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within each cell 602. The common communication channel is a wideband commmumication charmne] as described above.
Fach communication cell 602 is defined as the coverage area of a base station, or service access point, 606 within the cell
One such base station 606 is shown for illustration in figure 6. For purposes of this specification and the claims that
follow, the term base station will be used generically to refer to a device that provides wireless access to the wireless
commumication system for a plurality of communication devices, whether the system isaline of sight, indoor; or outdoor
system.

Because each cell 602 uses the same communication channel, signals in one cell 602 must be distinguishable
from signals in adjacent cells 602. To differentiate signals from one cell 602 to another, adjacent base stations 606 use
different synchronization codes according to a code reuse plan. T figure 6, system 600 uses a synchronization code
reuse factor of 4, although the reuse factor can vary depending on the application.

Preferably, the synchronization code is periodically inserted info a communication from a base station 606 to 2
communication device 604 as illustrated in figure 7. After a predetermined number of data packets 702, in this case two,
the particular synchronization code 704 is inserted into the information being transmitted by each base station 606. A
synchronization code is a sequence of data bits known to both the base station 606 and any communication devices 604
with which it is communicating, The synchronization code allows such a communication device 604 to synchronize its
timing fo that of base station 606, which, in turn, allows device 604 to decode the data propery. Thus, incell 1 (seelightly
shaded cells 602 in figure 6), for example, synchronization code 1 (SYNCT) is inserted info data stream 706, which is
generated by base station 606 in cell 1, after every two packets 702; in cell 2 SYNC2 is inserted after every two packets
702;in cell 3 SYNC3 is inserted; and in cell 4 SYNCA is inserted. Use of the synchronization codes is discussed in more
detail below.

In figure 5A, an example wideband communication channel 500 for use in commumication system 600 is
divided oo 16 sub-channels 502, centered at frequencies /o to fis A base station 606 at the center of each
commumication cell 602 transmits a single packet occupying the whole bandwidth B of wideband chanmel 500. Such a
packet s illustrated by packet 504 in figure 5B. Packet 504 comprises sub-packets 506 that are encoded with a frequency
offéet corresponding to one of sub-channels 502. Sub-packets 506 in effect define available time slots in packet 504.
Similarly, stib-channels 502 can be said to define available frequency bins n communication channel 500. Therefore, the
resources available in communication cell 602 are time slots 506 and frequency bins 502, which can be assigned to
different communication devices 604 within each cell 602. Thus, for example, frequency bins 502 and time slots 506
can be assigned o 4 different commumication devices 604 within a cell 602 as shown in figure 5. Each communication
device 604 receives the entire packet 504, but only processes those frequency bins 502 and/or timeslots 506 that are
assigned to it. Preferably, each device 604 is assigned non-adjacent frequency bins 502, as in figure 5B. This way, if
interference comupts the information in a portion of commnunication channel 500, then the effects are spread across all
devices 604 within a cell 602. Hopefirlly, by spreading out the effects of interference in this manmer the effects are

minimized and the entire information sent to each device 604 can still be recreated fiom the unaffected information
8
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each user 14 loses one packet of data. But each user potentially receives three unaffected packets from the other bins
assigned to them. Hlopefiilly, the unaffected data in the ofher three bins provides enough information to recreate the entire
message for each user. Thus, frequency diversity can be achieved by assigning non-adjacent bins to each of multiple
users.

Ensuring that the bins assigned to one user are separated by more than the coherence bandwidth ensures
frequency diversity. As discussed above, the coherence bandwidth is approximately equal to 1/d, For outdoor systems,
where ds is typically 1 microsecond, Z/d; = 1/1 microsecond = 1 Mega Heitz (MHZ). Thus, the non-adjacent frequency
bands assigned to a user are preferably separated by at least IMHz. It is even more preferable, however, if the coherence
bandwidth plus some guard band to ensure sufficient frequency diversity separate the non-adjacent bins assigned to each
user. For example, it is preferable in certain implementations to ensure that at least 5 times the coberence bandwidth, or
5MHz in the above example, separates the non-adjacent bins.

Another way to provide frequency diversity is to repeat blocks of data in frequency bins assigned to a particular
user that are separated by more than the coherence bandwidth. Tn other words, if 4 sub-channels 202 are assigned to a
user, then data block @ can be repeated in the first and third sub-channels 202 and data block b can be repeated in the
second and fourth sub-channels 202, provided the sub-channels are sufficiently separated in frequency. In this case, the
system can be said to be using a diversity length factor of 2. The systern can similarly be configured to implement other
diversity lengths, e.g, 3, 4,..., .

Tt shouild be noted that spatial diversity can also be included depending on the embodiment. Spatial diversity can
comprise transimit spatial diversity, receive spatial diversity, or both. In transmit spatial diversity, the transmitter uses a
plurality of separate transmitters and a plurality of separate antennas o transmit each message. In other words, each
transmitter transonits the same message in parallel. The messages are then received from the transmitiers and combined in
the receiver, Because the paralle] transmissions travel different paths, if one i affected by fading, the others will likely not
beaffected. Thus, when they are combined in the receiver, the message should be recoverable even if one or more of the
other transmission paths experienced severe fading,

Receive spatial diversity uses a plurality of separate receivers and a plurality of separate antennas to receive a
single message. Ifan adequate distance separates the antennas, then the transmission path for the signals received by the
antermas will be different. Again, this difference in the transmission paths will provide imperviousness to fading when
the signals fiom the receivers are combined.  Transmit and receive spatial diversity can also be combined within a
system such as system 600 so that two antennas are used to transmit and two antenmnas are used to receive. Thus, each
base station 606 transmitter can include two antermas, for transmit spatial diversity, and each communication device 604
receiver can include two antennas, for receive spatial diversity. If only transmit spatial diversity is implemented in system
600, then it can be implemented in base stations 606 or in communication devices 604. Similarly, if only receive spatial
diversityis included in system 600, then it can be implemented in base stations 606 or commumnication devices 604.

9
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The nurmber of communication devices 604 assigned frequency bins 502 and/or time slots 506 in each cell 602
is preferably programmable in real time. In other words, the resource allocation within a commumication cell 602 is
preferably programmable in the face of varying extemal conditions, ie,, multipath or adjacent cell interference, and
varying requirements, i.., bandwidth requirements for various users within the cell. Thus, if user 1 requires the whole
bandwidth to download a large video file, for example, then the allocation of bins 502 can be adjust to provide user 1 with
more, or even all, of bins 502. Once user 1 no longer requires such large amounts of bandwidth, the allocation of bins
502 can bereadjusted among all of users 1-4.

Tt should also be noted hat all of the bins assigned to a particular user can be used for both the forward and
reverse link. Altematively, some bins 502 can be assigned as the forward link and some can be assigned for use on the
reverse link, depending on the implementation.

To increase capacity, the entire bandwidth B s preferably reused in each communication cell 602, with each cell
602 being differentiated by a unique synchronization code (see discussion below). - Thus, system 600 provides increased
immunity to multipath and fading as well as increased bandwidth due to the elimination of frequency reuse requirements.
3. Synchronizati

Figure 8 illustrates an example embodiment of a synchronization code correlator 800. When a device 604 in
cell 1 (see figure 6), for example, receives an incoming communication from the cell 1 base station 606, it compares the
incoming data with SYNCI in correlator 800. Essentially, the device scans the incoming data trying to correlate the data
with the known synchronization code, in this case SYNCL. Once correlator 800 matches the incoming datato SYNCl it
generates a correlation peak 804 at the output. Multipath versions of the data will also generate correlation peaks 806,
although these peaks 806 are generally smaller than comelation peak 804. The device can then use the correlation peaks to
perform channel estimation, which allows the device to adjust for the multipath using an equatizer. Thus, in cell 1, if
correlator 800 receives a data siream comprising SYNCT, it will generate correlation peaks 804 and 806. I on the other
hand, the data stream comprises SYNC2, for example, then no peaks will be generated and the device will essentially
ignore the incoming communication.

Even though a data stream that comprises SYNC2 will not create any correlation peaks, it can create noise in
correlator 800 that can prevent detection of correlation peaks 804 and 806. Several steps can be taken to prevent this from
occuring, One way to minimize the noise created in correlator 800 by signals from adjacent cells 602, is to configure
system 600 so that each base station 606 transmits at the same time. This way, the synchronization codes can preferably
be generated in such a manner that only the synchronization codes 704 of adjacent cell data streams, e.g,, streams 708,
710, and 712, as opposed to packets 702 within those streams, will interfere with detection of the correct synchronization
code 704, .., SYNC'1. The synchronization codes can then be firther configured to eliminate or reduce the interference.

For example, the noise or interference caused by an incorrect synchronization cods is a fimction of the cross
correlation of that synchronization code with respect to the correct code. The better the cross correlation between the two,

the Jower the noise level. When the cross correlation is ideal, then the noise level will be virtually zero as illustrated in
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figure 9 by noise level 902. Therefore, a preferred embodiment of system 600 uses synchronization codes that exhibit
ideal cross correlation, i.e., zero. Preferably, the ideal cross correlation of the synchronization codes covers aperiod / that is
sufficient to allow accurate detection of multipath 906 as well as multipath comrelation peaks 904. This is important so that
accurate channel estimation and equalization can take place. Outside of period Z, the noise level 908 goes up, because the
data in packets 702 is random and will exhibit low cross correlation with the synchronization code, e.g, SYNCL.
Preferably, period / is actually slightly longer then the multipath length in order to ensure that the multipath can be
detected.
a Synchronization code generation

Conventional systers use orthogonal codes to achieve cross correlation in correlator 800. In system 600 for
example, SYNC1, SYNC2, SYNC3, and SYNCA4, corresponding to cells 1-4 (see lightly shaded cells 602 of figure 6)
respeciively, will all need to be generated in such a manner that they will have ideal cross correlation with each other. In
one embodiment, if the data streams involved comprise high and low data bits, then the value "1" can be assigned to the
high databits and "-1" to the low data bits. Orthogonal data sequences are then those that produce a "0" output when they
are exclusively ORed (XORed) together in comelator 800. The following example illustrates this point for orthogonal

sequences 1 and 2:

sequence 1: 11-11
sequence2: 111-1
1 1-1-1=0
Thus, when the results of XORing each bit pair are added, the result is "0".

But in system 600, for example, each code must have ideal, or zero, cross correlation with each of the other
codes used in adjacent cells 602. Therefore, in one example embodiment of a method for generating synchronization
codes exhibiting the properties described above, the process begins by selecting a "perfect sequence” to be used as the
basis for the codes. A perfect sequence is one that when correlated with itself produces a number equal to the number of
bits in the sequence. For example:

Perfectsequence 1:  11-11
11-11
1111=4
But each time a perfect sequence is cyclically shifted by one bit, the new sequence is orthogonal with the original
sequence. Thus, for example, if perfect sequence 1 is cyclically shifted by one bit and then correlated with the original, the
comrelation produces a"0" as inthe following example;
” Perfectsequence1:  11-11
11141
11-1-1=0
If the perfect sequence 1 is again cyclically shifted by one bit, and again correlated with the original, then it wall
produce a"0". Tn general, you can cyclically shift a perfect sequence by any number of bits up to its length and correlate
the shifted sequence with the original to obtain a "0"".
Once a perfict sequence of the correct length is selected, the first synchronization code is preferably generated in
11
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one embodiment by repeating the sequence 4 times. Thus, if perfect sequence 1 is being used, then a first synchronization
codey would be the following:
y=1-11 11-11 11-11 11-11

Orin generic form:
y=x(OxOxxG) x OO xOxOx@XB) X OXD2)XC).
For asequence of length L:

y=X(O(). .. X(LOQ). . XLOKQ). .. xOXOX(. . X()
Repeating the perfect sequence allows correlator 800 a better opportunity to defect the synchronization code and

allows generation of ofher uncorrelated frequencies as well. Repeating has the effect of sampling in the frequency
domain, This effect is illustrated by the graphs in figure 10. Thus, in TRACE 1, which corresponds to synchronization
code y, a sample 1002 is generated every fourth sample bin 1000. Each sample binis separated by I/4LxT), where T'is
the symibol duration. Thus, in the above example, where L = 4, each sample bin is separated by 1/16xT) inthe frequency
domain. TRACES 24 illustrate the next three synchronization codes. As can be seen, the samples for each subsequent
synchronization code are shifted by one sample bin relative to the samples for the previous sequence. Therefore, none of
the sequences interfere with each other.
To generate the subsequent sequences, corresponding to TRACES 2-4, sequencey mustbe shifted in

frequency. This can be accomplished using the following equation:

Z'(m) = y(m)*exp(G*2 *m*r*m/(n *L)), (5)
for r=1 to L (# of sequences) and m = 0 to 4¥L-1 (time); and
where: Z' (m) = each subsequent sequence;
y(m) = the first sequence; and
n = the number of times the sequence is repeated.
Tt will be understood that multiplying by an exp(f2a(-#m/N)) factor, where Nis equal to the number of times the

sequence is repeated » multiplied by the length of the underlying perfect sequence L, in the time domain results in a shift
in the frequency domain. Equation (5) results in the desired shift as illustrated in figure 9 for each of synchronization codes
24, relative to synchronization code 1. The final step in generating each synchronization code is to append the copies of
the last M samples, where Mis the length of the multipath, to the fiont of each code. This is done to make the convolution
with the multipath cyclic and to allow easier detection of the multipath.

Tt should be noted that synchronization codes can be generated fiom more than one perfect sequence using the
samemethodology. For example, a perfict sequence can be generated and repeated four times and then a second perfect
sequence can be generated and repeated four times to get a7 factor equal to eight. The resulting sequence can then be
shifted as described above to create the synchronization codes.

b. Signal Measurements Using Synchronization Codes

Therefore, when a commumication device is at the edge of a cell, it will receive signals from multiple base
stations and, therefore, will be decoding several synchronization codes at the same time. This can be illustrated with the
help of figure 11, which illustrates another example embodiment of a wireless communication system 1100 comprising

communication cells 1102, 1104, and 1106 as well as communication device 1108, which is in communication with
12
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base station 1110 of cell 1102 but also receiving communication fiom base stations 1112 and 1114 of cells 1104 and
1106, respectively. Tf communications from base station 1110 comprise synchronization code SYNC1 and
commumications from base station 1112 and 1114 conmprise SYNC2 and SYNCS3 respectively, then device 1108 will
effectively receive the sum of these three synchronization codes. This is because, as explained above, base stations 1110,
1112, and 1114 are configured to transmit at the same time. Also, the synchronization codes anive at device 1108 2t
almostthe same time because they are generated in accordance with the description above.

Again as described above, the synchronization codes SYNC1, SYNC2, and SYNC3 exhibit ideal cross
comelation, Therefore, when device 1108 correlates the sum x of codes SYNC1, SYNC2, and SYNCS3, the latter two
will not interfere with proper detection of SYNC1 by device 1108. Importantly, the sum x can also be used to determine
important signal characteristics, because the sum x is equal to the sum of the synchronization code signal in accordance

with the following equation:
x=SYNCI +SYNC2 + SYNC3. (©)
Therefore, when SYNC1 isremoved, the sum of SYNC2 and SYNC3 is

left, as shownin the following:
x-SYNCI1=SYNC2 + SYNC3. (7)

The energy computed fiom the sum (SYNC2 + SYNC3) is equal to the noise or inferference seen by device
1108. Since the purpose of correlating the synchronization code in device 1106 is to extract the energyin SYNC 1, device
1108 also has the energy in the signal from base station 1110, i.e,, the energy represented by SYNCI. Therefore, device
1106 can use the energy of SYNC1 and of (SYNC2 + SYNC3) to perform a signal-to-inferference meastrement forthe
communication charmel over which it is communicating with base station 1110. The result of the measurement is
preferably a signalto-interference ratio (SIR). The SIR measurement can then be communicated back to base station
1110 for purposes that will be discussed below.  The ideal cross comrelation of the synchronization codes, also allows
device 1108 to perform extremely accurate determinations of the Channel Impulse Response (CIR), or channel
estimation, fiom the correlation produced by correlator 800. This allows for highly accurate equalization using low cost,
Jow complexity equalizers, thus overcoming a significant draw back of conventional systers.
4 SubChannel Assignmens

Asmentioned, the SIR as determined by device 1108 can be communicated back to base station 1110 forusein
the assignment of channels 502. T one embodiment, due to the fact that each sub-chanmel 502 is processed
independently, the SIR for each sub-channel 502 can be measured and communicated back to base station 1110. Insuch
an embodiment, therefore, sub-charmnels 502 can be divided ino groups and a SIR measurement for each group canbe
sent to base station 1110. This is illustrated in figure 11A, which shows a wideband communication channel 1200
segmented into sub-channels /6 to fi5. Sub-channels /o to s are then grouped info 8 groups Gl to G8. Thus, in one
embodiment, device 1108 and base station 1110 communicate over a.channel such as channe 1200.

Suib-channels in the same group are preferably separated by as many sub-channels as possible to ensure
13
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diversity. In figure 12A for exanple, sub-channels within the same group are 7 sub-channels apart, e.g, group Gl
comprises /5 and /5. Device 1102 reports a SIR measurement for each of the groups G1 to G8. These SIR measurements
are preferably compared with a threshold value to determine which sub-channels groups are useable by device 1108.
"This comparison can ocetr in device 1108 or base station 1110. Ifit occurs in device 1108, then device 1108 can simply
report to base station 1110 which sub-channels groups are useable by device 1108.

SIR reporting will be simultaneously occuring for a plurality of devices within cell 1102. Thus, figure 12B
illustrates the situation where two communication devices corresponding to User 1 and User 2 report SIR levels above
the threshold for groups Gl, G3, G5, and G7. Base station 1110 preferably then assigns sub-channe] groups to User1and
User 2 based on the SIR reporting as illustrated in Figure 12B. When assigning the "good" sub-channel groups to User 1
and User 2, base station 1110 also preferably assigns them based on the principles of frequency diversity. In figure 12B,
therefore, User 1 and User 2 are altemately assigned every ofher "good" sub-channel.

The assignment of sub-channels in the frequency domain is equivalent to the assignment of time slots m the
time domain. Therefore, as illustrated in figure 13, two users, User 1 and User 2, receive packet 1302 transmitted over
communication channel 1200. Figure 13 also illustrated the sub-channe] assignment of figure 12B. While figures 12 and
13 illustrate sub-channelime slot assignment based on SIR for two users, the principles illustrated can be extended for
any number of users. Thus, a packet within cell 1102 can be received by 3 or more users. Although, as the number of
available subchannels is reduced due to high SIR, so is the available bandwidth. Tn other words, as available channels are
reduced, fhe number of users that can gain access to commumication channel 1200 s also reduced.

Poor SIR can be caused for a variety of reasons, but frequently it results fiom a device at the edge of a cell
receiving communication signals from adjacent cells. Because each cell is using the same bandwidth B, the adjacent cell
signals will eventually raise the noise level and degrade SIR for certain sub-channels. In certain embodiments, therefore,
sub-channel assignment can be coordinated between cells, such as cells 1102, 1104, and 1106 in figure 11, in order to
prevent interference from adjacent cells.

Thus, if commumication device 1108 is near the edge of cell 1102, and device 1118 is near the edge of cell 1106,
then the two can interfere with each other. As a result, the SIR measurements that device 1108 and 1118 report back to
base stations 1110 and 1114, respectively, will indicate that the interference level is too high. Base station 1110 can then
be configured to assign only the odd groups, ie, Gl, G3, G5, ¢fc., to device 1108, while base station 1114 can be

configured to assign the even groups to device 1118. The two devices 1108 and 1118 will then not interfere with each
other due to the coordinated assignment of sub-charmnel groups.

Assigning the stb-channels in this manner reduces the overall bandwidth available to devices 1108 and 1118,
respectively. In this case the bandwidth is reduced by a factor of two. But it should be remembered that devices operating
closer to each base station 1110 and 1114, respectively, will still be able to use all channels if needed. Thus, it is only
devices, such as device 1108, that are near the edge of a cell that will have the available bandwidth reduced. Contrast this

with a CDMA system, for example, in which the bandwidth for all users is reduced, due to the spreading techniques
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 used in such systerns, by approximately a factor of 10 at all times. It can be seen, therefore, that the systems and methods
for wireless communication over a wide bandwidth channel using a plurality of sub-channels not only improves the
quality of service, but can also increase the available bandwidth significantly.

When there are fhree devices 1108, 1118, and 1116 near the edge of their respective adjacent cells 1102, 1104,
and 1106, the sub-channels can be divided by three. Thus, device 1108, for example, can be assigned groups Gl, G4, efc,,
device 1118 can be assigned groups G2, G5, efc., and device 1116 can be assigned groups G3, G6, etc. In this case the
availsble bandwidth for these devices, i.e., devices near the edges of cells 1102, 1104, and 1106, is reduced by a factor of
3, but this is still better than a CDMA system, for example.

The manner in which such a coordinated assignment of sub-channels can work is illustrated by the flow chart in
figure 14. First in step 1402, a communication device, such as device 1108, reports the SIR forall sub-channel groups G1
to G8. The SIRs reported are then compared, in step 1404, to a threshold o determine if the SIR is sufficiently low for
each group. Altematively, device 1108 can make the determination and simply report which groups are above or below
the SIR threshold. T the SIR Jevels are good for each group, then base station 1110 can make each group available to
device 1108, in step 1406. Periodically, device 1108 preferably measures the SIR level and updates base station 11101
case the SIR as deteriorated. For example, device 1108 may move fiom near the center of cell 1102 toward the edge,
where interference from an adjacent cell may affect the SIR for device 1108.

If the comparison in step 1404 reveals that the SIR levels are not good, then base station 1110 can be
 preprogrammed to assign either the odd groups or the even groups only to device 1108, which it will do in step 1408.
Device 1108 then reports the SIR measurements or the odd or even groups it is assigned in step 1410, and they are again
compared to a SIR threshold in step 1412.

Tt is assumed that the poor SIR levelis due to the fact that device 1108 is operating at the edge of cell 1102 andis
therefore being interfered with by a device such as device 1118. But device 1108 will be interfering with device 1118 at
the same time. Therefore, the assignment of odd or even groups in step 1408 preferably corresponds with the assignment
of the opposite groups to device 1118, by base station 1114. Accordingly, when device 1108 reports the SIR
measurements for whichever groups, odd or even, are assigned to it, the comparison in step 1410 should reveal that the
SIR Jevels are now below the threshold level. Thus, base station 1110 makes the assigned groups available to device
1108 in step 1414. Again, device 1108 preferably periodically updates the SIR measurements by retuming to step 1402.

It is possible for the comparison of step 1410 to reveal that the SIR levels are still above the threshold, which
should indicate that a third device, e.g, device 1116 s still interfering with device 1108. In this case, base station 1110 can
be preprogrammed to assign every third group to device 1108 in step 1416. This should comrespond with the
corresponding assignments of non-interfering channels to devices 1118 and 1116 by base stations 1114 and 1112,
respectively. Thus, device 1108 should be able to operate on the sub-charmel groups assigned, i.e,, G1, G4, efc., without
undue interference. Again, device 1108 preferably periodically updates the SIR measurements by refuming to step 1402.
Optionally, athird conmparison step (not shown) can be implemented after step 1416, 10 ensure that the groups assigned to
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device 1408 posses an adequate SIR level for proper operation. Moreover, if there are more adjacent cells, ie, if it is
possible for devices in a 4% or even a 5™ adjacent cell to interfere with device 1108, then the process of figure 13 would
continue and the stb-charmel groups would be divided even fither to ensure adequate SIR levels on the sub-channels
assigned to device 1108.

Even though the process of figure 14 reduces the bandwidth available to devices at the edge of cells 1102, 1104,
and 1106, the SIR measurements can be used in such a manner as to increase the data rate and therefore restore or even
increase bandwidth. To accomplish this, the transmitters and receivers used in base stations 1102, 1104, and 1106, and in
devices in communication therewith, e.g,, devices 1108, 1114, and 1116 respectively, must be capable of dynamically
changing the symbol mapping schemes used for some or all of the sub-channel. For example, in some embodiments, the
symbol mapping scheme can be dynamically changed among BPSK, QPSK, 8PSK, 16QAM, 32QAM, efc. As the
symbol mapping scheme moves higher, i.e., toward 32QAM, the SIR level required for proper operation moves higher,
i, less and less interference can be withstood. Therefore, once the SIR levels are determined for each group, the base
station, e.g, base station 1110, can then determine what symbol mapping scheme can be supported for each sub-channel
group and can change the modulation scheme accordingly. Device 1108 must also change the symbol mapping scheme
o correspond to that of the base stations. The change can be effected for all groups uniformly, or it can be effected for
individual groups. Moreover, the symbol mapping scheme can be changed on just the forward link, just the reverse ok,
or both, depending on the embodiment.

Thus, by maintaining the capability to dynamically assign sub-channels and to dynamically change the symbol
mapping scheme used for assigned sub-channels, the systems and mefhods described herein provide the ability to
maintain higher available bandwidths with higher performance levels than conventional systems. To fully realize the
benefits described, however, the systems and methods described thus far must be capable of implementation in a cost
effect and convenient manner. Moreover, the implementation must inchude reconfigurability so that a single device can
move between different types of communication systems and still maintain optimum performance in accordance with
the systems and methods described herein. The following descriptions detail example high level embodiments of
hardware implementations configured o operate in accordance with the systems and methods described herein in such a
manner as toprovide the capability just described above.

5. Sample Transmitter Embodiments

Figure 15 is logical block diagram illustrating an example embodiment of a transmitter 1500 configured for
wireless communication in accordance with the systems and methods described above. The transmitter could, for
example be within a base station, e.g, base station 606, or within a communication device, such as device 604.
Transmiter 1500 is provided o illustate ogical components that can be included in a transmiter configuwed in
accordance with the systems and methods described herein. Tt is not intended to limit the systems and methods for
wireless communication over a wide bandwidth channel using a plurality of sub-channels to any particular transmitter

configuration or any particular wireless communication system.
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" 'With this in mind, it can be seen that transmitter 1500 comprises a serial-to-parallel converter 1504 configured to
receive a serial data stream 1502 comprising a data rate R. Setial-to-parallel converter 1504 converts data stream 1502
into Nparalle] data streams 1504, where N'is the number of sub-channels 202. It should be noted that while the discussion
that follows assumes that a single serial data stream is used, more than one serial data stream can also be used if required
or desired. Tn any case, the dataate of each parallel data stream 1504 is then R/, Each data stream 1504 isthen sent to a
scrambler, encoder, and interleaver block 1506. Scrambling, encoding, and interleaving are common techniques
implemented in many wireless communication transmitters and help to provide robust, secure commuication.
Examples of these techniques will be briefly explained for illustrative purposes.

Scramibling breaks up the data to be transmitted in an effort to smooth out the spectral density of the trensmitted
data. For example, if the data comprises a long string of "1's, there will be a spike in the spectral density. This spike can
cause greater interference within the wireless communication system. By breaking up the data, the spectral density canbe
smoothed out to avoid any such peaks. Often, scrambling is achieved by XORing the data with a random sequence.

Encoding, or coding, the parallel bit streams 1504 can, for example, provide Forward Error Correction (FEC).
The purpose of FEC is to improve the capacity of a communication channel by adding some carefully designed
redundant information to the data being transmitted through the channel. The process of adding this redundant
information is known as channel coding, Convolutional coding and block coding are the two major forms of channel
coding, Convolutional codes operate on serial data, one or a few bits at a time. Block codes operate on relatively large
(typically, up to acouple of hundred bytes) message blocks. There are a variety of usefull convolutional and block codes,
and a vatiety of algoriftims for decoding the received coded information sequences to recover the original data. For
example, convolutional encoding or turbo coding with Viterbi decoding is a FEC technique that is particularly suited to a
charmel in which the transmitted signal is corupted mainly by additive white gaussian noise (AWGN) or even a channel
that simply experiences fading,

Convolutional codes are usually described using two parameters: the code rate and the constraint length. The
code rate, K, is expressed as a ratio of the number of bits info the convolutional encoder (&) to the number of channel
symbols (77) output by the convolutional encoder in a given encoder cycle. A common code rate is 1/2, which means that
2 symbols are produced for every 1-bit input into the coder. The constraint lengfh parameter, K, denotes the "lengfh" of
the convolutional encoder, ie. how many /bit stages are available to feed the combinatorial logic that produces the
output symbols. Closely related to X is the parameter 7, which indicates how many encoder cycles an input bit is
retained and used for encoding after it first appears at the input to the convolutional encoder. The m parameter can be
thought of as the memory length of the encoder.

Tnterdeaving is used to reduce the effects of fading. Interleaving mixes up the order of the data so that if a fade
interferes with a portion of the transmitted signal, the overall message will not be effected. This is because once the
message is de-nterleaved and decoded in the receiver, the data lost will comprise non-contiguous portions of the overall

message. In other words, the fade will interfere with a contiguous portion of the interleaved message, but when the
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messagels de-interleaved, the interfered with portion is spread throughout the overall message. Using techniques such as
FEC, the missing information can then be filled in, or the impact of the lost data may just be negligible.

After blocks 1506, each parallel data stream 1504 is sent to symbol mappers 1508. Symbol mappers 1508
apply the requisite symbol mapping, e.g, BPSK, QPSK, etc, to each parallel data stream 1504. Symbol mappers 1508
are preferably programmable so that the modulation applied to parallel data streams can be changed, for example, in
response to the SIR reported for each sub-chanmel 202. 1t is also preferable, that each symbol mapper 1508 be separately
programmable so that the optimum symbol mapping scheme for each sub-chanmel can be selected and applied to each
paralle] data stream 1504.

After symbol mappers 1508, parallel data streams 1504 are sent to modulators 1510. Trportant aspects and
features of example embodiments of modulators 1510 are described below. After modulators 1510, parallel data streams
1504 are sent to summer 1512, which is configured to sum the paralle] data streams and thereby generate a single serial
data stream 1518 comprising each of the individually processed parallel data streams 1504. Serial data stream 1518 is
then sent to radio module 1512, where it is modulated with an RF carrier, ammplified, and transmitted via anterma 1516
according to known techniques.

The transmitted signal occupies the entire bandwidth B of communication channel 100 and comprises each of
the discrete paralle] data streams 1504 encoded onto their respective sub-channels 102 within bandwidth B. Encoding
parallel data streams 1504 onto the appropriate sub-channels 102 requires that each paralle] data stream 1504 be shifted in
frequency by an appropriate offset. Thisis achieved inmodulator 1510, Figure 16 is a logical block diagram of an
example embodiment of a modulator 1600 in accordance with the systems and mefhods described herein. Importantly,
modulator 1600 takes parallel data streams 1602 performs Time Division Modulation (TDM) or Frequency Division
Modulation (FDM) on each data stream 1602, filters them using filters 1612, and then shifs each data stream in
frequency using frequency shifter 1614 so that they occupy the appropriate sub-channel. Filters 1612 apply the required
pulse shaping, i.e., they apply the roll-off factor described in section 1. The frequency shifted paralle] data streams 1602
are then summed and transmitted. Modulator 1600 can also include rate controller 1604, frequency encoder 1606, and
inferpolators 1610. All of the components shown in figure 16 are described in more detail in the following paragraphs
and in conjunction with figures 17-23.

Figure 17 illustrates one example embodiment of a rate controller 1700 in accordance with the systems and
methods described herein. Rate control 1700 is used to control the data rate of each paralle] data stream 1602. In rate
controller 1700, the data rate is halved by repeating data sireams d{(0) to d(7), for example, producing streams a(0) to
a(15) in'which a(0) is the same as a(8), a(1) is the same as a(9), efc. Figure 17 also illustrates that the effect of repeating
the data streams in this manner is to take the data streams that are encoded onto the first 8 sub-channels 1702, and
duplicate them on the next 8 sub-channels 1702. As can be seen, 7 stb-channels separate sub-chanmels 1702 comprising
the same, or duplicate, data streams. Thus, if fading effects one sub-channel 1702, for example, the other sub-chanmels

1702 carying the same data will likely not be effected, ie,, there is fiequency diversity between the duplicate data
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robustness provided by duplicating the data streams d(0) to d{7) can be frther enhanced by applying scrambling to the
duplicated data streams via scramblers 1708,

Tt should be noted that the data rate can be reduced by more than half, e.g., by four or more. Altematively, the
data rate can also be reduced by an amount other than half, For exarmple if information fiom » data stream is encoded
onto 772 stb-channels, where m >n. Thus, to decrease the rate by 2/3, information fiom one data stream can be encoded
on a first sub-channel, information from a second data stream can be encoded on a second data channel, and the sum or
difference of the two data streams can be encoded on a third channel. In which case, proper scaling will need to be
applied o the power in the third channel. Otherwise, for example, the power in the third charmel can be twice the power
inthe firsttwo.

Preferably, rate controller 1700 is programmable so that the data rate can be changed responsive to certain
operational factors. For example, if the SIR reported for sub-channels 1702 is low, then rate controller 1700 can be
programmed to provide more robust transmission via. repetition to ensure that no data is lost due to inferference.
Additionally, different types of wireless communication system, e.g, indoor, outdoor, line-ofsight, may require varying
degrees of robustness. Thus, rate controller 1700 can be adjusted to provide the minimum required robustness for the
particular type of communication systern. This type of programmability not only ensures robust communication, it can
also be used to allow a single device to move between communication systems and maintein superior performance.

Figure 18 illustrates an altemative example embodiment of a rate controfler 1800 in accordance with the systems
and methods described. In rate controller 1800 the data rate is increased instead of decreased. This is accomplished using
serial-to- parallel converters 1802 to convert each data streams d{(0) to d(13), for example, into two data streams. Delay
circuits 1804 then delay one of the two data streams generated by each serial-to-parallel converter 1802 by 1/2 a symbol.
Thus, data streams d(0) to d(15) are transformed into data streams a(0) to a(31). The data sireams generated by a
particular sexial-fo-parallel converter 1802 and associate delay circuit 1804 must then be summed and encoded onto the
appropuiate sub-channel. For example, data streams a(0) and (1) must be summed and encoded onto the first sub-
channel. Preferably, the data streams are summed subsequent to each data stream being pulsed shaped by a filter 1612.

Thus, rate controller 1604 is preferably programmable so that the data rate can be increased, as in rate controller
1800, or decreased, as in rate controller 1700, as required by a particular type of wireless communication systetn, or as
required by the communication channel conditions or stb-channe] conditions. I the event that the data rate is increased,
filters 1612 are also preferably programmable so that they can be configured to apply pulse shaping to data streams a(0)
to a(31), for example, and then sum the appropriate streams to generate the appropriate number of paralle] data streams to
send to frequency shifter 1614.

The advantage of increasing the data rate in the manner illustrated in figure 18 is that higher symbol mapping
rates can essentially be achieved, without changing the symbol mapping used in symbol mappers 1508. Once the data

streams are summed, the summed streams are shifted in frequency so that they reside in the appropriate sub-channel. But
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becase the number of bits per each symbol has been doubled, the symbol mapping rate has been doubled. Thus, for
example, a 4QAM symbol mapping can be converted to a 16QAM symbol mapping, even if the SIR is too high for
16QAM symbol mapping to otherwise be applied. Tn other words, programming rate controller 1800 to increase the data
rate in the manner illustrated in figure 18 can increase the symbol mapping even when channel conditions would
otherwise not allow it, which in tum can allow a communication device to maintain adequate or even superior
performance regardless of the type of communication system.

The draw back to increasing the data rate as illustrated in figure 18 is that interference is increased, asis receiver
complexity. The former is due fo the increased amount of data. The latter is due to the fact that each symbol cannot be
processed independently becanse of the 1/2 symbol overlap. Thus, these concems must be balanced against the increase
symbol mapping ability when implementing a rate controller such as rae controller 1800.

Figure 19 illustrates one exarmple embodiment of a frequency encoder 1900 in accordance with the systems and
methods described herein. Similar to rate encoding, frequency encoding is preferably used to provide increased
communication robustness. In frequency encoder 1900 the sum or difference of muitiple data streams are encoded onto
each sub-charmel. This is accomplished using adders 1902 to sum data streams d(0) to d(7) with data streams d(8) to
d(15), respectively, while adders 1904 subtract data streams d{(0) o d(7) fiom data streams d(8) to d(15), respectively, as
shown. Thus, data streams a(0) to a(15) generated by adders 1902 and 1904 comprise information related to more than
one data streams d(0) to d(15). For example, a(0) comprises the sum of d() and d(8), ie, d) + d@), while a(8)
comprises d(8) - d(0). Therefore, if either a(0) or a(8) is not received dueto fading, for example, then both of data streams
d(0) and d(8) can still be retrieved fiom data stream a(8).

Essentially, the relationship between data stream d(0) to d(15) and a(Q) to a(15) 1s amairix relationship. Thus, if
the receiver knows the correct matrix to apply, it can recover the sums and differences of d(0) to d(15) from a(0) to a(15).
Preferably, frequency encoder 1900 is programmable, so that it can be enabled and disabled in order to provided
robustness when required. Preferable, adders 1902 and 1904 are programmeable also so that different matrices can be
applied tod(Q) tod(15).

After fiequency encoding, ifitis included, data streams 1602 are sent to TDM/FDM blocks 1608. TDM/FDM
blocks 1608 perform TDM or FDM on the data streams as required by the particular embodiment. Figure 20 illustrates
an example embodiment of a TDM/FDM block 2000 configured to perform TDM ona data stream. TDIM/FDM block
2000 is provided to illustrate the logical components that can be included in a TDM/FDM block configured to perform
TDM on a data stream. Depending on the actual implementation, some of the logical components may or may not be
included. TDM/FDM block 2000 comprises a sub-block repeater 2002, a sub- block scrambler 2004, a sub-block
terminator 2006, a sub-block repeater 2008, and a sync inserter 2010.

Sub-block repeater 2002 is configured to receive a sub-block of data, such as block 2012 comprisng bits a0 to
a(3) for example. Sub-block repeater is then configured to repeat block 2012 to provide repetition, which in tum leads to

more Tobust communication. Thus, sub-block repeater 2002 generates block 2014, which comprises 2 blocks 2012.
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Sub-block scrambler 2004 is then configured to receive block 2014 and to scramble it, thus generating block 2016. One
method of scramibling can be to invert half of block 2014 as illustrated in block 2016. But ofher scrambling methods can
also be implemented depending on the embodiment.

Sub-block terminator 2006 takes block 2016 generated by sub-block scrambler 2004 and adds a termination
block 2034 to the fiont of block 2016 to form block 2018. Termination block 2034 ensures that each block can be
processed independentty in the receiver. Without termination block 2034, some blocks may be delayed due to multipath,
for example, and they would therefore overlap part of the next block of data. But by including termination block 2034, the
delayed block can be prevented from overlapping any of the actual data in the next block.

Termination block 2034 can be a cyclic prefix termination 2036. A cyclic prefix termination 2036 simply
repeats the last fow symbols of block 2018. Thus, for example, if cyclic prefix termination 2036 is three symbols long,
then it would simply repeat the last three symbols of block 2018. Altematively, termination block 2034 can CcoMmprise a
sequence of symbols that are known to both the transmitter and receiver. The selection of what type of block termination
2034 to use can fmpact what type of equalizer is used in the receiver. Therefore, receiver complexity and choice of
equalizers must be considered when determining what type of termination block 2034 to use in TDM/FDM block 2000.

After sub-block terminator 2006, TDM/FDM block 2000 can include a sub-block repeater 2008 configured to
perform a second block repetition step in which block 2018 is repeated to form block 2020. In certain embodiments, sub-
block repeater can be configured to perform a second block scrambling step as well. Affer sub-block repeater 2008, if
included, TDM/FDM block 2000 comprises a sync inserter 210 configured to periodically insert an appropriate
synchronization code 2032 affer a predetermined number of blocks 2020 and/or to insert known symbols info each
block. The purpose of synchronization code 2032 is discussed in section 3.

Figure 21, on the other hand, illustrates an example embodiment of a TDM/FDM block 2100 configured for
FDM, which comprises sub-block repeater 2102, sub-block scrambler 2104, block coder 2106, sub-block transformer
2108, sub-block terminator 2110, and sync inserter 2112. As with TDM/FDM block 2000, sub-block repeater 2102
repeats block 2114 and generates block 2116. Sub-block scrambler then scrambles block 2116, generating block 2118.
Sub-block coder 2106 takes block 2118 and codes it, generating block 2120. Coding block correlates the data symbols
together and generates symbols 5. This requires joint demodulation in the receiver, which is more robust but also more
complex. Sub-block transformer 2108 then performs a transformation on block 2120, generating block 2122,
Preferably, the transformation is an IFFT of block 2120, which allows for more efficient equalizers to be used in the
receiver. Next, sub-block terminator 2110 temminates block 2122, generating block 2124 and sync inserter 2112
periodically inserts a synchronization code 2126 after a certain number of blocks 2124 and/or insert known symbols info
each block. Preferably, sub-block temminator 2110 only uses cyclic prefix termination as described above. Again this
allows formore efficient receiver designs.

TDM/FDM block 2100 is provided to illustrate the logical components that can be included in a TDM/FDM

block configured to perform FDM on a data stream. Depending on the actual implementation, some of the logical
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components may or may not be included. Moreover, TDM/FDM block 2000 and 2100 are preferably programmable so
that the appropriate logical components can be included as required by a particular implementation. This allows a device
that incorporates one of blocks 2000 or 2100 to move between different systems with different requirements. Further, tis
preferable that TDM/FDM block 1608 in figure 16 be programmable so that it can be programmed to perform TDM,
such as described in conjunction with block 2000, or FDM, such as described in conjunction with block 2100, as
required by a particular communication system.

After TDM/FDM blocks 1608, in figure 15, the parallel data streams are preferably passed to interpolators 1610.
After Interpolators 1610, the parallel data streams are passed to filters 1612, which apply the pulse shaping described in
conjunction with the roll-off factor of equation (2) in section 1. Then the parallel data streams are sent to frequency shifter
1614, which is configured to shift each parallel data stream by the frequency offset associated with the sub-channel to
which the particular paralle] data stream is associated. Figure 22 illustrates an example embodiment of a frequency shifter
2200 in accordance with the systems and methods described herein. As can be seen, frequency shifter 2200 comprises
multipliers 2202 configured to multiply each paralle] data stream by the appropriate exponential to achieve the required
frequency shift. Each exponential is of the form: exp(i2nfn /M), where cis the corresponding sub-channel, e.g., c=0to
N-1, and s time. Preferably, frequency shifter 1614 in figure 16 is programmable so that various channel/sub-chanmel
configurations can be accommodated for various different systems. Alternatively, an IFFT block canreplace shifter 1614
and filtering can be done after the TFFT block. This type of implementation can be more efficient depending on the
implementation.

Affer the parallel data streams are shifted, they are summed, e.g, in summer 1512 of figure 15. The summed
data stream is then transmitted using the entire bandwidth B of the commumication channel being used. But the
transmitted data stream also comprises each of the parallel data streams shifted in frequency such that they occupy the
appropriate sub-channel. Thus, each sub-channel may be assigned to one user, or each sub-channel may cary a data
stream intended for different users. The assignment of sub-channels is described in section 3b. Regardless of how the sub-
channels are assigned, however, each user will receive the entire bandwidth, comprising all the sub-channels, but will only
decode those sub-channels assigned to the user.

6. Sample Receiver Embodiments

Figure 23 illustrates an example embodiment of a receiver 2300 that can be configured in accordance with the

present invention. Receiver 2300 comprises an antenna 2302 configured to receive a message transmitted by a

transmitter, such as transmitter 1500. Thus, antenna 2302 is configured to receive a wide band message comprising the
enire bandwidth B of a wide band channel that is divided into sub- channels of bandwidth &. As described above, the
wide band message conprises a plurality of messages each encoded onto each of a corresponding sub-channel. All of the
sub-charmels may or may not be assigned to a device that includes receiver 2300; Therefore, receiver 2300 may or may
not be required to decode all of the sub-chanmels. Affer the message is received by anterma 2300, it is sent to radio

receiver 2304, which is configured to remove the carrier associated with the wide band communication channel and
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extract a baseband signal comprising the data stream transmitted by the transmitter. The bascband signal is then sent to
correlator 2306 and demodulator 2308, Comelator 2306 is configured to correlated with a synchronization code inserted
in the data stream as described in section 3. It is also preferably configured to perform SIR and multipath estimations as
described in section 3(b). Demodulator 2308 is configured to extract the paralle] data strearns fom each sub-channel
assigned to the device comprising receiver 2300 and to generate a single data stream therefrom.

Figure24i1h1stmtfsanexmnpleembodimentofademodlﬂator2400inaccordance\w&1ﬂle systems and
methods described herein. Demodulator 2402 comprises a frequency shifter 2402, which is configured to apply a
frequency offset to the baseband data stream so that parallel data streams comprising the baseband data stream can be
independently processed in receiver 2400. Thus, the output of frequency shifier 2402 is a plurality of parallel data
streams, which are then preferably filtered by filters 2404. Filters 2404 apply a filter to cach parallel dafa stream that
corresponds to the pulse shape applied in the transmitter, e.g,, transmitter 1500. Altematively, an IFFT block can replace
shifter 1614 and filtering can be done after the IFFT block. This type of implementation can bemore efficient depending
on the implementation.

Next, receiver 2400 preferably includes decimators 2406 configured to decimate the data rate of the parallel bit
streanns, Sampling at higher rates helps o ensure accurate recreation of the data. But the higher the data rate, the larger
and more complex equalizer 2408 becomes. Thus, the sampling rate, and therefore the number of samples, can be
reduced by decimators 2406 to an adequate level that allows for a smaller and less costly equalizer 2408.

Baqualizer 2408 is configured to reduce the effects of multipath in receiver 2300. Its operation will be discussed
more firlly below. After equalizer 2408, the parallel data streams are sent to de-scrambler, decoder, and de-interleaver
2410, which perform the opposite operations of scrambler, encoder, and interleaver 1506 so as to reproduce the original
data generated in the transmitter. The parallel data streams are then sent to paralle] to serial converter 2412, which
generates a single setial data stream from the parallel data streams.

Equalizer 2408 uses the multipath estimates provided by correlator 2306 to equalize the effects of multipath in
receiver 2300. Tn one embodiment, equalizer 2408 comprises Single-In Single-Out (SISO) equalizers operating on each
paralle] data stream in demodulator 2400. In this case, each SISO equalizer comprising equalizer 2408 receives a single
input and generates a single equalized output. Altematively, each equalizer canbe aMultiple-In Multiple-Out (MIMO) or
a Mulltiple-Jn Single-Out (MISO) equalizer. Mutltiple inputs can be required for example, when a frequency encoder or
rate controller, such as frequency encoder 1900, is included in the transmitter. Because frequency encoder 1900 encodes
information from more than one parallel data stream onto each sub-channel, each equalizers comprising equalizer 2408
need to equalize more than one sub-channel. Thus, for example, if a parallel data stream in demodulator 2400 comprises
d(1) + d(8), then equalizer 2408 will need to equalize both d(7) and d(8) together. Equalizer 2408 can then generate a
single output corresponding to d(I) or d§ (MISO) or it can generate both d(l) and d@E& MMO).

Equalizer 2408 can also be a time domain equalizer (TDE) or a frequency domain equalizer (FDE) depending
on the embodiment. Generally, equalizer 2408 is a TDE if themodulator in the transmitter performs TDM on the parallel
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data streams, and a FDE if the modulator performs FDM. But equalizer 2408 can be an FDE even if TDM s used in the
transmitter, Therefore, the preferred equalizer type should be taken info consideration when deciding what type of block
termination to use in the transmitter. Because of power requirements, it is often preferable to use FDM on the forward Tink
and TDM on the reverse link in a wireless communication system.

As with transmitter 1500, the various components comprising demodulator 2400 are preferably programmable,
so that a single device can operate in a plurality of different systems and still mamntain supetior performance, whichis a
primery advantage of the systems and methods described herein. Accordingly, the above discussion provides systems
and methods for implementing a channel access protocol that allows the transmitter and receiver hardware to be
reprogrammed slightly depending on the communication system.

Thus, when a device moves fiom one system to another, it preferably reconfigures the hardware, i.e. transmitter
and receiver, as required and switches to a protocol stack corresponding to the new system. An important part of
reconfiguring the receiver is reconfiguring, or programming, the equalizer because multipath is amain problem for each
type of system. The multipath, however, varies depending on the type of system, which previously has meant that a
different equalizer is required for different types of communication systems. The channe] access protocol described in the
preceding sections, however, allows for equalizers to be used that need only be reconfigured slightly for operation in
various systems.

a. Sample Equalizer Embodiment

Figure 25 illustrates an example embodiment of a receiver 2500 illustrating one way to configure equalizers
2506 in accordance with the systems and mefhods described herein. Before discussing the configuration of receiver 2500,
it should be noted that one way to configure equalizers 2506 is to simply include one equalizer per chamel (for the
systems and methods described herein, a channel is the equivalent of a sub-channel as described above). A correlator,
such as correlator 2306 (figure 23), can then provide equalizers 2506 with an estimate of the number, amplitude, and
phase of any mutltipaths present, up to some maximum number. This is also known as the Channel Impulse Response
(CIR). The maxinmum number of multipaths is determined based on design criteria for a particular implementation. The
more multipaths included in the CIR the more path diversity the receiver has and the more robust commumication in the
system will be. Path diversity is discussed a litfle more fully below.

If there is one equalizer 2506 per channel, the CIR is preferably provided directly to equalizers 2506 from the
correlator (ot shown). Tf such a correlator configuration is used, then equalizers 2506 can'be run at a slow rate, but the
overall equalization process is relatively fast. For systems with a relatively small number of channels, such a configuration
is therefore preferable. The problem, however, is that there is large variances in the number of charnels used in different
types of commumication systems. For example, an outdoor system can have has many as 256 charmnels. This would
require 256 equalizers 2506, which would make the receiver design too complex and costly. Thus, for systems with alot
of channels, the configuration illustrated in figure 25 is preferable. In receiver 2500, multiple charmnels share each equalizer

2506. For example, each equalizer can be shared by 4 channels, e.g, Ch1-Ch4, Ch5-Ch8, etc., as illustrated in figure 25.
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Tn which case, receiver 2500 preferably comprises a memory 2502 configured to store information aniving on each
channel.

Memory 2502 is preferably divided into sub-sections 2504, which are each configured to store information for a
particular subset of channels. Tnformation for each channel in each subset is then altemately sent to the appropriate
equalizer 2506, which equalizes the information based on the CIR provided for that channel. In this case, each equalizer
st run much faster than it would if there was simply one equalizer per charmnel. For example, equalizers 2506 would
need to Tun 4 or more times as fast in order to effectively equalize 4 channels as opposed to 1. In addition, extra memory
2502 is required to buffer the channel information. But overall, the complexity of receiver 2500 is reduced, because there
are fewer equalizers. This should also lower the overall cost to implement receiver 2500.

Preferably, memory 2502 and the nurmber of channels that are sent to a particular equalizer is programmable. In
fhis way, receiver 2500 can be reconfigured for the most optimum operation for a given system. Thus, if receiver 2500
were moved fiom an outdoor system to an indoor system with fewer channels, then receiver 2500 can preferably be
reconfigured so that there are fewer, even as few as 1, channel per equalizer. The rate at which equalizers 2506 areTunis
also preferably programmable such that equalizers 2506 can be run at the optimum rate for the number of channels being
equalized.

Tn addition, if each equalizer 2506 is equalizing multiple channels, then the CIR for those muttiple paths must
alterately be provided to each equalizer 2506. Preferably, therefore, amemory (not shown) is also included to buffer the
CIR information for each chanmel. The appropriate CIR information is then sent to each equalizer fom the CIR memory
(not shown) when the corresponding channel information is being equalized. The CIR memory (not shown) is also
preferably programmable to ensure optinum operation regardless of what type of: system receiver 2500 is operating in.

Retuming to the issue of path diversity, the number of paths used by equalizers 2506 must account for the delay
spread d; in the system. For example, if the system is an outdoor system operating in the 5 Giga Hertz (GHz) range, the
communication channel can comprise a bandwidth of 125 Mega Hertz. (MHz), e.g, the channel can extend fiom 5.725
GHz to 5.85GHz. Ifthe channel is divided into 512 sub-channels with aroll-off factor 7 of .125, then each subchannel will
have a bandwidth of approximately 215 kilohertz (KEEz), which provides approximately a 4.6 microsecond symbol
duration. Since the worst case delay spread d} is 20 microseconds, the number of paths used by equalizers 2504 can be set
to a maximum of 5. Thus, there would be a first path P1 at zero microseconds, a second path P2 at 4.6 microseconds, a
third path P3 at 9.2 microseconds, a fourth path P4 at 13.8 microseconds, and fifth path P5 at 184 microseconds, which is
close to the delay spread d, In another embodiment, a sixth path can be included so as to completely cover the delay
spread dy; however, 20 microseconds is the worst case. Tn fact, a delay spread df of 3 microseconds is a more typical
value. Tn most instances, therefore, the delay spread d; will actually be shorter and an extra path is not needed.
Altematively, fewer sub-channels can be used, thus providing a larger symibol duration, instead of using an extra path. But
again, this would typicalty not be needed.

As explained above, equalizers 2506 are preferably configurable so that they can be reconfigured for various
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commumication systems. Thus, for example, the number of paths used must be sufficient regardless of the type of
communication system. But this is also dependent on the number of sub-channels used. If, for example, receiver 2500
wert fiom operating in the above described outdoor system to an indoor system, where the delay spread dis on the order
of 1 microsecond, then receiver 2500 can preferably be reconfigured for 32 sub-channels and 5 paths. Assuming the
same overall bandwidth of 125 MHz, the bandwidth of each sub-channel is approximately 4 MHz and the symbol
duration is approximately 250 nanoseconds.

Therefore, there will be a first path P1 at zero microseconds and subsequent paths P2 to P5 at 250ns, 500ns,
750ns, and 1 microsecond, respectively. Thus, the delay spread ds should be covered for the indoor environment, Again,
the 1 microsecond delay spread d is worst case so the 1 microsecond delay spread ds provided in the above example will
often be more than is actually required. This is preferable, however, for indoor systems, because it can allow operation to
extend outside of the inside environment, e.g, just outside the building in which the inside environment operates. For
campus style environments, where a user is ikely to be traveling between buildings, this can be advantageous.

7. Sample Fmbodiment of a Wireless Communication device

Figure 26 illusirates an exanple embodiment of a wireless communication device in accordance with the
systers and methods described herein. Device 2600 is, for example, a portable communication device configured for
operation in a phurality of indoor and outdoor commnmumication systerms. Thus, device 2600 comprises an antenna 2602 for
transmitting and receiving wireless communication signals over a wireless commurication channel 2618. Duplexor
2604, or switch, can be included so that transmitter 2606 and receiver 2608 can both use antenna 2602, while being
isolated fiom each other. Duplexors, or switches used for this purpose, are well known and will not be explained herein.

Transmitter 2606 is a configurable transmitter configured to implement the channel access protocol described
above. Thus, transmitter 2606 is capable of transmitting and encoding a wideband communication signal comprising a
plurality of sub-charmels. Moreover, transmitter 2606 is configured such that the various sub-components that comprise
transmitter 2606 can be reconfigured, or programmed, as described in section 5. Similarly, receiver 2608 is configured to
implement the channel access protocol described above and is, therefore, also configured such that the various sub-
components comprising receiver 2608 can be reconfigured, or reprogrammed, as described in section 6.

Transmitter 2606 and receiver 2608 are interfaced with processor 2610, which can comprise various processing,
controller, and/or Digital Signal Processing (DSP) circuits. Processor 2610 controls the operation of device 2600
including encoding signals to be transmitted by transmitter 2606 and decoding signals received by receiver 2608. Device
2610 can also include memory 2612, which can be configured to store operating instructions, e.g, firmware/software,
used by processor 2610 to control the operation of device 2600.

Processor 2610 is also preferably configured to reprogram transmitter 2606 and receiver 2608 via control
interfaces 2614 and 2616, respectively, as required by the wireless communication system in which device 2600 is
operating, Thus, for example, device 2600 can be configured to periodically ascertain the availability is a prefenred

communication system. T the system is detected, then processor 2610 can be configured to load the comresponding
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operating instruction fiom memory 2612 and reconfigure transmitter 2606 and receiver 2608 for operation in the
preferred system.

For example, it may preferable for device 2600 to switch to an indoor wircless LAN if it is available. So device
2600 may be operating in a wircless WAN where no wircless LAN is available, while periodically searching for the
availability of an appropriate wireless LAN. Once the wireless LAN is detected, processor 2610 will load the operating
instructions, e.g, the appropriate protocol stack, for the wireless LAN environment and will reprogram transmitter 2606
and receiver 2608 accordingly. T this manner, device 2600 can move fiom one type of communication system to
another, while maintaining superior performance.

Tt should be noted that a base station configured in accordance with the systems and methods herein will operate
in a similar manner as device 2600; however, because the base station does not move fiom one type of system to another,
there is generally no need to configure processor 2610 o reconfigure transmitter 2606 and receiver 2608 for operation in
accordance with the operating instruction for a different type of system. But processor 2610 can still be configured to
reconfigure, or reprogram the sub-components of transaitter 2606 and/or receiver 2608 as required by the operating
conditions within the system as reported by communication devices in communication with the base station. Moreover,
such a base station can be configured in accordance with the systems and methods described herein to implement more
han one mode of operation. In which case, controller 2610 can be configured to reprogram transmitter 2606 and receiver
2608 to implement the appropriate mode of operation.

8. Bandwidth recovery
As described above in relation to figures 11-14, when a device, such as device 1118 is near the edge of a

communication cell 1106, it may experience interference from base station 1112 of an adjacent communication cell
1104. In this case, device 1118 will report alow SIR to base station 1114, which will cause base station 1114 to reduce the
mumber of sub-channels assigned to device 1118. As explained in relation to figures 12 and 13, this reduction can
comprise base station 1114 assigning only even stb-channels to device 1118. Preferably, base station 1112 is
comrespondingly assigning only odd stb-channels to device 1116.

Tn this manner, base station 1112 and 1114 perform complementary reductions in the channels assigned to
devices 1116 and 1118 in order to prevent interference and improve performance of devices 1116 and 1118. The
reduction in assigned channels reduces the overall bandwidth available to devices 1116 and 1118. But as described
above, a system implementing such a complementary reduction of sub-channels will still mantain a higher bandwidth
than conventional systems. Still, it is preferable to recover the unused sub-channels, or unused bandwidth, created by the
reduction of sub-channels in response to alow reported SIR.

One method for recovering the unused bandwidth is illustrated in the flow chart of figure27. First, in step 2702,
base station 1114 receives SIR reports for different groups of sub-channels from device 1118 as described above. Kthe
group SIR reports are good, then base station 1114 can assign all sub-channels to device 1118 mstep 2704. If however,

some of the group SIR reports received in step 2702 are poor, then base station 1114 can reduce the number of
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sub~channels assigned to device 1118, eg, by assigning only even sub-channels, in step 2706. At the same time, base
station 1112 is preferably performing a complementary reduction in the sub-channels assigned to device 1116, e.g, by
assigning only odd sub-channels.

At this point, each base station has unused bandwidth with respect to devices 1116 and 1118. To recover this
bandwidth, base station 1114 can, in step 2708, assign the unused odd sub-channels to device 1116 in adjacent cell 1104.
Tt should be noted that even though cells 1102, 1104, and 1106 are illustrated as geometrically shaped, non-ovetlapping
coverage areas, the actual coverage areas do not resemble these shapes. The shapes are essentially fictions used to plan
and describe a wireless communication system 1100. Therefore, base station 1114 can in fact commumicate with device
1116, even though it is in adjacent cell 1104.

Once base station 1114 has assigned the odd stib-channels to device 1116, in step 2708, base station 1112 and
1114 commumnicate with device 1116 simultaneously over the odd sub-channels in step 2710. Preferably, base station
1112 also assigns the unused even sub-channels to device 1118 in order to recover the unused bandwidth in cell 1104 as
well.

Tn essence, spatial diversity is achieved by having both base station 1114 and 1112 communicate with device
1116 (and 1118) over the same sub-channels. Spatial diversity occurs when fhe same message is transmitted
simultaneously over statistically independent communication pafhs to the same receiver. The independence of the two
paths improves the overall immumity of the system to fading, This is because the two paths will experience different
fading effects. Therefore, if the receiver cannot receive the signal over one path due to fading, then it will probably still be
able o receive the signal over the ofher path, because the fading that effected the first path will not effect thesecond. Asa
result, spatial diversity inproves overall system performance by improving the Bit Enor Rate (BER) in the receiver,
which effectively increases the deliverable data rate o the receiver, i.e,, increase the bandwidth.

For effective spatial diversity, base stations 1112 and 1114 ideally transmit the same information af the same
time over the same stb-channels. As mentioned above, each base station in system 1100 is configured to transmit
simultaneously, i.e., system 1100 is a TDM system with synchronized base stations. Base stations 1112 and 1114 also
assigned the same stib-channels to device 1116 in step 2708. Therefore, all that is left is to ensure that base stations 1112
and 1114 send the same information. Accordingly, the information communicated to device 1116 by base stations 1112
and 1114 is preferably coordinated so that the same informeation is transmitted at the same time. The mechanism for
enabling this coordination is discussed more fiilly below. Such coordination, however, also allows encoding that can
provide firrther performance enhancements within system 1100 and allow a greater percentage of the unused bandwidth
to be recovered.

One example coordinated encoding scheme that can be implemented between base stations 1112 and 1114
with respect to communications with device 1116 is Space-Time-Coding (STC) diversity. STC is illustrated by system
2800 in figwe28. In system 2800, transmitter 2802 transmits a message over channel 2808 to receiver 2806.

Simultaneously, transmitter 2804 transmits a message over channel 2810 to receiver 2806. Because channels 2808 and
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2810 are independent, systerm 2800 will have spatial diversity with respect to communications from transitters 2802
and 2804 to receiver 2806. Tn addition, however, the data transmitted by each trensmitter 2802 and 2804 can be encoded
to also provide time diversity. The following equations illustrate the process of encoding and decoding data in a STC

system, such as system 2800.
First, channel 2808 can be denoted 4, and channel 2810 can'be denoted g;, where:
By =a;,e"?h; and (1)
gn= 05" )

Second, we can look at two blocks of data 2812a and 2812b to be transmitted by transmitter 2802 as illustrated
in figure 28. Block 28122 comptises N-symbols denoted as ap, @y, a3 ., ay, or a(0:N-1 ). Block 2812b transmits N-
symbols of data denoted b(0: N-1). Trensmitter 2804 simultaneously transmits two block of data 2814a and 2814b.
Block 2814ais the negative inverse conjugate of block 2812b and can therefore be described as-b*(V-1 :0). Block 2814b
i the inverse conjugate of block 28122 and can therefore be described as a*(V-1:0). It should be noted that each block of
data in the forgoing description will preferably comprise a cyclical prefix as described above.

When blocks 28122, 2812b, 2814a, and 2814b are received in receiver 2806, they are combined and decoded in
the following manmer: First, the blocks will be combined in the receiver to form the following blocks, affer discarding the
cyclical prefix:

Blockl = a(0:N-1) ®h,-b*(N-1:0) ®g,; and (3)

Block2 =b(0:-N-1) ®h, +a*(\-1.0) &g, @
Where the symbol ® represents a cyclic convolution.
Second, by taking an IFFT of the blocks, the blocks can be described as:

Blockl = A,+H,- B,* « G,; and ®)
Block2 =B, xH,- A,* + G, ©)
Wheren=0toN-1.

Tn equations (5) and (6) H, and G, will be known, or can be estimated. But to solve the two equations and
determine A, and B, it is preferable to tum equations (5) and (6) info two equations with two unknowns, This can be
achieved using estimated signals X, and ¥, as follows:

Xy =4, *H,-B,*+ Gy, and @)
Yn =Bn *-H;z +An* * Gn~ (8)
To generate two equations and two unknowns, the conjugate of ¥, can be used to generate the following two

equations:
X, =4, *H,-B,*« Gy, and (9)

Kz* =B,* *Hz* +An * Gn*- (10)
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" Thus, the two unknowns are 4, and B,* and equations (9) and (10) define amatrix relationship in temns of these
Xﬂ Hn - GIX Aﬂ
N el Il I an
KI Gll H}l Bn

4, 1 H,G X,
' =___2___2_ " n ) n * ! (12)
Bn IHn| +|Gn| - Gan Yn

Signals A, and B, can be determined using equation (12). Tt should be noted, that the process just described is
not the only way to implement STC. Other methods can also be implemented in accordance with the systems and
methods described herein. Tnportantly, however, by adding time diversity, such as described in the preceding equations,
to the space diversity already achieved by using base stations 1112 and 1114 to communicate with device 1116
simultaneously, the BER can be reduced even further to recover evenmore bandwidth.

An example transmitter 2900 configured to communicate using STC in accordance with the systems and
methods described herein is illustrated in figure 29. Transmitter 2900 includes a block storage device 2902, a serial-fo-
parallel converter 2904, encoder 2906, and anterna 2908. Block storage device 2902 is included in transmitter 2900
because a 1 block delay s necessary to implement the coding illustrated in figure 28. This is because transmitter 2804 first
transmits -b,* (n = N-1 fo 0). But by is the second block, so if transmitter 2900 is going to transmit -b,™ first, it must store
two blocks, e.g, a, and b,, and then generate block 2814a and 2814b (see figure 28).

Serial-to-parallel converter 2904 generates parallel bit streams from the bits of blocks a,, and b,. Encoder 2906
then encodes the bit streams as required, e.g,, encoder 2906 can generate -b,* and a,* (see blocks 2814a and 2814b n
figure28). The encoded blocks are then combined into a single transmit signal as described above and transmitted via
anterma 2908.

Transmitter 2900 preferably uses TDM to transmit messages to receiver 2806. An altemnative transmitter 3000
embodiment that uses FDM is illustrated in figure 30. Transmitter 3000 also includes block storage device 3002, a serial-
to-parallel converter 3004, encoder 3006, and anterna 3008, which are configured to perform in the same manner as the
corresponding components in transmitter 2900. But in addition, transmitter 3000 includes IFFTs 3010 to take the IFFT
of the blocks generated by encoder 2906. Thus, transmitter 3000 transmits -5B,* and A,* as opposed to -b,* and a,*,
which provides space, fiequency, and time diversity.

Figure 31 illustrates an altemative system 3100 that also uses FDM but that eliminates the 1 block delay
associated with transmitters 2900 and 3000. In system 3100, transmitter 3102 transmits over channel 3112 to receiver
3116. Transmitter 3106 transmits over channel 3114 to receiver 3116. As with transmitters 2802 and 2804, transmitters

two unknowns as follows:

‘Which can be rewnitten as:
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3102 and 3106 implement an encoding scheme designed to recover bandwidth in system 3100. In system 3100,
however, the coordinated encoding occurs at the syrmibol level instead of the block level.

Thus, for example, transmitter 3102 can transmit block 3104 comprising symbols ag, a;, ap, and az. Tn which
case, transmitter 3106 will transmit a block 3108 comprising symbols -/, ag* -as*, and a*. As can be seen, this is the
same encoding scheme used by transmitters 2802 and 2804, but implemented at the symbol level instead of the block
level. As such, there is no need to delay one block before transmitting. An IFFT of each block 3104 and 3108 can then
be taken and transmitted using FDIM. An IFFT 3110 of block 3104 is shownin figure 31 for purposes of illustration.

Channels 3112 and 3114 can be described by H, and G, respectively. Thus, in receiver 3116 the following
sybols will be formed: |

(BoxHo)-(Ar*+Gy)

(A-H) (A" Gy)
(A« Hp)-(As*+Gy)

(A A Gy).

Tn time, each symbol a, (2 = 0o 3) occupies a slightly different time Jocation. In frequency, each symbol 4, (1
= 010 3) occupies a slightly different frequency. Thus, each symbol 4, is transmitted over a slightly different charmel, 1e.,
H,(n=01t03) or G, (n = 0to 3), which results in the combinations above.

As can be seen, the symbol combinations formed in the receiver are of the same form as equations (5) and (6)
and, therefore, can be solved in the same manner, but without the one block delay.

Tn order to implement STC or Space Frequency Coding (SFC) diversity as described above, bases stations 1112
and 1114 must be able o coordinate encoding of the symbols that are simultaneously sent to a particular device, such as
device 1116 or 1118. Fortunately, base stations 1112 and 1114 are preferably interfaced with a common network
interface server. For example, in a AN, base stations 1112 and 1114 (which would actually be service access points in
the case of a LAN) are interfaced with a common network interface server that connects the LAN to a larger network
such as a Public Switched Telephone Network (PSTN). Similarly, in a wireless WAN, base stations 1112 and 1114 are
typically interfaced with a common base station control center or mobile switching center. Thus, coordination of the
encoding can be enabled via the common connection with the network interface server. Bases station 1112 and 1114 can
then be configured to share information through this common connection related to commumications with devices at the
edge of cells 1104 and 1106. The sharing of information, in tum, allows time or frequency diversity coding as described
above.

Tt should be noted that other forms of diversity, such as polarization diversity or delay diversity, can also be
combined with the spatial diversity in a communication system designed in accordance with the systems and methods
described herein. The goal being to combine altemative forms of diversity with the spatial diversity in order to recover
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larger amounts of bandwidth. Tt should also be noted, that the systems and methods described can be applied regardless
of heumber of base stations, devices, and commumication cells involved.

Briefly, delay diversity can preferably be achieved in accordance with the systems and methods described
herein by cyclical shifting the transmitted blocks. For example, one transmitter can transmit a block comprising Ao, A,
Ay, and A; in that order, while the other transmitter transmits the symbols in the following order As, Ag, Ay, and Ao,
Therefore, it can be seen that the second transmitter transmiits a cyclically shifted version of the block transmitted by the
first transmitter, Further, the shifted block can be cyclically shifted by more then one symbol of required by a particular
implementation.

9. Equalization

As explained above, when datais received in a receiver configured in accordance with the systems and methods
described herein, the data can be received, split info a plurality of bands, filtered, and equalized. Because of the high data
rates involved, however, it can be preferable to perform the equalization at a lower data rate than that of the received data.

An exemplary receive chain 3200 that illustrated various stages of a receiver configured in accordance with the
systems and methods described herein, including equalizer 3210, is illustrated in figure 32. Thus, as can be seen, a
received data stream 3212 is received and split into two parellel data streams 3214 and 3216, respectively, by serial to
paralle] converter 3202. Each data stream will have a lower data rate than the original data stream 3212. The nurnber of
parallel data streams can be equal to the spreading factor used in the transmitter, and the spreading factor can be related to
the number of communication bands used. For purposes of simplicity, it is assumed that the spreading factor is 2 and,
therefore, there are two parallel data streams 3214 and 3216. As can be seen, one of these channels, channel 3214, will
comprise even data bits, while the other will comprise odd data bits.

Even data stream 3214 and odd data stream 3216 can then each be passed to a matched filter 3204 and 3206
respectively.. The output of the matched filters can then be combined info combined data stream 3218 and sent to
equalizer 3210, which will attempt equalize combined data stream 3218, thus generating equalized data stream 3220. The
goal of equalizer 3210 is to provide as accurate an estimate of the original data as possible. The estimated data 3220 can
then be passed to subsequent processing blocks, such as error correction blocks, in order to detect in errors in the estimates.
If errors are detected, various remedial measures can be taken. But the goal should be to limit erors to a rate that still
results in acceptable performance.

One way to allow equalization at a lower rate is to use a simplified Decision Feedback Equalization (DFE)
configuration. The signal 3212 will actually see the sum of 2 ormore autocorrelation fimetions. As aresult:

Zo= (Ao x dy) + (A1 X dna + (A2 X d2) + (Ar* X die1) + (A2™* X dnaa) (13)
Where: AI* and A2* are the complex conjugates of Aland A2,

The last four tetms in equation (13) are what is known as Intra Symbol Interference (ISI) or Intra Chip

Interference (ICT). The first term is the data. So a current data sample, or decision, actually depends on the current sample

as well as two past samples and two firture samples. Obtaining the two past samples should not drive the complexity of
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the equalizer; however, obtaining two firture samples does drive the conplexity.

Accordingly, in fhe embodiment of equalizer 3210 illustrated in figure 33, the two firture samples are ignored. In
this example, combined data stream 3318 passes through combiner 3302 and into a hard decision estimation block 3304.
"This is in contrast with most conventional equalizers, which often depend on soft decisions. The hard decision is then fed
to registers 3306 and 3308 in order to obtain the past two samples, which are multiplied by the associated amplitude
factors Al and A2 and combined in combiner 3314. The output of combiner 3314 is then subtracted fiom the combined
data stream 3218 in combiner 3302.

Thus, equalizer 3210 implements the following:

Zo=(A0xd0)+(Alxd)+(A2xd2) (19
‘Which becomes:
Zo-[(Alx d)+(A2x d2)]=(A0x d0) (15
The output of the equalizer 3210 can then be passed to a Forward Error Correction (FEC) block 3316, which
can clean the estimates up even firther.

Figure 34 illustrates an example configuration, wherein an equalizer in the form of DFE 3400 is coupled with
the FEC block 3316. The FEC block 3316 is then fed back to another equalizer in the form of DFE 3402 in order to
generate a firll estimation of the data. An exarmple implementation of DFE 3400 is illustrated in figure 35. The DFE 3402
can be the same or similar. Again, combined data stream 3218 is passed fhrough a hard decision estimation block 3504,
which is passed to FEC block 3316. FEC block 3316 then supplies the past two estimates and the fiture two estimates,
which are cleaner estimates. Jn the embodiment of figure 35, the current sample is re-estimated by block 3504 and used in
the lower portion of DFE 3402. This iterative process significantly reduces the ISLor ICL

Thus, the iterative equalization illustrated above includes one extra iteration; however, it is very simple to
implement, especially in an Ultra-wideband system, e.g, approximately 1 GHz. This is in part due to the use of hard
decision estimator block 3504. Since the output of hard decision estimator block 3504 is either a 1 or a -1, no
multiplication is necessary. This allows for the elimination of the traditional multipliers and the combiner 3314 may then
comprise summers. Further, FEC block 3316 can include parity check, or the like, in order to detect enrors. If there are no
errors, then there isno reason to feedback the data and perform the iteration.

Figure 36 is a diagram illustrating an example embodiment of amatched filter 3600 that canbe used, e.g, inthe
receive chain of figure 32, The coefficients g, are determined from the channel estimations and the spreading code.

Figure 37 is a diagram llustrating an example embodiment of a DFE 3700 that can be used to implement the
iterative equalization described above. As can be seen, DFE 3700 can include two switches 3702 and 3704 respectively.
During the first iteration, the switches can be in position Y. Thus, only the past samples are used as output form hard
decision estimation block 3706. During the second iteration, the switches can be switch to position X and shift register
3708 can be fed by FEC 3316. Thus, DFE 3700 comprises a past decision block on the left side, and a fiture decision

block on the right side.
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Tt should be noted that the switches can be in position X during the first iteration, which will improve results, but
if speed is an issue then position Y should be used during the first iteration. Altematively, switch 3702 can be in position Y
during the first iteration, while switch 3704 is in position X.

While embodiments and implementations of the invention have been shown and described, it should be
apparent that many more embodiments and implementations are within the scope of the invention. Accordingly, the
nvention is not to be restricted, except in light of the claims and their equivalents.
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1. An equalizer comprising:

ahard decision estimation block configured to generate a hard decision estimate of an input sanple;

apast decision block configured to multiply at least one past decision estimate with an associated coefficient; and

a firture decision block configured to multiply at least one fiture decision estimate with an associated coefficient.
2 The equalizer of claim 1, wherein the hard decision estimate is fed to the past decision block during a first
lterafion.
3. The equalizer of claim 2, wherein the past decision block is fed by the fiture decision block during a second
iteration.
4. The equalizer of claim 1, wherein the hard decision estimate is fed to a forward error comrection block.
5. The equalizer of claim 4, wherein the fiture decision block is fed by the forward emor correction block.
6. The equalizer of claim 1, wherein the output of the past decision block is subtracted from the input of the hard
decision estimation block during a first iteration.
7. The equalizer of claim 6, wherein the output of the firture decision block is combined with the output of the past
decision block, and wherein the combined outputs are subtracted from the input of the hard decision estimation block
during a second iteration.
8. A receiver, comprising;

aserjal to paralle] converter configured to receive a serial data stream and convert it info a plurality of parallel data
streams;

a phurality of matched filters coupled with the serial to parallel converter, the plurality of matched filers
configured to match each of the parallel data streams;

acombiner configured to combine the matched paralle] data streams; and

an equalizer comprising;

ahard decision estimation block configured to generate a hard decision estimate of an input sample;

a past decision block configured to multiply at least one past decision estimate with an associated
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coeflicient; and

a furture decision block configured to multiply at least one future decision estimate with an associated
coefficient.
0. The receiver of claim 8, wherein the hard decision estimate is fed to the past decision block during a first
iteration.
10. The receiver of claim 9, wherein the past decision block is fed by the fiture decision block during a second
iteration.
11 The receiver of claim 8, finther comprising a forward error correction block coupled with the equalizer, wherein
the hard decision estimate is fed to a forward error correction block.
12. The receiver of claim 11, wherein the fisture decision block is fod by the forward error correction block.
13. The receiver of claim 8, wherein the output of the past decision block is subiracted fiom the input of the hard
decision estimation block during a first iteration.
14. The receiver of claim 13, wherein the output of the firture decision block is combined with the output of the past
decision block, and wherein the comibined outputs are subtracted from the input of the hard decision estimation block
during a second iteration.
15. The receiver of claim 12, wherein the forward error comection block is configured to detect errors in the hard
decision estimate produced by the hard decision estimation block, and wherein the forward exror correction block is

firrther configured fo only feed data back to the firture estimation block if exrors are detected.
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