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METHOD AND APPARATUS FOR REDUCING
CO-CHANNEL INTERFERENCE IN A
FRAME-SYNCHRONIZED WIRELESS

COMMUNICATION SYSTEM

Matter enclosed in heavy brackets [ ] appears in the
original patent but forms no part of this reissue specifica-
tion; matter printed in italics indicates the additions
made by reissue.

CROSS-REFERENCE TO RELATED
APPLICATIONS

This ivention 1s related to commonly assigned U.S. Pat.
No. 6,016,311, by Gilbert et al., 1ssued Jan. 18, 2000,
entitled “Adaptive Time Division Duplexing Method and
Apparatus for Dynamic Bandwidth Allocation within a
Wireless Communication System”, and U.S. Pat. No. 6,038,
455, by Gardner et al., 1ssued Mar. 14, 2000, entitled
“Reverse Channel Reuse Scheme m a Time Shared Cellular
Communication System™, both patents hereby incorporated
by reference herein for their teachings on wireless commu-
nication systems in general, and specifically for their teach-
ings ol Adaptive TDD techniques and frequency re-use
techniques, respectively.

BACKGROUND OF THE INVENTION

1. Field of the Invention

This invention relates to communication systems, and
more particularly to a method and apparatus for reducing
co-channel interference 1n a frame-synchronmized wireless
communication system.

2. Description of Related Art

A wireless communication system facilitates two-way
communication between a plurality of subscriber radio sta-
tions or subscriber units (either fixed or portable) and a fixed
network infrastructure. Exemplary systems include mobile
cellular telephone systems, personal communication sys-
tems (PCS), and cordless telephones. The objective of these
wireless communication systems 1s to provide communica-
tion channels on demand between the subscriber units and
the base station 1n order to connect the subscriber unit user
with the fixed network infrastructure (usually a wired-line
system). In the wireless systems using multiple access
schemes, frames of time are the basic transmission unit.
Each frame 1s divided into a plurality of slots of time. Some
time slots are used for control purposes and some time slots
are used for information transfer. Information 1s typically
transmitted during time slots 1n the frame where the time
slots are assigned to a specific subscriber unit. Subscriber
units typically communicate with the base station using a
“duplexing” scheme that allows for the exchange of infor-
mation 1n both directions of connection.

Transmissions from the base station to the subscriber unit
are commonly referred to as “downlink™ transmissions.
Transmissions from the subscriber unit to the base station
are commonly referred to as “uplink” transmissions.
Depending upon the design criteria of a given system, the
prior art wireless communication systems have typically
used either time division duplexing (TDD) or frequency
division duplexing (FDD) methods to facilitate the exchange
ol information between the base station and the subscriber
units. Both the TDD and FDD duplexing schemes are well
known 1n the art. Exemplary wireless communication sys-
tems using these schemes are described 1n more detail in the
related U.S. Pat. No. 6,038,455, by Gardner et al., 1ssued
Mar. 14, 2000, entitled “Reverse Channel Reuse Scheme 1n a
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Time Shared Cellular Communication System”, which has
been incorporated by reference herein for its teachings on
wireless communication systems.

Some communication systems do not use time frames in
communicating between the base station and their respective
and associated subscriber units (or “terminal stations” 1n
Broadband Wireless Access (BWA) communication
systems). For example, BWA systems based on cable
modem technologies do not use time frames when commu-
nicating on either the uplink or the downlink. Therefore,
these systems do not allow for frame synchronization
between base stations and disadvantageously do not permit
coordination between the base stations for purposes of
reducing co-channel 1nterference. Similarly,
un-synchronized TDD systems allow different communica-
tion cells within the system to be “iree running”, in that
different cells and sectors within the system operate on
frames that are not synchronized in time.

Wireless communication systems rely upon frequency
re-use because frequency allocation or bandwidth 1s typi-
cally limited. For example, in cellular communication sys-
tems and broadband wireless systems, geographic areas or
regions are typically divided into cells that are nominally
hexagonally or square shaped. As described 1n U.S. Pat. No.
6,038,455, each cell or sector 1s allocated one or more radio
frequency channels. For example, 1n a cellular communica-
tion system utilizing frequency division multiple access
(FDMA), adjacent or nearby cells are assigned separate 1re-
quencies. Alter all available frequencies have been allocated,
it 1s necessary to begin reusing the frequencies. For example,
if four frequencies are available, 1t 1s necessary to begin
using the first frequency again starting in the fifth cell. Due
to the nature of the systems described in the incorporated
U.S. Pat. No. 6,038,455, and 1n PCS, cellular and paging
systems of the prior art, frequency re-use cannot be used as
aggressively as 1t can be used 1n BWA systems. For example,
in PCS/cellular/paging systems, typically only a fraction of
the frequency spectrum 1s used per cell. In contrast, in BWA,
frequency re-use can be much more aggressive (for example,
a frequency can be re-used at least once per cell, with mul-

tiple sectors).

FIG. 1a 1s a simplified diagram of an exemplary broad-
band wireless configuration showing frequency re-use. In
broadband wireless commumnications, a plurality of base sta-
tions 1 communicate with fixed terminal stations.(1.e., “sub-
scriber units™). As shown 1n FIG. 1a, clusters of four sectors
4 surrounding base stations 1 (1a—1d) form cells 2 (2a-2d).
The cells 2 are shown as being separated by the bold lines 30
and 32. In BWA systems, a cell 2 typically comprises either
four or six sectors 4. In the case of four sectors 4, the cover-
age arca covered by the cell 1s square (as shown 1n FIG. 1a).
In the case of six sectors, the coverage area covered by the
cell 1s hexagonal (as exemplified in FIG. 6 described below).

r

Thus, each cell 2 has an associated and corresponding
base station 1. For example, cell 2a has an associated and
corresponding base station 1a. Cell 2b has an associated and
corresponding base station 1b, and so on. Each base station 1
typically includes an array of sectored antennas for commu-
nicating with the terminal stations within the cells 2. In
accordance with broadband wireless technology, a sectored
antenna 1s typically 60 or 90 degrees in beamwidth for com-
mnunicating with terminal stations within an entire sector.
Thus, 1n a four-sector case, a base station 1a comprises at
least four sectored antennas, one antenna per sector 4
(4a—4d). In a six-sector case, the base station comprises six
sectored antennas. Fach sector contains a plurality of termi-
nal stations that communicate with the base station 1a on a
unique radio frequency (RF) channel.
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In broadband wireless systems, each terminal station uti-
lizes a highly directional antenna (typically less than 3
degrees beamwidth) for communicating with 1ts associated
base station 1. The highly directional antenna 1s fixed and
pointed toward the associated base station 1. The base sta-
tion’s sectored antenna receives energy from any terminal
station operating on the same RF channel and 1s positioned
on a line of sight relative to the sectored antenna. Line of
sight (LoS) 1s defined herein as an unobstructed (first Fresnel
zone clear) radio wave propagation path between a transmit-
ting antenna and a receiwving antenna. On the downlink, a
base station’s 1 sectored antenna transmits energy on an RF
channel to a terminal station’s highly directional antenna.
On the uplink, a terminal station’s highly directional antenna
transmits energy on an RF channel to a base station’s 1
sectored antenna.

In accordance with frequency re-use methodologies and
techniques, a set of RF channels 1s allocated for use in each
cell 2 (for example, cells 2a, 2b, 2¢ and 2d). As shown 1n
FIG. 1a, for example, each cell 2 utilizes a set of four
orthogonal RF channels (A, A", B, and B') comprising two
frequencies (A and B) wherein each frequency has two dii-

terent polarizations (designated by the “non-primed” and
“primed” indicators). Each sector 4 (4a—4d) of a cell 2 there-

fore utilizes a different orthogonal RF channel for communi-
cation between terminals 1n the sector and an associated sec-

tor base station (1.e., a terminal 1n sector 4a uses frequency
A, a terminal 1n sector 46 uses frequency B', a terminal in
sector 4¢ uses frequency B, and a terminal in sector 4d uses
frequency A'). The set of four orthogonal RF channels 1s then
reused as shown 1n FIG. 1a 1n adjacent cells 2 (Tor example,
in cells 2b, 2¢ and 2d). As shown 1n FIG. 1a, 1n each cell 2
(1.e., 1n cells 2a, 2b, 2¢ and 2d), the pattern of frequency
distribution 1s normally a mirror image of adjacent and
diagonal cells 2. Thus, the upper left-hand sector 4a of the
upper left-hand cell 2a uses the same frequency (e.g., Ire-
quency A) as the upper right-hand sector 4b of the adjacent
cell 2b. It also uses the same frequency as the lower right-

hand sector of cell 2d, and the lower left-hand sector of cell
2cC.

Because frequencies are re-used, two cells or sectors oper-
ating on the same usable frequency, though separated
geographically, may interfere with each other. This 1s known
as “co-channel interference”. The effect of co-channel 1nter-
terence varies with terrain and distance. In cases where path
loss conditions favor the desired signal, the co-channel inter-
ference may not be strong enough to have a significant
impact on recerver performance. In other cases, path loss
conditions may cause the difference between the desired car-
rier power and the mterference (known as the “C/I”” ratio) to
be msuificient for good recerver performance. Co-channel
interference 1s inversely proportional to a wireless communi-
cation system’s capacity (1.e., ability to communicate with
multiple terminal stations). Thus, as co-channel interference
increases, system capacity decreases.

Well-known modulation schemes such as quadrature
amplitude modulation (QAM) and quadrature phase shiit
keying (QPSK) are utilized 1n broadband wireless communi-
cations for efficiently transmitting data between terminal
stations and base stations. Three typical modulation schemes
for use 1 broadband wireless communication systems are
QAM-64, QAM-16 and QPSK. When the C/I ratio 1s low
(1.e., relatively high co-channel interference) a robust modu-
lation scheme must be used. QPSK 1s a robust modulation
scheme that can operate at a C/I ratio of approximately 11
dB or greater.

FIG. 1b shows a simplified graphical representation of an
exemplary broadband wireless frequency re-use configura-
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4

tion showing the potential problems associated with
co-channel interference. As shown in FIG. 1b, terminal sta-
tions located within sectors T1-T4 operate on an RF channel
(A). A termunal station located within sector T1 can receive
unwanted radio frequency energy from base stations 1e, 11
and 1g because these base stations 1e—g operate on the same
RF channel (A) and could be in the LoS of the terminal
station. Similarly, base station 1g can receive unwanted
radio frequency energy from terminal stations located within
sectors T1-T3. Receiving unwanted radio frequency energy

causes co-channel interference.

In the exemplary broadband wireless communication sys-
tem of FIG. 1b, the uplink 1s less spectrum eificient than 1s
the downlink. The uplink spectrum eificiency suffers
because the base station collects energy using a sector
antenna having a much greater beamwidth (typically 60 to
90 degrees ) while the terminal station collects energy using a
highly directional antenna (typically less than 3 degrees
beamwidth). Thus, the downlink can support less robust
modulation schemes (e.g., QAM-64 and QAM-16) while the

uplink may require the use of more robust modulation
schemes (e.g., QPSK).

FIG. 2 shows a graphical representation of the uplink C/1
ratio of base station 1g of FIG. 1b versus the probability of
line of sight (LoS) activity of potentially interfering terminal
stations (1.e., terminal stations located within sectors
T1-T3). Only sectors 1n nearby cells are considered 1n this
analysis because the LoS conditions and propagation charac-
teristics change dramatically for distant cells (typically,
10-15 KM 1n millimeter wave frequencies). The vertical
axis represents the C/I ratio measured 1n dB. The horizontal
axis represents the probability (measured as a percentage) of
a terminal station located outside of sector T4 having a LoS
position relative to the base station 1g. The plot line labeled
“T1+T2+13” represents potentially interfering terminal sta-
tions from sectors T1-13. The plot line labeled “T1 only™
represents potentially interfering terminal stations from only
sector T1. Co-channel mterference 1s greatest (1.e., worst
case scenario occurs) when the probability of LoS 1s 100
percent. Thus, the C/I ratio reaches its smallest value (1.e.,
co-channel interference 1s at its greatest) when the probabil-

ity ol LoS 1s 100%.

Referring to the T1+12+4T13 plot line of FIG. 2, when the
probability of LoS of all potential interfering terminal sta-
tions located within sectors 11, T2 and T3 1s greater than
50%, the C/I falls below 11 dB. Thus, the communication
system’s capacity 1s greatly reduced because not even the
most robust modulation scheme (1.e., QPSK) can operate
when the C/1I falls below 11 dB. Referring to the “T1 only”
plot line of FIG. 2, when the probability of LoS of all poten-
tial mterfering terminal stations located within sector T1 1s
100%, the C/I remains above 14 dB. Thus, the communica-
tion system’s capacity 1s not as greatly aflected as 1t 1s 1n the
previous scenario because the most robust modulation
scheme (1.e., QPSK) can operate when the C/I remains
above 11 dB. However, at 100% LoS conditions, the more
robust scheme 1s required. This increases the costs associ-
ated with deployment of the system and reduces the efficien-
cies. Therefore, eliminating co-channel interference from
selected sectors (e.g., T2 and T3) will greatly increase sys-
tem capacity.

Therefore, a need exists for a method and apparatus for
reducing co-channel mterference 1 a wireless communica-
tion system. The co-channel interference reducing method
and apparatus should increase the wireless communication
system’s capacity. Such a co-channel interference reducing
method and apparatus should utilize uplink and downlink
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bandwidth 1n an allocation-efficient manner. The present
invention provides such a co-channel interference reducing
method and apparatus.

SUMMARY OF THE INVENTION

The present invention 1s a novel method and apparatus for
reducing co-channel interference 1 a wireless communica-
tion system. The present mvention includes a powerful
means for eliminating co-channel interference caused by ter-
minal stations in a wireless communication system. The
present co-channel interference reducing method and appa-
ratus utilizes synchronization between selected time frames
(for example, between even and odd time frames) to reduce
co-channel interference. Advantageously, the present mven-
tion reduces co-channel interference and, thus, allows robust
modulation schemes to operate even during a worst case
scenar1o of 100% line-of-sight (LoS) interference. While the
present invention improves system performance and capac-
ity 1in both FDD and TDD systems, one embodiment of the
present invention uses an adaptive TDD technique to further
improve Irequency re-use efficiencies. In accordance with
this technique, when the uplink and downlink frequency
re-use elficiencies differ, the present invention implements
an uplink/downlink ratio formula to further improve system
capacity (1.e., reduce co-channel interference). The present
invention compensates for the re-use elliciency differences
in the uplink and the downlink by changing the ratio
between the uplink and downlink time portions.

The present inventive method and apparatus can be used
in any type of frame based and frame synchronized commu-
nication system having time frames and base station syn-
chronization. One such example 1s use of the invention 1n a 4
sector, 2 frequency sets TDD broadband wireless communi-
cation system. Alternatively, the present mvention can be
used 1n a 6 sector, 3 frequency sets TDD broadband wireless
communication system.

In the preferred embodiment of the present vention,
geographically close base stations having potentially inter-
fering terminal stations operate on the uplink on selected
frames only. Depending on bandwidth demands and spec-
trum elliciency, the present invention can change the uplink
and downlink time frame ratio utilizing a formula based on
system capabilities and demands.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1a 1s a simplified diagram of an exemplary broad-
band wireless configuration showing frequency re-use.

FIG. 1b shows a simplified graphical representation of an
exemplary broadband wireless frequency re-use configura-

tion showing the potential problems associated with
co-channel interference.

FI1G. 2 shows a graphical representation of the uplink C/1
ratio of base station 1g of FIG. 1b versus the probability of
line of sight (LoS) activity of potentially interfering terminal
stations.

FIG. 3 shows the simplified representation of the system
of FIG. 1b utilizing the uplink time-frame allocation scheme
of the present invention.

FIG. 4 shows an exemplary time frame map of the fre-
quency re-use scheme described with reference to FIG. 3.

FIG. 5a shows a simplified graphical description of a fre-
quency re-use scheme for use with the present invention
having a frequency re-use factor of 2, 1 frequency set and 4
sectors per cell.

FIG. 5b shows an exemplary time frame map representing,
the uplink and downlink allocation of sectors X and Y.
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6

FIG. 6 shows a simplified graphical description of a fre-
quency re-use scheme in accordance with the present mven-
tion having a frequency re-use factor of 2, 3 frequency sets
and 6 sectors per cell.

FIG. 7 shows a simplified graphical depiction of a fre-
quency re-use scheme in accordance with the present
invention, showing a frequency re-use factor of 3/2, with 4
available frequency sets and 6 sectors per cell.

FIG. 8 shows a graphical representation of the uplink C/I
ratio resulting from the use of various re-use schemes versus
the probability of line of sight (LoS) activity of potentially

interfering terminal stations.

FIG. 9a shows an exemplary time frame map used 1n the
frame-synchronized systems of FIGS. 3, 6 and 7, showing
the time frame map 1n the uplink of an FDD system.

FIG. 9b shows an-exemplary time frame map used 1n the
frame-synchronized systems of FIGS. 3, 6 and 7, showing
the time frame map in the uplink and downlink of a TDD
system.

Like reference numbers and designations in the various
drawings indicate like elements.

DETAILED DESCRIPTION OF THE INVENTION

Throughout this description, the preferred embodiment
and examples shown should be considered as exemplars,
rather than as limitations on the present invention.

The preferred embodiment of the present invention 1s a
method and apparatus for reducing co-channel interference
in a frame-based and frame-synchronized broadband wire-
less communication system. The present invention elimi-
nates co-channel interference from selected base stations by
transmitting uplink data from the selected base stations at
pre-selected time frames while transmitting uplink data from
other base stations at different pre-selected time frames. In
one preferred embodiment, 1n a TDD system where the
uplink and downlink frequency re-use efficiencies ditter, the
present mvention implements an uplink/downlink ratio for-
mula to compensate for the re-use efficiency differences. An
exemplary frame-synchronized wireless communication
system for use with the present co-channel interference
reducing method and apparatus 1s now described.

Overview of a Frame-Based Communication System
tor Use with the Present Co-Channel Interference
Reducing Invention

An exemplary broadband wireless communication system
for use with the present invention 1s described in the related
U.S. Pat. No. 6,016,311, by Gilbert et al., 1ssued Jan. 18,
2000, entitled “Adaptive Time Division Duplexing Method
and Apparatus for Dynamic Bandwidth Allocation within a
Wireless Communication System”, which 1s hereby incorpo-
rated by reference herein for 1ts teachings on wireless com-
munication systems. The communication system described
in U.S. Pat. No. 6,016,311 1s an adaptive time division
duplexing (ATDD) method and apparatus for duplexing
transmissions in wireless communication systems. The
ATDD system facilitates the efficient use of communication
channels in wireless communication systems by adapting to
the uplink and downlink bandwidth requirements of the
channels. In accordance with the ATDD system, the commu-
nication link bandwidth requirements are continuously
monitored using sets of pre-determined bandwidth require-
ment parameters. The ATDD system flexibly and dynami-
cally allocates time slots for either uplink or downlink trans-
missions 1n response to the changing bandwidth needs of the



US RE42,068 E

7

communication links. The ATDD system 1s particularly use-
tul 1n wideband or broadband wireless communication
systems, although 1t may also be used 1n any data communi-
cation system where an adaptive and dynamic time division
duplexing transmission scheme 1s desirable.

In contrast to the TDD systems of the prior art which have
time slots dedicated for either uplink or downlink
transmissions, the ATDD system dynamically changes the
time slot designation as either an uplink or downlink trans-
mission period. Consequently, the uplink/downlink band-

width allocation can be changed to accommodate the uplink/
downlink bandwidth requirements of the link. The ATDD

system thus allows channels to use either a symmetric or
asymmetric uplink/downlink time slot allocation depending
upon the needs of the channel. In the case of asymmetric
time slot allocation, the ATDD system alternatively allows
asymmetry in favor of the uplink (i.e., allocates more uplink
time slots than downlink time slots) or in favor of the down-
link (1.e., allocates more downlink time slots than uplink
time slots).

A myriad of time slot allocation schemes 1s possible. One
simplified time slot allocation scheme uses a “frame-based”
approach which allows the system to dynamically allocate a
first number of time slots of a frame for downlink
(alternatively, uplink) transmissions only while configuring
the remaining time slots of the frame for uplink
(alternatively, downlink) transmissions. An alternative
frame-based approach similarly allows the system to
dynamically allocate a first number of time slots of a frame
for downlink (alternatively uplink) transmissions only, how-
ever the remaiming time slots of the frame may be allocated
tor either uplink or downlink transmissions, depending upon
the channel bandwidth needs.

The ATDD system 1s particularly advantageous when
used 1 a wireless communication system offering broad-
band data, video and telephone services. The wireless com-
munication system preferably comprises a plurality of cells
-organized 1nto cell clusters, each cell including a base sta-
tion having an associated active antenna array, and each base
station providing wireless connectivity to a plurality of cus-
tomer sites having a plurality of customer premises equip-
ment.

In one preferred embodiment of the ATDD system, chan-
nel efliciency and data bandwidth improvements are
achieved by using bandwidth requirement parameters to
monitor and update the communication link time slot alloca-
tions. In accordance with the ATDD system, each communi-
cation session 1s preferably assigned both an “imitial” and an
“actual” set of bandwidth parameters. The 1mitial set of band-
width parameters can be established when the system 1s first
installed. The actual set of bandwidth parameters are created
and maintained by the system using the monitoring and
updating technique of the present invention. Once the sys-
tem learns about the exact nature of a communication ses-
s1ion’s bandwidth requirements 1t updates the 1nitial values to
accurately reflect the actual bandwidth requirements of the
channel. In addition to assigning, monitoring, and updating
session bandwidth parameters, the present ATDD system
also maintains a set of bandwidth parameters for both the
base stations and the cluster controllers of the wireless com-
munication system. The base station parameters are used in
controlling the uplink/downlink time slot allocations for a
given cell. The cluster parameters are used in controlling the
uplink/downlink time slot allocations for all of the cells 1n a
given cluster.

Uplink Time-Frame Allocation Scheme

The present invention reduces co-channel interference in a
frame-synchronized broadband wireless communication
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system. The present invention eliminates co-channel inter-
ference from selected base stations by transmitting uplink
data from the selected base stations at selected time frames
while transmitting uplink data from other base stations at
different selected time frames.

In the preferred embodiment of the present invention a
simple method allows elimination of co-channel interference
from selected base stations. The method can be used with
systems that have a framing structure on the downlink and

uplink, or alternatively only on the uplink, as do TDD or
half-duplex-FDD systems. As defined herein, a “frame syn-
chronized” system 1s one 1n which all of the base stations use
frame based communications, and wherein all of the frames
are synchronized to one another in the time domain.
Typically, some amount of “guard” time 1s required between
the cells to allow for propagation delays. All of the base
stations 1n these frame synchronized systems communicate
with their respective subscriber units (or terminal stations in
the broadband wireless access systems) using time frames,
wherein the frames are synchronized 1n time. It will be obvi-
ous to those skilled 1n the art that frame based systems exist
that are not synchronized in time on a bit clock level.
However, the present invention contemplates use in frame
based, and frame synchronized communication systems.

In accordance with the present imvention, base stations
having potentially interfering terminal stations are
identified, and then, depending upon the base station’s
location, assigned to communicate on the uplink during
separate time frames. Base stations having potentially inter-
fering terminal stations are base stations that operate on the
same Irequency, have the same polarization, and have sec-
tored antennas facing the same direction relative to absolute

North.

In accordance with the present invention, base stations
having potentially mterfering terminal stations that are geo-
graphically located on the same or similar diagonals (relative
to the base station) operate on a, first set of time frames (e.g.,
“even” time frames). Similarly, base stations having poten-
tially interfering terminal stations that are not geographically
located on the same or similar diagonals operate on a second
set of time frames (e.g., “odd” time frames).

FIG. 3 shows the simplified representation of the system
of FIG. 1b utilizing the uplink time-frame allocation scheme
of the present invention. As shown 1n FIG. 3, when commu-
nicating with terminals located 1n sectors 4a, base stations
1a, 1e, 11 and 1g operate on the same frequency (frequency
A), have the same polarization and have sectored antennas
facing the same direction (northwest). Thus, the sectors 4a
associated with the base stations 1a, 1e and 11 have terminal
stations that can potentially interfere with the base station 1g
when communicating on the uplink. The base station 1a 1s
geographically located on the same diagonal ray 32 as the
base station 1g. Thus, in accordance with the present
invention, base stations 1a and 1g operate on a first set of
time frames in the uplink. For example, base stations 1a and
1g only operate on even time frames 1n the uplink. Base
station 1e 1s located on a diagonal ray 33, and base station 11
1s located on a diagonal ray 31. Base stations 1e and 11 are
not geographically located on the same diagonal ray 32 rela-
tive to the base station 1g. Thus, mn accordance with the
present mvention, base stations 1e and 11 operate on a sec-
ond set of time frames in the uplink. For example, base
stations 1e and 11 operate on odd time frames 1n the uplink.
Theretore, co-channel interference relative to the base sta-
tion 1g 1s eliminated from terminal stations 1n sectors 12 and
T3 (the sectors 4a associated with the base stations 11 and 1e,
respectively). Thus, even 1n a Worst case scenario (FIG. 2) of
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100% LoS, the base station 1g can still operate with a QPSK
modulation scheme because only terminal stations 1n sector
T1 will interfere with the uplink of the base station 1g.

FIG. 4 shows an exemplary time frame map of the fre-
quency re-use scheme described with reference to FIG. 3. As
shown 1n FIG. 4, terminal stations located within sectors T1
and T4 (on the same diagonal relative to the base station 1g)
operate on the uplink (i.e., are active) only during even time
frames. Terminal stations located within sectors 12 and T3
do not operate on the uplink (1.e., are inactive) during even
time frames. Therefore, the terminal stations 1n the sectors
12 and T3 do not contribute to C/I on the uplink during the
even time frames. Referring to FIG. 3, advantageously, dur-
ing even time frames, only terminal stations in sector T1, can
contribute to the C/I realized by base station 1g in the uplink
direction.

Similarly, the terminal stations located within sectors T2
and T3 (not on the same diagonal relative to the base station
1g) operate on the uplink (1.e., are active) only during odd
time frames. Terminal stations located within sectors T1 and
T4 do not operate on the uplink (1.e., are mnactive) during the
odd time frames. Therefore, during the odd time frames, the
base station 1g only receives potential interference in the
uplink from terminal stations located 1n the sectors T2 and
13. However, terminal stations located 1n sector 14 are 1nac-
tive on the uplink during this period, so the interference that
may be produced by the terminal stations in sectors T2 and
T3 do not degrade system performance on the uplink.

Those of ordinary skill in the art shall recognize that any
communication system that operates in a frame based and
frame synchronized manner in the uplink, having frame-
synchronized base stations, can be used to practice the
present inventive uplink frequency allocation re-use scheme.
For example, halt-duplex FDD and TDD can be used with
the present invention. Also, different time frame allocation
schemes can be used with the present invention without
departing from the scope or spirit of the invention. For
example, terminal stations within sectors T1 & T4 can oper-
ate on the uplink every third frame. In this scheme, the ter-
minal stations within the sectors T2 and T3 would be 1nac-
tive on the uplink during the time frames that T1 and T4
were active on the uplink.

The present mventive frequency re-use scheme can also
be extended and adapted for use in systems using a wide
range of cell topologies. In addition, those skilled 1n the art
shall recognize that the present invention can be adapted to
reduce specific potential interference producers within a cell
or sector, wherein the specific potential interference produc-
ers are more likely to intertere due to propagation conditions
in the environment. Note that 1n this case the entire system 1s
not penalized by a factor of 2 using the present invention
(1.e., all of the users 1n the system are not penalized by a
factor of 2 based upon the even/odd time frames used).
Rather, the system allows these interfering users to commus-
nicate on a 1 to N basis. The other system users (most of the
other users) communicate on a N-1 to N basis. N 1s greater
than 1, and typically much greater than 1.

Uplink/Downlink Ratio Allocation Scheme

The present invention utilizes a variable ratio for uplink/
downlink communication time frames when co-channel
interference dictates different spectrum eificiencies for the
uplink and the downlink. Spectrum efliciency 1s defined
herein as the amount of information that can be transmitted
in a communication system as measured in bits per Hertz
(bps/Hz). Typically, spectrum efficiency 1s proportional to
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system capacity and mversely proportional to interference.
Thus, as a system’s interference decreases, the system’s
spectrum elficiency and capacity increases. As 1s well
known, some wireless communication systems have differ-
ent spectrum etficiencies for the uplink (Su) and the down-
link (Sd). For example, as described above, broadband wire-
less access communication systems typically have different
co-channel interference and thus spectrum efficiencies on
the uplink as compared with the downlink due to differences
between the sectored antenna used by the base stations and
the narrow bandwidth antenna used by the terminal stations.
As described in more detail below, the present invention can
take advantage of adaptive TDD techniques (such as those
described in mcorporated and commonly assigned U.S. Pat.
No. 6,016,311) to compensate for differences between the
uplink and downlink spectrum eificiencies.

Although U.S. Pat. No. 6,016,311 teaches changing the
uplink/downlink ratio based upon traific asymmetry
conditions, 1t does not account for changing this ratio based
upon differences in spectrum efliciencies and co-channel
interference in the uplink and downlink. The present mnven-
tion advantageously uses a variable ratio for the uplink and
downlink to compensate for the re-use efliciency differences
between the uplink and the downlink.

In accordance with the present mnvention, when interfer-
ence dictates different spectrum elliciencies 1n the uplink
and the downlink an Adaptive TDD approach 1s used to com-
pensate for the differing ineiliciencies by shifting the imbal-
ance using time compensation. For example, consider the
case where 1t 1s desired to have symmetric uplink and down-
link net bandwidth (1.e., 50% of the bandwidth allocation 1s
reserved for the uplink and 50% for the downlink), but, for
the reasons described above, the downlink average spectrum
elficiency 1s approximately 3 bits per second (bps) per Hz
while the uplink average spectrum elliciency 1s approxi-
mately 1.5 bps/Hz. In this case, the differences in spectrum
eificiencies can be compensated by changing the allocated
bandwidth. For example, in the scenario described, each
frame can be divided into uplink and downlink portions hav-
ing a ratio of 3 to 1.5, or 2 to 1, meaning that approximately
67% of the frame 1s allocated for uplink transmissions and
approximately 33% 1s allocated for downlink transmissions.
Due to the spectrum inelificiencies given, the desired 50/50

net uplink/downlink bandwidth ratio results.

Consider another specific example where, due to different
bandwidth requirements, a downlink/uplink bandwidth allo-
cation ratio of 80% 1s desired (80% of the net bandwidth
allocated for the downlink and only 20% of the net band-
width allocated for the uplink). This may be a typical sce-
nario 1n the case where an Internet web user typically
requires much data from the base station on the downlink,
but transmits a relatively small amount of data on the uplink.
Assumring the same downlink/uplink spectrum efficiencies
described above (1.¢., 3 bps/Hz on the downlink but only 1.5
bps/Hz on the uplink), an adaptive TDD approach can be
used to change the uplink/downlink bandwidth allocation
ratio to compensate for the spectrum elificiencies differences
to achieve the desired net bandwidth allocation of 80/20, by
allocating 67% of the frame for downlink communications,
33% of the frame for uplink communications. Or, described
in another manner, an 80/20 desired net bandwidth alloca-
tion (downlink/uplink) 1s a 4/1 ratio. By allocating 2/3 for
the downlink, and 1/3 for the uplink, or (2/3*3 (bps/Hz))/(1/
3%3/2 (bps/Hz))=2/(1/2)=4/1, the desired net 4 to 1 band-
width allocation ratio 1s achieved despite the differences
between the uplink and the downlink efliciencies.

Now we turn to the more general case. Typically, when a
specific net downlink/uplink ratio 1s desired 1n a time frame
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communication system, the fractional part of the time frame
(or bandwidth) dedicated for the downlink (Rd) 1s calculated

and the system adjusts the bandwidth allocation accordingly.
Equation 1 1s utilized to calculate Rd.

Rd=1/[(Sd/Su)/(Td/Tu)+1 |; Equation (1)

where, Sd=spectrum efliciency for the downlink;

Su=spectrum elliciency for the uplink;

Td=time slots allocated by the system on the downlink;

Tu=time slots allocated by the system on the uplink.

The Td/Tu ratio 1s monitored and adjusted in a well-
known manner by the communication system. Thus, the time
frame (the amount of bandwidth dedicated to the uplink and
the downlink) can be adapted in the time domain accord-
ingly. For example, an ATDD time frame method can allo-
cate the downlink portion of a time frame according to the
Rd value calculated utilizing Equation 1. The fractional part
of the time frame dedicated to the uplink (Ru) i1s simply
calculated from the Rd using the following formula: Ru=1-
Rd.

In accordance with the present invention, when the uplink
time frame allocation scheme described above (with refer-
ence to FIGS. 3 and 4) 1s utilized (e.g., odd/even time frame
allocation), Equation 2 1s utilized for calculating Rd:

Rd=1/[ (Sd/Su)/(Td/Tw/2)+1] Equation (2)

Note that the time slots allocated by the system on the
uplink, or Tu, 1s divided by a factor of “2” 1n Equation 2. As
described above, and for the reasons given above, in BWA
systems, the uplink typically experiences greater co-channel
interference than does the downlink. Consequently, there 1s
less re-use of frequencies on the uplink than there 1s on the
downlink. The uplink 1s penalized by the RF planning
scheme due to the increased interference 1n the uplink. Equa-
tion 2 compensates 1n time for this difference between the
uplink and downlink frequency re-use efficiency by allowing,
for more uplink time.

Thus, the present inventive method and apparatus can uti-
lize a combination of a downlink/uplink ratio and an uplink
time frame allocation scheme to reduce co-channel interfer-
ence 1n a broadband wireless communication system having
ATDD. The present co-channel interference reducing
method and apparatus 1s now described 1n the context of
various exemplary communication re-use schemes.

Exemplary Communication Re-Use schemes

The present mmventive co-channel interference reducing
method and apparatus has been described above 1n the con-
text of a communication re-use scheme having a frequency
re-use factor of 2, 2 frequency sets (A and B) and 4 sectors
per cell. As one of ordinary skill in the wireless communica-
tion art shall recognize, the present invention 1s not so lim-
ited and different communication re-use schemes can be uti-
lized without departing from the scope or spirit of the
present invention. Examples of such alternative schemes are
now described with reference to FIGS. 5-8.

Re-Use 2, 1 Frequency Set, 4 Sectors

FIG. 35a shows a simplified graphical description of a ire-
quency re-use scheme for use with the present invention
having a frequency re-use factor of 2, 1 frequency set and 4
sectors per cell. As shown 1n FIG. 5a, a single frequency A 1s
divided on a time frame allocation basis (even and odd
frames) and polarized to derive four separate RF channels
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(Ae, Ae', Ao and A0'). Ae and A¢' are transmitted only on
even time frames. Ao and Ao' are transmitted only on odd
time frames. FIG. 5b shows an exemplary time frame map
representing the uplink and downlink allocation of sectors X
and Y. As shown 1n FIG. 5b, sector X 1s active on the uplink
during the even time frames while sector Y 1s active on the
uplink only during the odd time frames. As one of ordinary
skill in the art shall recognize the communication scheme of
FIG. 5 can be readily adapted for use with the above-
described present inventive method and apparatus.

Re-Use 2, 3 Frequency Sets, 6 Sectors

FIG. 6 shows a simplified graphical description of a fre-
quency re-use scheme in accordance with the present mven-
tion having a frequency re-use factor of 2, 3 frequency sets
(3 different frequencies having 2 polarizations) and 6 sectors
per cell. As shown 1n FIG. 6, 3 frequency sets are polarized
to dertve 6 distinct RF channels (denoted in the figure by
various different shadings). Sectors having the same shading
use the identical frequency and the identical polarization
(1.e., sectors having the same shading use i1dentical RF
channels). Cells are nominally hexagonally shaped having 6
RF channels per cell.

As shown 1n FIG. 6, base stations 11a, 11b, 11c, 11d, 11e
and 111 all use 1dentical frequency re-use patterns. Identical
re-use patterns are defined herein as cells that use 1dentical
RF channels for each similarly geographically located sector
within the cell. For clarity sake, as shown 1n FIG. 6, the cell
associated with base station 11a uses the same frequency
re-use pattern as base station 11b. Each sector associated
with base station 11a and 11b, and facing the same direction
with respect to their respective base stations 11a and 11b,
use the same RF channel. For example, sector T135
(extending from base station 11a in a northeast direction)
uses the same RF channel as does sector T12 (which extends
from 1ts associated base station 11b 1n the same direction,
northeast). As shown 1n FIG. 6, every other sector 1n the cells
served by base station 1a use the same RF channels as do
their geographical counterpart sectors served by base station
11b.

In order to reduce co-channel interference in the uplink,
we must 1dentify all terminal stations that may potentially
cause co-channel interference 1n the uplink. In order to do
this, only those base stations that use identical frequency
re-use patterns and that are suificiently near the base station
ol interest as to contribute to co-channel interference are
considered. The novel co-channel interference reducing
method and apparatus works on a sector-by-sector basis.
That 1s, only sectors that are sulificiently proximate to a sec-
tor ol interest, using the same RF channel as the sector of
interest, and facing the same direction with respect to their
assoclated base stations as does the sector of interest, need
be considered for interference reduction purposes. The
method 1s then extended and repeated for every sector 1n a
cell and along the line of sight of each sector of the cell.

For this-example, consider the potential uplink interferers
to base station 11a, and specifically, potential interference
that may adversely affect terminal stations located 1n sector
1T15. As shown 1n FIG. 6, base stations 11b, 11c, 11d, 11e
use the same frequency re-use pattern as the base station of
interest, 11a. Each of these base stations uses the same fre-
quency polarizations for sectored antennas that face the
same direction (e.g., northeast). Thus, for example, base sta-
tions 11b—11e¢ have terminal stations located in sectors
111114 that can potentially interfere on the uplink with the
terminal stations 1n sector T15 that communicate on the
uplink to base station 11a. Note that sectors that use the same
RF channel as sector 115, but located a signmificant distance
away from 115 are not considered as potential interferers.
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Therefore, the mventive method determines all of the
potentially interfering sectors that are located 1n cells having
the 1dentical reuse pattern as the base station of interest. In
the example shown, we are interested 1n all sectors that may
potentially interfere on the uplink with sector T15. Sector
115 faces 1n a northeast direction, along directional ray 40,
as shown i FIG. 6. All similarly geographically located
sectors (1.e., located 1n the line of sight of T135 and base
station 11a, and face the same direction with respect to their
associated base stations as does 115 faces with respect to
base station 11a), that are within suificiently close proximity
to sector 115 to potentially cause co-channel interference on
the uplink, and that have identical re-use frequencies and
polarizations as T15, are considered using the present
method. As shown 1n FIG. 6, sectors T11, T12, T13 and T14
all meet these criteria. The transmission stations located 1n
these sectors are therefore potential interferers on the uplink
with the transmission stations located in sector T15. The
sectors are 1dentified as potentially interfering because: (a)
they use the same RF channel as does sector T15, (b) they
face the same direction with respect to their associated base
stations as does 113 (1n this case, the direction of directional
ray 40, ¢.g., northeast), and they are sufficiently proximate
sector T15 as to potentially contribute to co-channel interfer-
ence on the uplink of base station 11a.

The novel method next logically groups the identified
potentially interfering sectors into separate timing groupings
depending upon their proximity from the sector of interest,
in this case, sector T15. For example, the first such sector 1s
the closest sector, T11, associated with base station 11c. An
equidistant sector (equidistant from sector 1T15) that also
uses the identical RF channel as T15, 1s T10, associated with
base station 111. However, T10 1s not 1n the line of sight of
sector 115 along directional ray 40, and therefore would not
significantly interfere. Nonetheless, for purposes of the
present invention, 110 can be logically grouped 1n the same
timing grouping as 111. All other sectors having the same
RF channel and along the same diagonal directional ray as
indicated by diagonal directional ray 44 are logically
grouped together 1n this first timing grouping.

Owing to the configurations of the sectors with respect to
their associated base stations, the diagonal directional rays
that define the sector timing groupings are perpendicular to
the line of sight of the sector of interest. For example, as
shown 1n FIG. 6, the dlagonal directional ray 44 that defines
the first sector timing grouping 1s perpendicular to the line of
sight of sector 115, or the direction that sector T13 1s facing
with respect to 1ts associated base station 11a. This direction
1s defined 1n FIG. 6 by the directional ray 40.

Base stations 11b, 11d and 11e use identical frequency
re-use plans as base station 11a and can be defined by a
second diagonal directional ray, as indicated by the second
diagonal directional ray 46. Similar to the first diagonal ray
44, the diagonal ray 46 defines a second sector timing group-
ing comprising base stations 11b, 11d, and 11e, and sectors
112, T13 and T14, respectively. Note that the diagonal 46 1s
perpendicular to the ray 40, and necessarily parallel to the
diagonal 44. These two diagonals, 44 and 46, are used by the
present mnvention to control the frame timing of their respec-
tive sectors.

In order to remove the uplink interference that may be
caused by the sector T11 (the closest sector to sector T15),
terminal stations 1n the sector T11 are allowed to transmit on
the uplink only during frames when those 1n sector T135 (of
base station 11a) are mnactive. Alternatively, the terminal sta-
tions 1n sector T11 are mnactive when 113 1s active on the
uplink. As shown 1n FIG. 6 and as described above, sector
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111 belongs to the first timing grouping defined by diagonal
44. Accordingly, T11 1s active only during a first set of
frames and 1nactive during a second set of frames. Assuming
a frame based communication system having “odd” and
“even” frames, the first set of frames may be referred to as
odd frames, and the second set of frames may be referred to
as even Iframes. Therefore, T11 1s active 1n the uplink only
during odd frames, and inactive during even frames. T15 1s
inactive in the uplink during odd frames, and active during
even Irames. FIG. 6 retlects this timing by referring to diago-
nal 44 as an “odd” diagonal, and diagonal 42 as an “even”
diagonal. Diagonal 46 1s also referred to as an “even”
diagonal, because 1t uses the same frame timing as does
sector T15. More specifically, sectors T12, T13 and T14
(defined by the even diagonal 46) are all active during even
frames, and 1nactive during odd frames.

Advantageously, interference on the uplink from terminal
stations 1n the geographically closest potentially interfering
sector T11 (potentially interfering on the uplink with termai-
nal stations 1n sector T15) 1s effectively removed during the
time frames that the terminal stations in sector T15 are
active. The co-channel interference from the other poten-
tially interfering sectors (1 €., 1T12-T14) 1s still present, but 1t
1s at acceptable levels due to the distance that these sectors
are from the sector of interest T15. Therefore, the overall
performance of the communication system 1s improved
using the present invention.

Note that the reuse technique described above can be
extended to 1include every sector 1n the cell of interest. Using
the same approach as described above, a second sector of
interest 1s selected. For example, the sector directly adjacent
to T15 and to the west of T15 1s selected as the second sector
ol imterest. This sector now faces a second direction with
respect to base station 11a. In this case diagonal ray 40 faces
a new direction, 1.e., the northwest direction. Consequently,
the sector timing group diagonals 42, 44 and 46 are all
rotated 1n a counterclockwise fashion to point in a southwest
to northeast direction. That 1s, the diagonals 42, 44 and 46
are perpendicular to the now northwest pointing directional
ray 40.

The frame timing of the sectors having the same RF chan-
nel as the new sector of interest, and defined by the diagonals
42, 44 and 46 for the sectors 1s the same as described above
for the case when T135 was the sector of interest.
Consequently, the timing of the potentially interfering sec-
tors are defined by the even diagonals 42, 46 and the odd
diagonal 44 1n the same manner as described above. Those
of ordinary skill in the art shall recognize that this same
process can be repeated for every sector for a base station of
interest in order to define the frame timing for every sector 1in
the communication system.

Re-Use 3/2, 4 Frequency Sets, 6 Sectors

FIG. 7 shows a simplified graphical depiction of a fre-
quency re-use scheme in accordance with the present
invention, showing a frequency re-use factor of 3/2, with 4
available frequency sets and 6 sectors per cell. In accordance
with this re-use scheme, and as shown 1n FIG. 7, 3 of the 4
available frequency sets are polarized to derive 6 separate
RF channels (denoted by various shadings) per cell. Sectors
with 1dentical shadings use 1dentical RF channels. Cells are
nominally hexagonally shaped. This 1s a simplification of a
real-world environment, but it 1s used to describe this
embodiment of the invention.

As shown by the shadings of the sectors in FIG. 7, cells
corresponding to base stations 21a, 21b, 21c and 21d all
have 1dentical frequency re-use plans. The frequency re-use
pattern 1s 1dentical for every sector that extends in the same
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direction away from their respective base stations. For
example, for the sectors extending in a Northeast direction
away from the base stations 21a, 21b, 21c and 21d, the same
frequencies, having the same polarization are used. Thus, as
described above, the base stations 21b, 21c, and 21d may
include terminal stations located in sectors T21, T22, and
123, respectively, that can potentially interfere on the uplink
with terminal stations in sector T24 communicating with the
base station 21a. Similar to the diagonal rays described
above with reference to FIG. 6, the base station 21a 1s geo-
graphically located on the same diagonal directional ray
(indicated by directional ray 40') as 1s the base station 21c.
That 1s, the closest cell to the cell centered by base station
21a (closest 1n proximity when moving 1n the direction along
directional ray 40'), and that also uses the identical fre-
quency re-use pattern as does base station 21a, 1s the cell
centered by base station 21c¢. Said 1n another way, the closest
potentially mterfering (on the uplink) sector to sector 124,
along directional ray 40' 1s the sector T22.

However, as shown 1in FIG. 7, there are two other poten-
tially interfering sectors, sectors T21 and 123. These sectors
face the same direction (with respect to their associated and
respective base stations 21b and 21d) as sector 124 faces
with respect to 1ts associated base station 21a (1.e., Northeast
in the direction of ray 40"). Furthermore, sectors 121 and
123 are closer 1n proximity to sector 1724 than 1s sector 1T22.
Therefore, 1n order to reduce co-channel interference 1n the
uplink from nearby potentially interfering sectors (in this
case, 121 and T23), T21 and 123 are active on the uplink
during a first set of time frames, 124 1s active on the uplink
during a second set of time frames, and vice versa.

Similar to the technique described with reference to FIG.
6, sectors 121 and 123 are therefore assigned to a first sector
timing grouping designated by a first diagonal ray 52 labeled
as “even” 1n FIG. 7. Sector 124 1s assigned to a second
timing grouping designated by a second diagonal ray 31
labeled as “odd” 1n FIG. 7. Sector 122 1s also assigned to an
“odd” diagonal ray 53, and uses the same timing as used by
sector 124 (1.e., 1t 1s active on the uplink during the second
set of time frames). If the system uses an “odd/even™ time
frame designation, sectors 124 and 122 are active on the
uplink only during odd time frames, and inactive during
even time frames. In contrast, sectors 1721 and 123 are active
on the uplink only during even time frames and inactive
during odd time frames.

This same technique can be described with reference to
the base stations associated with sectors T21-124. Base sta-
tions 21a and 21c are active in the uplink only during odd
time frames. Base stations 21b and 21d are inactive on the
uplink during the odd time frames, and active only during
the even time frames. Therefore, any potential co-channel
interference that may have been introduced by the terminal
stations 1n sectors 121 and T23 (relative to base station 21a,
and thus affecting uplink communications from terminal sta-
tions 1n sector 124) 1s eliminated. The only potential inter-
ference on the uplink 1s from terminal stations 1n sector T22
during the odd time frames. However, this mterference is
acceptable because sector 122 1s at a significant distance
from sector 1T24. Consequently, co-channel interference on
the uplink 1s reduced, capacity 1s increased, and less robust
modulation schemes may be used. This results 1n a more
elficient, less costly communication system.

Note that the reuse technique described above can be
extended to include every sector in the cell of interest. Those
skilled 1n the art shall recognize that the communication
system of FIG. 7 can be extended as similarly described with
respect to FIG. 6. Accordingly, a different sector of interest
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1s selected, and the sector diagonals described above are
rotated 1n a counter-clockwise fashion to point in the same
direction as the terminal stations located within the sector of
interest face with respect to their associated base station.
Those of ordinary skill 1 the art shall recognize that this
same process can be repeated for every sector for a base
station of interest 1n order to define the frame timing for
every sector 1n the communication system.

FIG. 8 shows a graphical representation of the uplink C/I
ratio resulting from the use of various re-use schemes versus
the probability of line of sight (LLoS) activity of potentially
interfering terminal stations. The vertical axis represents the
C/I ratio measured 1n dB. The horizontal axis represents the
probability (measured as a percentage) of a terminal station
having a LoS position relative to the desired base station.
Co-channel interference 1s greatest (1.e., worst case scenario
occurs) when the probability of LoS 1s 100 percent. Thus,
the C/I ratio reaches 1ts smallest value (1.e., co-channel inter-
ference 1s at 1ts greatest).

Referring now to FIG. 8, four plot curves are shown that
represent the observed C/I when the four re-use schemes
described above are used. First, the curve labeled “4 sector
case” shows the C/I associated with the 4 sector re-use
scheme described above with reference to FIG. 1, wherein
the co-channel interference reduction of the present imven-
tion 1s not employved. Second, the curve labeled “6 sector
case” shows the C/I improvements observed when using the
6 sector re-use scheme described above with reference to
FIGS. 6 and 7, however, without implementing the
co-channel interference reduction method and apparatus of
the present imnvention. The C/I improvement using the 6 sec-
tor re-use scheme of FIG. 6, and implementing the
co-channel interference reduction scheme of the present
invention, 1s shown in the curve labeled “Nearby interferer
climinated”. Finally, the curve entitled *“single interferer
(relevant to FR=3/2)" plot line represents the 6 sector re-use
scheme described above with reference to FIG. 7 and imple-
menting the co-channel interference reduction of the present

ivention.
The horizontal dashed lines labeled “64 QAM, 16 QAM

and 4 QAM” of FIG. 8 represent the minimum C/I levels
below which the associated modulation schemes cannot
function properly. Thus, a QAM-64 modulation scheme can
operate properly at a (/1 level of 25 dB or greater, but will
not function properly below 25 dB. A QAM-16 modulation
scheme can function properly at a C/I level of 18 dB or
greater. A QAM-4 modulation scheme can function properly
at a C/I level of 11 dB or greater. Analyzing the curves of
FIG. 8, the “4 sector case” plot line falls below the 4 QAM
line at a LoS greater than approximately 50%. Similarly, the
“6 sector case” plot line falls below the 4 QAM line at a LoS
greater than approximately 553%. Thus, the system capacity
of the 4 sector and the 6 sector re-use schemes are greatly
reduced because not even the most robust modulation
scheme (1.e., 4 QAM) can function properly when the C/I
talls below 11 dB.

However, when the present co-channel interference reduc-
ing method and apparatus of the present invention 1s utilized
with the 6 sector re-use scheme described above with refer-
ence to FIG. 6 (represented by the “nearby interferer elimi-
nated” curve), the worst case C/I scenario (1.¢., 100% LoS) 1s
11 dB. Thus, the communication system’s capacity 1s not
greatly affected because the most robust modulation scheme
(1.e., QPSK) can function when the C/I remains 11 dB or
above.

Furthermore, when the present co-channel interference
reducing method and apparatus 1s utilized with the 6 sector
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re-use scheme described above with reference to FIG. 7
(represented by the “single interferer” curve), the C/I falls
below 18 dB at approximately 75% LoS. Thus, using the
present inventive method and apparatus, a wireless commu-
nication system can operate using a QAM-16 modulation
scheme whenever the LoS 1s less than 75%.

Exemplary Time-Frame Maps—Hali-Duplex FDD
and TDD

The present mventive co-channel interference reducing
method and apparatus has been described above 1n the con-
text of various communication re-use schemes having vari-
ous frequency re-use factors, frequency sets and cell sectors
(e.g., communication schemes described with reference to
FIGS. 3, 6 and 7). Those of ordinary skill in the art shall
recognize that any communication system that operates in a
frame based and frame synchromized manner 1n the uplink,
having frame-synchronized base stations, can be used to
practice the present inventive uplink frequency allocation
re-use scheme. Two exemplary time-frame maps (hali-
duplex FDD and TDD) that can be used in the frame-
synchronized systems of FIGS. 3, 6 and 7 are now described
with reference to FIGS. 9a-9b.

Half-Duplex FDD

FIG. 9a shows an exemplary time frame map used in the
frame-synchronized systems of FIGS. 3, 6 and 7, showing
the time frame map 1n the uplink of an FDD system. The
exemplary time frame map shown 1n FIG. 9a can be used 1n
the frame-synchronized systems of FIGS. 3, 6 and 7. As
shown 1n FIG. 9a, base stations located on “even” diagonals
(e.g., diagonal ray 32 of FIG. 3, diagonal rays 42 and 46 of
FIG. 6 and diagonal ray 52 of FIG. 7) communicate with
associated terminal stations on the uplink (i.e., are active)

only during even time frames. Base stations located on
“odd” diagonals (e.g., diagonal rays 31 and 33 of FIG. 3,

diagonal ray 44 of FIG. 6 and diagonal rays 51 and 53 of
FIG. 7) communicate with associated terminal stations on
the uplink (1.e., are active) only during odd time frames.
Theretore, the terminal stations associated with the base sta-
tions located on the odd diagonals do not contribute to C/I on
the uplink during the even time frames. Similarly, the termi-
nal stations associated with the base stations located on the
even diagonals do not contribute to C/I on the uplink during
the odd time frames. Therefore, when the time frame map of
FIG. 9a 1n the uplink of an FDD system 1s utilized interfer-
ence that may be produced by the terminal stations in nearby
sectors does not degrade system performance on the uplink.
TDD

FIG. 9b shows an exemplary time frame map used 1n the
frame-synchronized systems of FIGS. 3, 6 and 7, showing
the time frame map in the uplink and downlink of a TDD
system. The exemplary time frame map shown in FIG. 9b
can be used 1n the frame synchronmized systems of FIGS. 3, 6
and 7. As shown 1n FIG. 9b, base stations located on “even”
diagonals (e.g., diagonal ray 32 of FIG. 3, diagonal rays 42
and 46 of FIG. 6 and diagonal ray 52 of FIG. 7) communi-
cate with associated terminal stations on the uplink (1.e., are
active) only during even time frames. Base stations located
on “odd” diagonals (e.g., diagonal rays 31 and 33 of FIG. 3,
diagonal ray 44 of FIG. 6 and diagonal rays 51 and 53 of
FIG. 7) communicate with associated terminal stations on
the uplink (1.e., are active) only during odd time frames.
Theretore, the terminal stations associated with the base sta-
tions located on the odd diagonals do not contribute to C/I on
the uplink during the even time frames. Similarly, the termi-
nal stations associated with the base stations located on the
even diagonals do not contribute to C/I on the uplink during
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the odd time frames. Therefore, when the time frame map of
FIG. 9b 1n the uplink of a TDD system 1s utilized interfer-
ence that may be produced by the terminal stations in nearby
sectors does not degrade system performance on the uplink.
Advantageously, 1n utilizing the time frame map of FIG. 9b,
the downlink of the TDD system 1s unaffected. As described
above, due to system capabilities, the downlink 1s more
robust (1.e., receives less interference) than the uplink and,
thus, has a higher capacity.

SUMMARY

In summary, the co-channel interference reducing method
and apparatus of the present invention includes a powertul
means for eliminating co-channel interference from terminal
stations 1n a wireless communication system. The present
co-channel interference reducing method and apparatus uti-
lizes frame synchronization between selected time frames
(e.g., odd and even time frames) to reduce co-channel inter-
ference. Advantageously, the present invention reduces
co-channel interference and, thus, allows robust modulation
schemes to operate even at a worst case scenario of 100%
line-of-sight (LoS) interference. The present invention can
also implement an uplink/downlink ratio formula to further
improve system capacity (1.e., reduce co-channel
interference) in ATDD systems.

A number of embodiments of the present invention have
been described. Nevertheless, 1t will be understood that vari-
ous modifications may be made without departing from the
spirit and scope of the mvention. For example, the present
inventive method and apparatus can be used in any type of
frame based and frame synchronized communication sys-
tem. One such example 1s use of the invention 1n a 4 sector, 2
frequency set TDD broadband wireless communication sys-
tem. Alternatively, the present invention can be used i a 6
sector, 3 frequency set TDD broadband wireless communi-
cation system. In addition, adaptive antennas can be used 1n
combination with the present invention to increase system
capacity. Furthermore, multi-point to point links can be used
to practice the present invention. This 1s equivalent to using a
plurality of narrow beam sectored antennas at the base sta-
tion. Accordingly, 1t 1s to be understood that the invention 1s
not to be limited by the specific illustrated embodiment, but
only by the scope of the appended claims.

What 1s claimed 1s:

1. A method of reducing co-channel interference 1n a
frame-based broadband wireless communication system,
wherein the communication system comprises a plurality of
base stations and a plurality of terminal stations, wherein
cach terminal station 1s associated with at least one base
station, and wherein each base station has an associated and
corresponding cell, wherein each cell includes a plurality of
associated and corresponding sectors, and wherein the plu-
rality ol base stations use frame-synchronized
communication, and wherein the communication system
comprises an uplink and a downlink, and wherein the uplink
comprises an uplink signal divided into a plurality of time
frames, and wherein each time frame has an associated and
corresponding {frame number, the method comprising the
steps of:

a) determining a set of terminal stations that may poten-
tially iterfere with a selected base station;

b) determining a geographically diagonal subset of the set
of terminal stations, wherein the diagonal subset com-
municates with a first set of associated and correspond-
ing base stations that are approximately diagonal to the
selected base station;
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¢) determining a geographically non-diagonal subset of
the set of terminal stations, wherein the non-diagonal

subset communicates with a second set of associated
and corresponding base stations that are not approxi-
mately diagonal to the selected base station;

d) allocating a first set of time frames for the first set of
base stations;

¢) allocating a second set of time frames for the second set
of base stations:

1) transmitting uplink information from terminal stations
associated with the first set of base stations during the

first set of time frames; and

g) transmitting up link information from terminal stations
associated with the second set of base stations during
the second set of time frames.

2. The method of reducing co-channel interference in a
frame-based broadband wireless communication system of
claim 1, wherein the communication system 1s a half-duplex
frequency-division duplexed (FDD) system.

3. The method of reducing co-channel interference in a
frame-based broadband wireless communication system of
claim 1, wherein the communication system 1s a time-
division duplexed (TDD) system.

4. The method of reducing co-channel interference in a
frame-based broadband wireless communication system of
claim 1, wherein the first set of time frames comprises odd-
numbered time frames.

5. The method of reducing co-channel interference in a
frame-based broadband wireless communication system of
claim 1, wherein the second set of time frames comprises
even-numbered time frames.

6. The method of reducing co-channel interference as set
forth 1n claim 1, wherein a net uplink/downlink ratio com-
prises a 1/N ratio, wherein N 1s a positive number.

7. The method of reducing co-channel interference as set
forth 1n claim 6, wherein the net uplink/downlink ratio 1s
determined from a downlink average spectrum efliciency
and an uplink average spectrum elliciency.

8. The method of reducing co-channel interference as set
forth 1n claim 6, wherein the net uplink/downlink ratio 1s
determined from an R , value and an R, value, and wherein
the R , value comprises a first fractional part of a time frame
that 1s dedicated for the downlink and the R, value com-
prises a second fractional part of a time frame that 1s dedi-
cated for the uplink.

9. The method of reducing co-channel interference as set
forth 1n claim 8, wherein the R , value 1s calculated 1n accor-
dance with the following formula:

R =L[(S/S)T,/T,)+1].

and wherein, S_=a spectrum efficiency for the downlink;
S =a spectrum efficiency for the uplink;

T =time slots allocated by the system on the downlink;
and

T =time slots allocated by the system on the uplink.

10. The method of reducing co-channel interference as set
forth 1n claim 9, wherein the R value 1s calculated 1n accor-
dance with the following formula:
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11. The method of reducing co-channel interference as set
forth 1n claim 8, wherein the R , value 1s calculated 1n accor-
dance with the following formula:

R =1/[(S /S (T /T, /2)+1],

and wherein, S _=a spectrum efficiency for the downlink;
S =a spectrum etliciency for the uplink;

T =time slots allocated by the system on the downlink;
and

T =time slots allocated by the system on the uplink.

12. The method of reducing co-channel interference as set
forth 1n claim 1, wherein the communication system com-
prises an Adaptive Time Division Duplexing (ATDD) com-
munication system.

13. The method of reducing co-channel interference as set
forth 1n claim 1, wherein the step (a) of determining a set of
terminal stations comprises the sub-steps of:

1) determining an operating property set for a selected
sector of the selected base station; and

11) determining a set of terminal stations that comprise the

operating property set of the selected sector.

14. The method of reducing co-channel interference as set
forth 1n claim 13, wherein the operating property set com-
prises a polarization, a frequency and a base station antenna
direction.

15. The method of reducing co-channel interference as set
forth 1n claim 13, wherein the set of terminal stations
includes terminal stations that are associated with sectors of
at least one base station.

16. The method of reducing co-channel interference as set
forth 1n claim 1, wherein the step (a) of determining a set of
terminal stations comprises the sub-steps of:

1) determining a polarization and a frequency of a commu-
nication signal and determining an antenna direction
for a selected sector of the selected base station; and

11) determining a set of terminal stations that include
polarizations and frequencies of the communication
signal similar to those determined in sub-step (1) and
that also include a similar antenna direction for the
selected sector as that determined 1n sub-step (1).

17. The method of reducing co-channel interference as set
forth 1n claim 1, wherein the communication system
includes a communication re-use scheme having a frequency
re-use factor of 2, a 2-frequency set and having a 4 sectors-
per-cell configuration.

18. The method of reducing co-channel interference as set
forth 1n claim 1, wherein the communication system
includes a communication re-use scheme having a frequency
re-use factor of 2, a 1-frequency set and having a 4 sectors-
per-cell configuration.

19. The method of reducing co-channel interference as set
forth 1n claim 1, wherein the communication system
includes a communication re-use scheme using a frequency
re-use factor of 2, a 3-frequency set and having a 6 sectors-
per-cell configuration.

20. The method of reducing co-channel interference as set
forth 1n claim 1, wherein the communication system
includes a communication re-use scheme using a frequency
re-use factor of 3/2, a 4-frequency set and having a 6 sectors-
per-cell configuration.

21. An apparatus for reducing co-channel interference in a
frame-based broadband wireless communication system,
wherein the communication system comprises a plurality of
base stations and a plurality of terminal stations, wherein
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cach terminal station 1s associated with at least one base
station, and wherein each base station has an associated and
corresponding cell, wherein each cell includes a plurality of
associated and corresponding sectors, and wherein the plu-
rality of base stations use frame-synchronized 5
communication, and wherein the communication system
comprises an uplink and a downlink, and wherein the uplink
comprises an uplink signal divided into a plurality of time
frames, and wherein each time frame has an associated and
corresponding frame number, comprising: 10

a) a set determining means for determining a set of termi-
nal stations that may potentially interfere with a
selected base station;

b) a diagonal subset determining means for determining a
geographically diagonal subset of the set of terminal 15
stations, wherein the diagonal subset communicates
with a first set of associated and corresponding base
stations that are approximately diagonal to the selected
base station;

¢) a non-diagonal subset determining means for determin-
ing a geographically non-diagonal subset of the set of
terminal stations, wherein the non-diagonal subset
communicates with a second set of associated and cor-
responding base stations that are not approximately
diagonal to the selected base station;

d) a first allocating means for allocating a first set of time
frames for the first set of base stations:

¢) a second allocating means for allocating a second set of
time frames for the second set of base stations;

1) a first transmitting means for transmitting uplink infor-
mation from terminal stations associated with the first
set of base stations during the first set of time frames;
and a second transmitting means for transmitting
uplink information from terminal stations associated
with the second set of base stations during the second
set of time frames.

22. A frame-based broadband wireless communication

system for reducing co-channel interference, comprising:

a) a plurality of base stations for transmitting and receiv- ,,
ing communication signals within a cell;

b) a base station controller, operatively coupled to the

plurality of base stations, for controlling the plurality of
base stations;

¢) a general purpose computer, operatively connected to 45
the base station controller, for:

1)determining a set of terminal stations that may poten-
tially interfere with a selected base station;

11) determiming a geographically diagonal subset of the
set of terminal stations, wherein the diagonal subset 5q
communicates with a first set of associated and cor-
responding base stations that are approximately
diagonal to the selected base station;

111) determining a geographically non-diagonal subset
of the set of terminal stations, wherein the non- 55
diagonal subset communicates with a second set of
associated and corresponding base stations that are
not approximately diagonal to the selected base sta-
tion;

1v) allocating a first set of time frames for the first set of ¢
base stations;

v) allocating a second set of time frames for the second
set of base stations; and

d) a plurality of terminal stations, communicatively
coupled to at least one of the plurality of base stations, 65
for transmitting and recerving communication signals
within the cell.
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23. A wireless communication system, comprising.

a plurality of base stations to transmit and/ov receive
communication signals within cells; and

a base station controller, operatively coupled to said plu-

rality of base stations, to:

determine a set of terminal stations that potentially
interfere with reception at a selected base station
from a terminal station in a line of sight of a sector
associated with the selected base station, wherein
one or more of said terminal stations operates on a
same frequency as the selected base station, a same
polarization as the selected base station and/or com-
prises an antenna facing the selected base station;

determine a first subset of the set of terminal stations,
wherein the first subset communicates with a first set
of associated base stations that are approximately
located along a ray that substantially intevsects the
selected base station and that is obligue and/ov per-
pendicular to the line of sight of the sector;

determine a second subset of the set of terminal
stations, wherein the second subset communicates
with a second set of associated base stations includ-
ing one or more base stations that are not approxi-
mately located along the rvay that substantially inter-
sects the selected base station;

determine a first set of time frames for the first subset of
the set of terminal stations; and

determine a second set of time frames for the second
subset of the set of tevminal stations,

wherein the first subset and the second subset of the set of
terminal stations respectively transmit uplink informa-
tion during the first set of time frames and the second
set of time frames.

24. The wireless communication system of claim 23, fur-

ther comprising.

a communication hub to provide one or more communica-

tion services to customers; and

a video server to provide a video service to at least one of
said customers through said communication hub.
25. The wireless communication system of claim 24, fur-
ther comprising:
a plurality of customer premises equipment (CPE) sta-

tions to deliver said one or more communication ser-
vices to said customers; and

at least one rvesidential gateway coupled to one of said
CPFL stations.

26. The wireless communication system of claim 24,
wherein the communication hub further comprises at least
one ATM switch to provide at least one ATM service to one
or movre of said customers.

27. The wireless communication system of claim 26,
wherein said at least one ATM service includes at least one
of a video service, a voice service and a data service.

28. The wireless communication system of claim 23,
wherein the selected base station further comprises a sec-
tored active antenna array.

29. A wireless communication system, comprising:

a plurality of base stations to transmit and/or receive
communication signals within cells;

a base station controller to control two or more of said
plurality of base stations; and

a general purpose computer, coupled to the base station

controller, to:
determine a set of terminal stations that potentially
interfere with reception at a selected base station
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from a terminal station in a line of sight of a sector
associated with the selected base station, wherein
one or movre of said terminal stations operates on a
same frequency as the selected base station, a same
polarization as the selected base station and/or com-
prises an antenna facing the selected base station;
determine a first subset of the set of terminal stations,
wherein the first subset communicates with a first set
of associated base stations that ave approximately
located along a ray that substantially intersects the
selected base station and that is obligue and/ov per-
pendicular to the line of sight of the sector;
determine a second subset of the set of terminal
stations, wherein the second subset communicates
with a second set of associated and corrvesponding
base stations including one or more base stations
that are not approximately located along the ray that
substantially intersects the selected base station;
determine a first set of time frames for the first subset of
the set of terminal stations; and
determine a second set of time frames for the second
subset of the set of tevminal stations,

whevrein the first subset and the second subset of the set of
terminal stations respectively transmit uplink informa-
tion during the first set of time frames and the second
set of time frames.

30. A method, comprising:

identifving, by a general purpose computer, a set of one or
movre terminal stations that potentially interfere with
reception at a selected base station from a terminal
station in a line of sight of a sector associated with the
selected base station, wherein the one or movre of said
tevminal stations operates on a same frequency as the
selected base station, a same polarization as the
selected base station and/ov comprises an antenna fac-
ing the selected base station;

identifving, by said general purpose computer, a first sub-
set of the set of tevminal stations, wherein the first sub-
set communicates with a first set of associated base
stations that arve approximately located along a ray that
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substantially intersects the selected base station and
that is oblique and/ov perpendicular to the line of sight
of the sector;

identifving, by said general purpose computer, a second

subset of the set of terminal stations, wherein the sec-
ond subset of terminal stations communicates with a
second set of associated base stations including one or
movre base stations that are not approximately located
along the ray that substantially intersects the selected
base station;

determining a first set of time frames for the first subset of

the set of terminal stations; and

determining a second set of time frames for the second

subset of the set of tevminal stations,

wherein the first subset and the second subset of the set of

tevminal stations respectively transmit uplink informa-
tion during the first set of time frames and the second
set of time frames.

31. The method of claim 30, wherein said selected base
station and said terminal station in the line of sight of the
sector associated with the selected base station communi-
cate using a half-duplex frequency-division duplexed (FDD)
communication system.

32. The method of claim 30, wherein said selected base
station and said terminal station in the line of sight of the
sector associated with the selected base station communi-
cate using a time-division duplexed (I'DD) system.

33. The method of claim 30, wherein said selected base
station and said terminal station in the line of sight of the
sector associated with the selected base station using a

0 : : : :
frame-synchronized communication system that transmits

information in an uplink signal and a downlink signal, said
uplink signal being partitioned into sequentially numbered
time frames.

34. The method of claim 30, wherein said selected base
station and said terminal station in the line of sight of the
sector associated with the selected base station communi-
cate using an Adaptive Time Division Duplexing (ATDD)
communication system.
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