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Spaced in proximity Sufficient to provide effective beam 
forming or Scanning, ideally less then one-half of one 
wavelength at the frequency of operation. The Direction of 
Arrival (DOA) of Signals impinging upon the array can be 
calculated by comparing Signals from Sub-array elements. 
Each sub-array can then be filtered or beam formed so as to 
provide high gain to desired signals received from the DOA 
(which may be a multipath Signal) while at the same time 
damping out undesired signals Such as co-channel interfer 
ence (CCI) in the frequency band of operation. The DOA is 
also used in a method of allocating frequency bins for data 
Signals, Such as in an OFDMA System, to provide weighted 
guidelines for bin allocation to maximize received signal 
power. 
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METHOD AND APPARATUS FOR 
INTERFERENCE SUPPRESSION IN 

ORTHOGONAL FREQUENCY DIVISION 
MULTIPLEXED (OFDM) WIRELESS 
COMMUNICATION SYSTEMS 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

Not Applicable. 

STATEMENT AS TO RIGHTS TO INVENTIONS 
MADE UNDER FEDERALLY SPONSORED 

RESEARCH AND DEVELOPMENT 

Not applicable. 

BACKGROUND OF THE INVENTION 

In the last few years, the number of commercial cellular 
telephone users has risen dramatically, but the bandwidth 
allocated to cellular telephony has remained nearly constant. 
Because of the limited nature of cellular telephony band 
width as a resource, the cost of obtaining bandwidth has 
risen dramatically. This necessitates the efficient utilization 
of available bandwidth resources to maintain commercial 
viability. 
Many intelligent Schemes for optimizing the use of avail 

able bandwidth resources have been proposed. These meth 
ods include Such means as Signal compression or elimination 
of non-essential frequency artifacts to reduce the overall 
bandwidth. Other systems include Time Division Multiple 
Access (TDMA) where multiple users utilize the same 
frequency band by transmitting bursts of data in Specified 
periodic time slots or Code Division Multiple Access 
(CDMA) systems. 

The use of Orthogonal Frequency Division Multiplexing 
(OFDM) as a modulation and multiple access method for 
commercial wireleSS communication Systems is not widely 
practiced and is expected to grow in the future. Potential 
applications include wireless local loop, wireleSS local area 
networks and cellular and PCS systems. Possessing many of 
the benefits of well known time and code division multiple 
access Systems, OFDM based multiple acceSS Systems are 
also referred to as Orthogonal Frequency Division Multiple 
Access (OFDMA) systems in the literature. Recently, 
OFDM was chosen as the modulation Scheme for the 
European Digital Audio Broadcast (DAB) standard and the 
European Terrestrial Digital Video Broadcast (DVB-T) stan 
dard. OFDM based hybrid multiple access systems such as 
OFDM-TDMA and Multicarrier-CDMA are also being 
actively researched. 
Such communication Systems consist of a downlink and 

an uplink. The downlink is the unidirectional communica 
tion link from a single base-station (BS) to multiple remote 
(possibly mobile) transceivers. The uplink is the unidirec 
tional communication link from these transceivers to the BS. 
Typically, the downlink and uplink occupy distinct non 
overlapping frequency bands-also called frequency divi 
Sion duplex (FDD) operation. It is also possible to operate in 
time division duplex (TDD) (“ping-pong” or half-duplex 
mode) where the uplink and downlink occupy the same 
frequency band but alternate in time. This is generally 
preferred only for indoor Systems. The uplink is a multiple 
access channel Since the plurality of remote transceivers 
access or share the uplink channel resources. The downlink 
can be thought of as a broadcast or multicast link. In general, 
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2 
the problem of interference Suppression is more difficult and 
important for the uplink Since typically it represents the 
capacity bottleneck (compared to the downlink). 
One of the major problems faced by wireless communi 

cation systems is that of interference. In particular, in OFDM 
Systems, two main categories of interference are Inter-Bin 
Interference (IBI) and Co-channel Interference (CCI). IBI is 
the manifestation of loss of orthogonality between different 
bins of a OFDM system. Each data carrying bin acts as a 
Source of interference (or noise) for every other data carry 
ing bin. CCI refers to any other undesired Signal whose 
Spectrum overlaps with the Spectrum of the particular 
OFDM system under consideration and causes interference. 
For example, Sources of CCI may be other analog or digital 
communication/broadcast Systems (which may or may not 
be using OFDM) operating in the same (or adjacent) fre 
quency band in the same/nearby geographic areas. IBI and 
CCI can increase the bit-error-rate of the particular fre 
quency bins that are experiencing the interference. AS a 
result, the OFDM system performance may be degraded. 
Thus, interference Suppression techniques are desirable for 
high-performance Systems. A number of different techniques 
have been prepared to either avoid or Suppress interference. 
A factor which must be considered in multiple access 

wireleSS Systems is that of power control or automatic gain 
control (AGC). Essentially, the receiver must be able to 
ensure that the received power of each bin is within a certain 
target range. This problem is made difficult by the presence 
of fading which can easily cause fluctuations in the received 
power in the range of 20-40 dB in a matter of seconds. Thus, 
in wireleSS Systems, Some basic power control mechanisms 
may be used. However, these power control mechanisms 
may not be perfect. Imperfect power control may exacerbate 
the effect of IBI. 

If CCI is localized in frequency (i.e., narrowband CCI), 
the particular bin (or bins) that are affected such that the 
average signal-to interference-plus-noise ratio (SINR) is 
reduced below a certain threshold can be left unused. If the 
interference is temporary, the bin can be reused when the 
SNR improves. The basic procedure is well established in 
digital subscriber line (DSL) modems which use DMT as the 
modulation Scheme. This procedure may be implemented by 
the BS in a wireless OFDM system by measuring any CCI 
acroSS the frequency band of interest. However, the problem 
is more difficult in wireleSS Systems because of the presence 
of fading which can also greatly reduce the SNR. Thus, the 
average SNR must be tracked. Fading results in fluctuations 
in the channel frequency response with time. 
One measure of the rate of change of the channel response 

with time is given by the So-called Doppler spread (units of 
Hertz). When there is little relative movement between the 
receiver and transmitter (or when the propagation environ 
ment is relatively static), the multipath fading can be con 
sidered to be slow fading and the Doppler spread is around 
5 Hz or less (this is not to be confused with the attenuation 
due to distance which also changes slowly, typically accord 
ing to the log-normal distribution). In Such cases (e.g. 
wireless local loop and indoor Systems), the receiver can 
track and estimate the channel frequency response for each 
bin with good accuracy. This is typically accomplished via 
the use of periodic pilot sub-symbols inserted in the Sub 
Symbol Streams of each bin of interest. For example, for a 
given data carrying bin, every pth (say p=8 or 16) Sub 
Symbol can be pilot (training) Sub-Symbol to estimate the 
channel periodically. For in-between sub-symbols, the 
receiver can estimate the channel by operating in decision 
directed mode or by interpolation. For fast fading channels 
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(Doppler spread 10-200 Hz), estimating the channel is more 
difficult and Sophisticated time-frequency interpolation tech 
niques must be used (this is a drawback of OFDM). 

Several techniques have been proposed in the literature 
for combating IBI and/or CCI. One method of addressing 
IBI is to Space data carrying bins apart in frequency and 
leave bins unused there between. This is effective because: 
(a) the effect of IBI decreases with increase in frequency 
Separation between bins and, (b) for a given total bandwidth, 
there are fewer active bins. However, this is wasteful of 
bandwidth and not a preferable Solution. Another approach 
for addressing IBI and CCI is forward error correction 
(FEC) codes, mostly implemented in conjunction with inter 
leaving. FEC codes may afford Some protection against 
noise and interference. A related method is the use of Trellis 
coded modulation (TCM) to address IBI and CCI. However, 
the methods proposed heretofore have met with limited 
Success. A need remains for an improved method and 
apparatus to overcome the problems associated with IBI and 
CCI. 

One aspect of the present invention is targeted at inter 
ference suppression in the uplink of a FDD OFDMA system 
using spatial Signal processing via antenna arrays deployed 
at the BS receiver. The present invention is not limited to 
FDD OFDMA, but may be to carry out interference Sup 
pression in other Scenarios as well Such as for hybrid 
OFDM-TDMA systems: Multicarrier-CDMA systems, TDD 
Systems and in the downlink of the above Systems. 

SUMMARY OF THE INVENTION 

The present invention affords a method and apparatus for 
Suppression of CCI Via the use of receive antenna arrays at 
the BS for the uplink channel. In addition, those skilled in 
the art will recognize that the application of this invention is 
not limited to the BS uplink channel, but is also applicable 
elsewhere including the BS downlink and at the remote 
transmitter/receivers. The intelligent use of antenna arrayS 
for mitigating fading and interference is also referred to as 
“Smart” or “intelligent antennas. Smart antenna Systems 
may be carried out through the use of Switched beam 
antennas or adaptive arrays (AA). Switched beam antennas 
use a fixed beam forming network to provide Several output 
ports corresponding to beams in fixed directions. Signal 
levels in each beam are monitored and analyzed to Switch 
the beams appropriately among different time or frequency 
channels depending on the air-interface Scheme. Adaptive 
arrays, on the other hand, electronically Steer a phased array 
by weighting the amplitude and phase of Signal at each 
element in response to changes in the propagation environ 
ment. Adaptive arrays provide greater Steering flexibility in 
response to the propagation environment. The preferred 
embodiment focuses on adaptive arrayS. However, Switched 
beam antennas may be used. 
A first inventive aspect of the present invention involves 

an adaptive array (AA) architecture and methods for com 
bating the effect of IBI and CCI over multipath fading 
channels. AS described above, the Solution is presented for 
the uplink of an OFDMA system with synchronous uplink, 
however, the present invention is not limited to OFDMA. A 
Second inventive aspect involves a method for allocation of 
frequencybins (i.e., determining the spectral locations orbin 
numbers) to different users by taking spatial and other 
information (Such as automatic gain control (AGC) 
information) into account. Each user may require one or 
more bins to meet a certain quality of Service requirement. 
This aspect of the invention is most appropriate in the 
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4 
context of the adaptive array architecture described above 
but, in general, is not limited to Such a receiver configuration 
as will be apparent to those skilled in the art. 

For multi-element AA receivers, each element may have 
its own RF-to-baseband conversion and baseband demodul 
lator. Of course, hardware optimizations may be possible. 
All beam forming and diversity combining algorithms oper 
ate on digital complex baseband Signals, for instance via 
general purpose or application specific DSP's, ASICS, in 
Software (Such as in Software radios) or combinations 
thereof. 

Consider slowly time-varying fading channels (SFC) first. 
This implies that the channel attenuation coefficients in each 
frequency bin can be taken to be constant over each Symbol 
(a Single complex number). Also, these coefficients may 
change from Symbol to Symbol but at a slow rate relative to 
the Symbol rate. Some Systems predominantly encounter 
SFC (e.g. indoor systems) while others encounter FFC's 
(e.g. cellular Systems along highways). However, most wire 
leSS communication Systems of interest experience a mix of 
SFC and FFC conditions. 

Generally, wireleSS communications Systems experience 
two primary types of Signal fading within channels, Slow 
time varying fading and fast time varying fading. The IBI 
due to the time-varying fading nature of a channel is 
negligible. IBI due to frequency offsets (imperfect 
Synchronization) is still possible. A preferred embodiment of 
the present invention includes a AA with the elements 
Spaced far apart (5 to 15 wavelengths) to obtain spatial 
diversity, i.e., independent fading at different antenna ele 
ments. The combining method of the preferred embodiment 
uses maximal ratio combining (MRC) to correct for IBI and 
Additive white Gaussian noise (AWGN). The MRC is 
merely a spatial matched filter. If an M element array is used, 
each bin has a separate M dimensional combining weight 
vector. To implement MRC, the channel frequency response 
for each bin may be estimated via periodic pilot Sub 
symbols. Note that the MRC also subsumes the role of the 
Standard frequency equalization (FEO) operation. 

If CCI is also present, an optimal method (i.e., according 
to one specific criterion) is the so-called maximum SINR 
optimum combining (MSOC). This method also uses chan 
nel estimation. In addition, Some Statistics of the Signal and 
interference must also be estimated. Periodic pilot Sub 
symbols can be used for both these tasks. MSOC has greater 
computational burden than MRC but greater potential for 
performance improvement. 

For fast time-varying channels, implementing MSOC 
may require excessive bandwidth overhead for pilot Sub 
symbols. Basically, if MSOC is implemented on a FFC, it 
may not give any more benefit than if MRC was used. In 
fact, the performance can worsen if the channel coefficients 
are not tracked properly. Unfortunately, the method required 
to remedy this requires a different receiver architecture than 
above. Therefore, the receiver architecture has to be chosen 
to be one of the two and it may not be possible to change it 
on the fly unless the BS has a flexible software radio 
architecture. To avoid the foregoing problems, the preferred 
embodiment proposes the two-stage method as described 
below. 

First, the antenna array is partitioned into Sub-arrayS. The 
elements of each Sub-array are spaced close together (e.g., 
half wavelength or less to avoid Spatial aliasing or grating 
lobes) to facilitate beam forming. Second, the individual 
Sub-arrays are-spaced far apart (e.g., 5-15 wavelengths) to 
obtain Spatial diversity. The preferred embodiment uses each 
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Sub-array for beam forming for CCI Suppression. Since the 
post-beam forming outputs from each Sub-array may be 
largely affected by noise only, they can be diversity com 
bined. Diversity combining can be done using MRC (which 
requires channel estimation). But channel estimation is 
expected to be easier in the Second Stage Since the first stage 
is expected to greatly reduce the interference. No FEO is 
required since the MRC essentially serves the role of a 
“multi-element” FEO. If MRC is not feasible, Switched 
diversity combining (SDC) may be used by measuring the 
instantaneous SNR for each Sub-array's output and Selecting 
the “best” option each symbol time (other variations are also 
possible). In this case, a standard FEO is still required. AS 
mentioned earlier, techniques for channel estimation via 
time-frequency patterns of pilots can be used in conjunction 
with the proposed AA architecture and an overall improve 
ment in performance and/or reduction in complexity/ 
bandwidth overhead of those algorithms is expected. Note 
that the use of this two-stage architecture and method is not 
limited to operation over FFC only and can be used over 
SFC as well instead of MSOC (but MSOC is very difficult 
to implement over FFC). Thus, the two-stage method can be 
considered to be more general. Nor is the number of 
elements in each Sub-array or the number of Sub-arrayS 
limited. Increasing the number of elements in each Sub-array 
can provide for more-optimal beam forming while increasing 
the number of Sub-arrays outputs that are diversity combined 
can Serve to further reduce interference. As an example, a 
preferred embodiment may have each Sub-array made up of 
4-8 elements with 2 sub-arrays for a total of 8-16 elements. 

In addition, beam forming in Stage 1 can be done accord 
ing to any one of a number of criterion. The preferred 
embodiment uses direction-of-arrival (DOA) based con 
straints for beam forming. DOA based constraints may be 
used when signals are directional Such as in rural or Subur 
ban environments, but are less desirable when the angle 
spread is large (Such as in indoor environments). 
A number of methods may be used for DOA estimation. 

For example, Some remote transmitters may be equipped 
with GPS type equipment to enable the BS to compute this 
information. Other possible methods are the use of BS 
triangulation via time-difference-of-arrival (TDOA) mea 
surements. One method to estimate DOA's of a given user 
is by using adjacent antenna array elements in each Sub 
array. The idea here is to extract the phase differences 
between complex baseband (symbol rate) samples from 
adjacent Sensors or doublets. AS mentioned above, the 
Sensors in each Sub-array are spaced a half-wavelength apart 
or closer to avoid Spatial aliasing. For a range of channel 
Scenarios, the fading experienced by adjacent Sensors is 
almost perfectly correlated. For the range of Signal band 
widths and RF carrier frequencies, the Signals can be con 
sidered to be narrowband. Thus, when the Signals are 
coherently downconverted and demodulated, a mutual phase 
offset is induced between the Samples obtained from ada 
cent Sensors. This phase offset is proportional to the inter 
Sensor spacing (normalized in wavelengths) and the Sine of 
the DOA measured with respect to the normal to the array. 
This spatially induced phase offset is not only obtained for 
Successive Symbols, but also for all bins being used by a 
particular user. Thus, the measured phase offset can be 
Smoothed in space (over multiple doublets in each Sub-array 
and using multiple Sub-arrays), in time (over a block of 
Symbols), and in frequency (over multiple bins used by the 
same user) to mitigate the effect of noise. Note that Since all 
array processing algorithms operate on complex baseband 
outputs, the processing can be efficiently done in the fre 
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6 
quency domain. Also note that the AA receiver Structures 
may also be implemented in conjunction with Sectorized 
cells. For example, each cell can have 3–6 Sectors and an AA 
receiver can be used within each Sector. Of course, one of the 
advantages of AA in cellular/PCS Systems is to achieve a 
reduction in the number of sectors per cell (which will 
improve the trunking efficiency) and still derive benefits of 
Spatial Separation between Signals. 

Generally, according to the preferred embodiment, the BS 
attempts to allocate bins to facilitate or augment the miti 
gation of IBI and CCI. In this method, the BS continually 
monitors a number of parameters and uses them to compute 
the bin allocations for a given user. Such allocations are 
typically made at Start-up, but may also be made on-the-fly 
for non-constant bit-rate type applications. The allocations 
can also be changed dynamically in response to changes in 
the prevalent noise and interference conditions. For opera 
tion over SFC, deep fades may occur over portions of the 
Signal spectrum (perhaps spanning several bins) for 
extended periods of time, perhaps Seconds or even minutes. 
Bins can also be dynamically reassigned in Such cases. 
To be more Specific, consider a System where signals are 

spatially localized (e.g. most cellular/PCS rural/suburban 
systems). Assume that the BS has estimates of the direction 
and received power of the dominant Signal paths of all active 
users. Due to multipath communications, each user may 
have more than one distinct (and strong) multipath direc 
tions. The BS will typically set a limit on the number of 
dominant paths that it can take into account (Such as 2 or 3) 
due to constraints in computation/memory etc. Such esti 
mates can be computed as per discussion above or by pilots 
embedded in the Sub-Symbol streams of users. Similarly, the 
BS also computes the power and directions of CCI across the 
band of interest. For example, if the two Stage receiver 
architecture described above is used, these directions and 
powers can be obtained from the beam forming coefficients 
used in each Sub-array. 

For example, assume that a particular user is to be 
allocated Kbins. Using these inputs, the BS allocates bins to 
Satisfy the following (desired) criteria: 
1. The Kbins belonging to any one user Should be spaced as 

far apart in frequency as possible to minimize mutual IBI. 
Spacing the bins belonging to each user over a wide range 
of frequencies within the band also provides frequency 
diversity. Frequency diversity is desirable because it 
Serves to lessen the effects of fading over a certain 
frequency range. For example, by allocating many widely 
Spaced frequency bins to a single user, if the operating 
environment is Such that Some of the bins experience 
fading, the overall Signal quality will Still remain high 
because the other user bins will not experience this 
fading; in short, fading over a Small frequency range 
within the band will not effect the whole signal. 

2. Each bin is placed in a neighborhood with bins belonging 
to other users which are spaced as far apart as possible in 
the dominant DOAS of their signals. For example, a 3-5 
bin neighborhood is expected to be suitable for most 
applications. 

3. Each bin is placed in a neighborhood with bins belonging 
to other userS Such that differences in Signal Strength of 
active bins in the neighborhood are minimized. 

4. Each bin is placed in a spectral location Such that there are 
no co-channel interferers in the same frequency band. If 
no Such locations are available, spectral locations are 
chosen based on the DOA of the CCI and the signal 
strength of the CCI. In general, CCI bins with lower CCI 
Signal Strength are assigned before bins with higher CCI 
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Signal Strength. Also, bins are allocated So that the dif 
ference in the DOA's of the particular user and the CCI 
are as large as possible. These criteria are balanced 
depending upon the operating environment. 
These criterion lead to better Separation of potentially 

interfering Signals in the Spatial domain, thus facilitating the 
operation of Spatial interference Suppression techniques. The 
above criteria may be “weighted” differently to construct 
algorithms or flowcharts optimized for a specific (or cat 
egory of) channel and interference Scenarios, as will be 
apparent to those skilled in the art. For example. If IBI is the 
dominant impairment, items 1 and 2 above can be given the 
most importance. Item 3 is important if the System is 
operated in an environment with a wide range of received 
power levels. Similarly, if CCI is the dominant impairment, 
item 4 is given the highest priority. Since the number of bins 
in an OFDM can be quite large (several hundred bins is 
common), the implementation of the overall algorithm must 
be reasonably simple to enable execution in real-time. For 
instance, one possible way to implement it would be to 
construct a data Structure which contains a table of infor 
mation about each bin. This would include information Such 
as whether the bin is active or inactive (at any given time), 
the user occupying the bin if any, whether it is a data, control 
or pilot bin, modulation Scheme and constellation size of 
Sub-Symbols in the bin, received power level, dominant 
DOA's of the user occupying the bin, power level and 
DOA's of any co-channel interfererS Spectrally overlapping 
with the bin, etc. Note that all items of the above information 
may not be available or be able to be computed for each bin 
at all times. Certain of the above factors (like received power 
levels) appear to be best Suited for update on a periodic 
(Scheduled) basis (Such as every n milliseconds or during 
each frame as per Some existing framing structure). Other 
items are better Suited for update in an event driven mode 
(Such as user activity and constellation size), i.e., when a 
user arrives, departs, requests (or is forced to have) a change 
in the amount of allocated bandwidth. 

Turning now to a more rigorous examination of uplink 
multiple access using OFDM. In an OFDMA system, the 
entire uplink bandwidth processed by a base-station is 
(dynamically) allocated among a group of users. While the 
downlink is always synchronous, unlike uplink TDMA 
Systems in which remote units transmit in bursts in Specified 
periodic time-slots, uplink OFDMA can be made synchro 
nous using the method of loop-timing. In this method, each 
mobile transceiver first synchronizes itself to the base 
Station on the downlink and then derives its uplink trans 
mitter timing reference from the recovered downlink clock. 
To facilitate the former task, the base-station embeds pilot 
tones in the transmitted downlink Signal which are utilized 
by the remote receiver to “lock-on” to the base's timing 
reference. To overcome frequency Selective fading acroSS 
the signal bandwidth, multiple pilots can be used. While 
conventional baseband digital phase locked loops can be 
used for operation over slowly time-varying channels, for 
frequency acquisition and tracking algorithms Suitable for 
operation over fast time-varying channels. The local timing 
reference for mobile transceivers are usually derived from a 
Voltage Controlled Crystal Oscillator (VCXO) which pro 
vides the timing reference for the receiver A/D, transmitter 
D/A and all radio frequency (RF) circuitry. Frequency 
offsets between the receive and transmit Symbol clock occur 
due to non-idealities in the remote transceiver VCXOS, 
possibly of the order of Several parts-per-million (ppm). 
ASSuming that the initial tasks of carrier frequency 

Synchronization, Symbol timing recovery and Symbol time 
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8 
alignment have been completed this enables the base-station 
receiver to demodulate received baseband Signals from all 
users with a single FFT. The base-station is also responsible 
for all bandwidth management functions to provide each 
unit with shared access to the uplink channel. 

BRIEF DESCRIPTION OF THE SEVERAL 
VIEWS OF THE DRAWINGS 

FIGS. 1a-1c illustrate a preferred embodiment of the 
adaptive antenna array architecture implemented for use in 
a cellular telephone System according to the present inven 
tion. 

FIGS. 2a-2b illustrate a preferred embodiment of the 
Sub-array of the adaptive antenna array architecture of FIG. 
1. 

FIG. 3 illustrates, graphically, a method for determining 
the direction of arrival of received signals or co-channel 
interference. 

FIGS. 4a and 4b illustrate exemplary signal response 
patterns of the adaptive antenna array as modified according 
to the present invention to focus the gain at multi-path 
reception points and reduce the gain at points of co-channel 
interference. 

FIG. 5 is a general block diagram of the adaptive antenna 
array architecture of the embodiment of FIG. 1. 

FIG. 6 illustrates a typical environment for operation of 
the adaptive antenna array architecture of the embodiment of 
FIG. 1 including the geographic positioning of multiple 
users and co-channel interference. 

FIG. 7. illustrates the manner by which frequency bins are 
allocated by the adaptive antenna array architecture in the 
frequency domain according to one embodiment of the 
present invention. 

FIG. 8 is a block diagram of one exemplary method for 
frequency bin allocation of the preferred embodiment of the 
present invention. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

Initially, an explanation is provided of an OFDM trans 
mission model before describing the preferred embodi 
ments. Consider a discrete time OFDM system model in 
which Northogonal Sinusoids are transmitted each Symbol 
time. The N bins are partitioned among a total of L inde 
pendent users in non-overlapping sets of KAN/L (assumed 
integer) bins for each user. Without loss of generality, a 
complex baseband representation is used for all Signals. 
Thus, the normalized transmitted Signal from the lith user is 
given by 

X. a(k)ev, in e O, N - 1, le O, L - 1 (2.1) 
1 

S(n) = - - 
N keS 

where j=V-1; a(k) is the kth frequency domain sub-symbol 
typically Selected from a quadrature amplitude modulation 
(QAM) constellation, and S, denotes the set of bin indices 
belonging to the lth user. With a sample rate f, assume that 
each user encounters a time-Selective multipath fading chan 
nel impulse response (CIR) spanning a maximum duration 
T=U/f. Thus, the received signal after passing through 
the channel is given by, 

IPR2023-00796 
Apple EX1015 Page 12



US 6,795,424 B1 

- U-1 (2.2) 
x(n) = X hi(n)s(u), le (0, L - 1) 

where h(n) denotes the CIR for the lth user at time n due 
to the impulse Ö(n-u). Note that slowly time-varying chan 
nels may be considered to be time-invariant over a symbol 
period leading to hi(n)=h(n-u). Using (2.1) in (2.2), 

(2.3) U-1 
1 2 

: - hn-u y keiko-), x(n) VN it=0 (n) a(k)e 
keS 

in e O, N - 1, le O, L - 1 

Each symbol is prefixed with a cyclic prefix (CP) or guard 
time. The CP serves two main purposes. First, inter-symbol 
interference is eliminated when the CP length is chosen to be 
longer than the CIR. Second, by appropriately Selecting the 
transmitted Samples of the CP, the transmitted Signal appears 
periodic to the channel resulting in Simplified frequency 
domain equalization. 
This is done by setting 

where G is chosen Such that TsT, i.e. GSU. In 
addition, the CP can also be utilized for synchronization 
purposes. At the receiver, the CP Samples are discarded 
before demodulation and it is Sufficient to consider each 
Symbol independently. The received uplink Signal at the 
base-station from all users is given by 

(2.4) 

L. -l (2.5) 
r(n) = x(n) + w(n) + 3(n) 

O 

where v(n) denotes discrete-time AWGN samples with vari 
ance O, and Z(n) denotes discrete-time CCI Samples. After 
discarding the CP, (2.5) can be written compactly in matrix 
form for an entire Symbol as, 

L-1 -l (2.6) 
HiT Day + v +2, 

O 

where r=r(0), r(1), . . . .r(N-1) is the received signal 
vector; a? C.; denotes the column vector of frequency 
domain sub-symbols from the lth user; v=v(0), V(1),..., 
v(N-1)'eC'; z=z(0), Z(1),..., z(N-1)'eC; H =diag 
(h_{(0), h_t (1), • • • h_v (N-1)) eCNXN, denotes 
the diagonal CIR matrix for the lith user and uth delay; 
DeCK-K denotes a diagonal matrix of phase delays whose 
element corresponding to the kth bin is given by 

e-jiku 

and TeC denotes the inverse-DFT modulating matrix 
whose column corresponding to the kth bin is given by 

1 2n 2n six-il' tik = 1, ev, ... iwk(N 1. VN 

Turning our attention to the slowly time-varying channel, 
We begin by considering a slowly varying fading channel in 

1O 
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10 
which the impulse response may be taken to be time 
invariant over a symbol period. This case illustrates the 
demodulating procedure and will also serve as a starting 
point for the rest of the analysis. Thus, H=h(u)I, where 
h(u) is the uth impulse response coefficient. Using (2.6), the 
pth bin belonging to, Say the lith user, is demodulated as 

where, 
(2,7) 

and v(p) and Z(p) denote the post-demodulation residual 
noise and CCI respectively. Thus, there is no fading induced 
IBI in this case. There are several methods for frequency 
domain equalization ranging from no equalization at all (for 
instance, using differential-phase-shift-keying Schemes Such 
as D-QPSK), to sophisticated time-frequency adaptive fil 
tering algorithms. The former are usually Sufficient for 
Slowly time-varying channels while the latter are used in 
more demanding environments. 
Now consider the fast time-varying channel. AS above, 

using (2.6), the pth bin belonging to, say the lth user, is 
demodulated as 

L. - U 
H y(p) = ti, H.T. Day + ti (v +3) 

O : 

1 
if (p) = N 

: 2 
X. 

O k E 
se 
St 

It is straightforward to show that the variance of v(p) equals 
O, and the post-demodulation CCI variance is given by, 

O (p) = EL2(p) = 

S (1-1/Nr.neil - Po). Eli n=-(N-1) inf IV Jr...(n )e : *Msinfo| 2p 

where E. denotes the ensemble expectation; r() is the CCI 
discrete time auto-correlation function and P(w) is the CCI 
power spectral density (PSD). Thus, for a given, say pth bin, 
the post-demodulation CCI is given by the convolution of 
the CCI PSD with a sinc(..) function evaluated at the 
corresponding angular frequency. Each demodulated Sub 
symbol is now corrupted by IBI from all other sub-symbols. 
The effect of IBI is damaging for even small values of 
Doppler Spreads and frequency offsets and can Severely limit 
the bit error rate performance. If the tone interferer is f, HZ 
away from the center of a particular bin, the normalized 
frequency offset is f/f. This shape of the Spectral leakage 
function is a direct consequence of using the discrete Fourier 
transform as the OFDM modulation basis function. 

Consider now the effect of time-varying random fre 
quency offsets due to imperfect transceiver Synchronization 
and phase noise. This issue becomes particularly important 
when the Synchronization problem is aggravated by fast 
time-varying channels, or for Systems that are Sensitive to 
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power and complexity considerations. Let the normalized 
frequency offset be denoted by m=f/f, where the inter-bin 
spacing f=f/N. Each Symbol time, m is modeled as a 
realization of an independent uniformly distributed random 
Variable in the interval -mamza). Thus, the demodu 
lating vector with frequency offset is given by J(m)t, where 
J(m)6CY' denotes a diagonal offset matrix with nth ele 
ment given by 

where f36-7L,It denotes a phase offset varying from Symbol 
to symbol. Thus, 

L-I. U-1 (2.9) 

y(p) = tfi'i(n) H.T. Day + til,J'(n)(v+3) 
=0 it=0 

= a f(p)a(p) + if (p) + 6 (p) + 2, (p), pe S. 

where, 

1 - N- 2 (2.10) 
a f(p) = N h(r)e(Wit?) e iiwiP 

it=0 =0 

1 U- W-l 2 2 

if (P) = XX h. (neitwik-P", "ple will a(k) 

The SINR for the pth bin is defined as 

EIla f(p)a(p) (2.11) 
SINR(p) = - EIlir (p)+2, (p) + or 

ASSuming a wide Sense Stationary uncorrelated Scattering 
(WSSUS) multipath fading model and a Rayleigh fading 
Doppler spectrum 13), expressions for Signal and interfer 
ence powers in (2.11) appear in the Appendix. 
We now turn to an analysis of the reception of the antenna 

array receiver. In conventional Single-antenna wireleSS 
OFDM receivers, FFT based demodulation is generally 
followed by frequency domain equalization (FEQ) and 
Subsequent mapping of the equalized frequency domain 
sub-symbols to bits. In an adaptive array OFDM receiver, 
demodulator outputs from each Sub-array element are fed 
into a bank of array combiners where a separate array 
combining vector is used for each bin. We propose the use 
of the maximum SINR criterion and constraint based beam 
forming for weight adaptation under appropriate channel 
conditions as described later in this Section. In the former 
method, channel estimation is necessary and antennas are 
widely spaced to obtain independent fading between ele 
ments. (i.e., spatial diversity) To maximize the SINR at the 
output of the array, the optimum weight vector balances 
diversity and interference Suppression. In the latter 
approach, antenna elements are spaced Sufficiently close to 
prevent spatial aliasing (i.e. grating lobes) and facilitate the 
application of constraints, Such as those derived from esti 
mates of direction-of-arrival (DOA) of impinging signals. 
(i.e., the four factors discussed above). 

Considering reception over slowly time-varying. For a 
given data rate and bandwidth, the ratio of Symbol rate to 
fading rate (or Doppler spread) in OFDM is much smaller 
compared to Single-carrier Systems. For example, with a 
typical OFDM symbol rate of 4 KHZ and with a Doppler 
spread of 200 Hz, the ratio is 20 (the same ratio for the 
IS-136 TDMA system having a 24.3 KHZ symbol rate is 
about six times greater). For the maximum SINR method to 
be effective, the temporal averaging used to estimate the 
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12 
noise-plus-interference Statistics must be done over a time 
duration much smaller than the duration over which the 
fading changes significantly. Channel estimates for each 
antenna element are also required. Moreover, this procedure 
has to be carried out Separately for every data carrying bin. 
Thus, this approach is suitable only for OFDM systems with 
Slow time-varying fading, for example in low mobility 
Scenarios. 

Thus, we utilize Statistically optimum array combining as 
per the maximum SINR criterion for operation over slowly 
fading channels. With an M element array receiver depicted 
in FIG. 5, let the CIR matrix for the mth element user be 
denoted by H. "-h."(u)I. The array elements are Spaced 
Sufficiently apart to obtain uncorrelated fading. The corre 
sponding received signal is given by 

L-1 U (3.1) 
(i) h"(u)T,D,a, + v" + X. ...) 

e O 

where Z." denotes the eth CCI component received at the 
mth Sub-array. Thus, the demodulated Signal at the output of 
the mth element is given by 

L. - U-1 

O O : 

where C.(p) and i"(p) are given by Setting h, , (n) to 
h,"(u) in (2.10). Denoting the vector of demodulated pth 
bin outputs from all M elements as y(p)=y'(p).y 
(p), . . . , y''' (p) and the estimated pth sub-symbol is 
obtained as 

The optimum weight vector for (3.2) above which maxi 
mizes the SINR at the output of the array is given by 

where CP) is a constant (not affecting the output SINR); 
R(p)C is the received data covariance matrix and A(p)=C.'(p).C.'(p), ..., C.''(p)" is the propa 
gation vector for the pth bin. Simulation results with various 
parameters appear in Section IV. R.(p) and A(p) are esti 
mated by periodic pilot Sub-Symbols inserted in the each 
active bin. A number of techniques can be used for channel 
estimation (A(p)) using data directed (i.e. training sequence) 
or decision directed operation taking into account the time 
frequency dispersive characteristics of the channel. 

In this case, constraint based beam forming is used with 
the constraints chosen Such that their rate of change is 
Significantly slower than the data rate. This approach also 
allows for flexible and general constraints, albeit at the 
expense of higher computation required for their generation. 
In the Sequel, DOA based constraints are used to exploit 
angle diversity. To enable the Simultaneous exploitation 
Spatial and angle diversity, the base-station array is parti 
tioned into multiple sub-arrays. While the elements within 
each Sub-array are closely spaced, the individual Sub-arrayS 
are spaced far apart. This allows for combined use of angle 
diversity (via constraint based beam forming in each Sub 
array) and spatial diversity (via diversity combining of all 
Sub-array outputs). Thus, consider a base-station antenna 
array configuration comprised of M Sub-arrays, each with S 
elements, for a total of MS elements. For an inter-element 

(3.3) 
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spacing of p and narrowband Signal wavelength w, the 
fading experienced at adjacent Sensors is almost perfectly 
correlated for sufficiently small values of p/) (such as 0.5 or 
less) and angle spreading (around 5-10 or less). Thus, the 
inter-element Spacing within each Sub-array O is chosen to 
facilitate beam forming. A large inter Sub-array Spacing, on 
the other hand, is chosen to obtain a Spatial diversity gain. 
For example, a spacing of 5 w to 10 W or more is regarded 
to be adequate for obtaining Sufficiently low fading corre 
lation. Note that conventional beam forming only, or diver 
sity combining only arrays are Special cases of this configu 
ration with M=1 and S=1 respectively. If maximal ratio 
combining (MRC) is used for combining outputs from 
different Sub-arrays in the Second Stage, a separate FEO is 
not needed. On the other hand, if Switched diversity com 
bining is used, a FEQ is still required. Thus, if channel 
estimation is to be eliminated, Switched diversity is appro 
priate in conjunction with differential Signaling. 

For typical cellular Systems, the rate of change of DOAS 
is much lower than the symbol rate allowing for the use of 
only a few pilot bins to obtain DOA estimates. Moreover, 
each of these constraints can be utilized for multiple bins, 
thus greatly reducing the total computational burden for 
constraint generation. Another key advantage of DOA based 
beam forming is that Since DOA information is independent 
of carrier frequency, the information can be re-used for 
downlink beam forming as well. In addition to conventional 
algorithms, DOA estimation techniques based on time 
difference-of-arrival and multiple base-station triangulation 
are also emerging resulting information can also be utilized 
for other tasks Such as mobile hand-offs and geolocation. 

Extending the notation of the previous section, let the CIR 
matrix for the mth Sub-array be denoted by H. "). The 
received signal at the Sth element of the mth Sub-array in the 
presence of Spatially directional desired signals and CCI is 
given by 

(3.4) U-1 

(s) cy") HTTD, a + v" + X. cgns:ns) 
it=0 e 

where c," and c." denote the multiplicative factors 
which can be factored out in the Sth Sensor's response of the 
mth Sub-array with respect to the reference sensor (s=0) for 
the lith user and eth CCI component respectively. For 
instance, if the Signals are assumed to emerge from point 
sources, c,"=e'p; peS, and c."=e' where (p, and (p. 
denote the spatial DOA's given by p27(p/2)sin(0), peS, 
and (p=2 (p/2)sin(0..) corresponding to DOA's p, and (p of 
the particular desired signal and CCI respectively. If the 
Sources are assumed to be in the array far-field, the direc 
tions can be assumed to be unchanged with respect to each 
Sub-array's reference element. Thus, the demodulated Signal 
at the output of the (m,S)th element is given by 

L. 

Heph (n)HTTD,a, -- 
O O : 
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where C(p) is given by (2.9) and 

1 U-1 W-l 2. 2 (3.5) 
(ins) (s) (na) n(k-p+n)+f3-ik i;C(p) = 22. it=0 =0 ch", (neitkrk-Printfei lack) 

... 

A Single DOA estimation and beam forming processor is 
shared between all sub-arrays. DOAS of the received sig 
nal's dominant path (and possibly other Secondary multipath 
components) are assigned to Sub-arrays to enable computa 
tion and update of their respective weight vectors. Also, the 
Same weight vector may be used for more than one Sub-array 
if secondary paths are unused (or for economy of 
implementation). Let W.'"(p)6C denote the pth bin's 
beam forming vector for the mth sub-array. The mth Sub 
array output is given by 

where Y(p)=y".9(p), y” (p), . . . , y” (p). We 
formulate the solution for w."(p) using the well known 
generalized sidelobe canceler (GSC) framework. The GSC 
formulation of the beam-former is particularly useful since 
it readily lends itself to recursive implementations using 
standard LMS or RLS type algorithms, or via block sample 
covariance matrix inversion. The GCS uses a constrained 
output energy minimization criterion and under a signal 
preserving constraint, it yields the corresponding MMSE 
Solution for beam former weights. The constrained optimi 
Zation problem may be formulated as, 

w"(p) argninw"R"(p)w Subject to (CinC w =f (3.6) 

where Con) is the constraint matrix whose columns repre 
Sent multiple constraints, f is the desired constraint response; 
R,"(p)=R."(p)+R,"(p)+R,+R.'"(p); R,”(p)eC*: is 
the pth bin's received data covariance matrix for the mth 
sub-array and R.'"(p).R.'"(p).R=O, Is and R.'"(p) denote 
the corresponding Signal, IBI, additive noise and CCI cova 
riance matrices respectively. The GCS solution to (3.6) is 
well known 9, 25 and is given by 

*'CR.T.) ''''C) where w"(p)=C, ("R. (p)CO)-1 Cen)"R.)(p)won(p) (3.7) 

w" (p)=C(IC"C" f and C on ecsts' is the 
matrix spanning the null space of C. where S-S is the 
number of constraints used. If only one signal preserving 
constraint is used, C""(p) and f=1 where d"(p) denotes 
the chosen estimated Steering vector of the desired user. The 
output SINR with the mth beam former is given as 

SINR)(p) (n) (n) (n) 
(p)(R"(p) + R, + Ry" (p))w."(p) 

To determine the performance gain which may be obtained 
from diversity combining, let the average Signal-to-noise 
ratio per bit at each sub-array output be denoted by b. 
ASSuming uncorrelated Rayleigh distributed received 
signals, the average probability of bit error (P) for coherent 
PSK sub-symbols using MRC is given by 
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i M - 2 + in in-l (3.8) 
PMRC = (Pty.)"X 1 l +P(y) 

where P(y) denotes the probability of error for a specific 
alphabet size. For example, if the probability of error in a 
AWGN channel is given by aerfc (vby) then by averaging 
over the probability density function of YP(y)sa/(2b) 
Channel estimation for MRC is performed on post 
beam forming outputs from each Sub-array which greatly 
minimizes the impact of CCI on the channel estimates. 

The joint Space-frequency bin allocation Scheme auto 
matically determines bin allocations for mobile users taking 
the Spatial dimension into account. Spectral locations are 
Sought for each bin Such that the Kbins belonging to any one 
user are Spaced as far apart in frequency as possible to 
minimize mutual IBI. Spacing the bins belonging to each 
user over a range of frequencies also increases frequency 
diversity (i.e., because the bins of a particular user are 
Spaced in frequency, typical CCI Sources operating in a 
Small, in-band frequency range have less effect on the 
overall Signal then if the Signal bins were closely grouped in 
frequency.) Also, each bin is co-located with bins belonging 
to other users which are spaced as far apart as possible in the 
DOAS of their signals. This enables the beam former to 
SuppreSS IBI between adjacent bins by exploiting spatial 
Selectivity. 

Accomplishing these goals simultaneously at each arrival 
(when a new user requires bin allotment) or departure (when 
an existing user terminates its connection) can be a compu 
tationally formidable task due to the typically large number 
of bins and users. The following method is proposed which 
Sequentially Solves the above problem in an efficient manner. 
To begin, the entire spectrum is partitioned into K contigu 
ous frequency blocks containing L bins. Every user is 
allotted one bin in each of the K blocks and spatial infor 
mation is used to determine the bin distribution within each 
block. If p denotes the dominant DOA of the pth user, the 
bin placement in any one block is done by computing the 
following metric for each available bin as 

n = argmaximin A6, (3.9) 

where 

is the magnitude of the differences between up and DOAS of 
bins in a neighborhood of 2W bins. If an adjacent bin is 
unoccupied, the corresponding value of A0, is set to the 
maximum angular difference possible. Note that owing to 
the block structure of bin allocation, it is Sufficient to 
compute the metric for any one block and replicate the bin 
allotment in the remaining blockS. Moreover, the objective 
function is easy to compute and can be maintained in a 
tabular form for fast look-up. These metrics are updated 
whenever there is an user arrival or departure. In Severe 
multipath environments, the Spatial Selection is generalized 
by taking into account multiple DOAS as well as power 
levels for each bin in computing the windowed DOA dif 
ference for each bin. In propagation environments domi 
nated by CCI instead of (or in addition to) IBI, the above 
criterion can take into account the DOA and frequency 
location, as well as Signal Strength, of co-channel interferes 
to minimize the effect of Spectral overlap and leakage. 
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16 
Consider an example wireless OFDM system with the 

following parameters: Total number of bins N=256; Useful 
Symbol time T=230 us; CP or guard time Te=20 uS and 
Symbol rate f=1/(T+Tr)=4 KHZ. Thus, inter-bin 
spacing f=1/T=4.348 KHZ and total occupied 
bandwidth=Nf=1.11 MHz. Using QPSK modulated Sub 
Symbols, the aggregate data rate=(2 bits/bin) (N bins/ 
symbol) (f, symbols/sec)=2.048 Mb/s. For an uplink mul 
tiple access System with these parameters, L=32 
independent users, each with K=8 bins can each be allocated 
a raw bit rate of 64 Kb/s. Other factors which can reduce the 
user available data rate or the number of usable bins include 
analog and digital filtering constraints, spectral mask 
requirements, and bandwidth overhead for control and Sig 
naling. 

Consider first the effect of IBI only without additive noise 
and CCI. In this application, it is known that M-branch 
spatial diversity using MRC (M=2.3) is very effective. This 
result is not Surprising Since IBI is Spatially and Spectrally 
distributed and MRC is known to be the optimum array 
combining method in the presence of noise only. 

Consider now the performance of maximum SINR opti 
mum array combining for CCI Suppression on a slowly 
time-varying channel. For M=2, both MRC and maximum 
SINR combining yield similar performance and a 3 dB array 
processing gain is obtained for AWGN only (when CCI is 
negligible). 

For a given number of total elements, combined use of 
angle and Spatial diversity is clearly Superior to angle 
diversity alone. It is known that diversity combining is most 
beneficial at relatively higher input SINRs while beam form 
ing is most effective for relatively lower SINR's when the 
interference is Strong. 
Now the discussion turns to the preferred embodiment. 

FIG. 1 illustrates one exemplary embodiment of an adaptive 
array architecture 10 with a base station 7 implemented for 
use in a cellular telephone System according to the present 
invention. An array Support Structure 1, may be implemented 
as Single or multiple towers as shown or by any other means 
that enable the array to be placed at the desired elevation and 
spacing including but not limited to conical towers or 
fixation on commercial buildings of Sufficient elevation. In 
the preferred embodiment, the array Support Structure 1 is 
attached to the array fixation Structure 2 by means of Support 
beams 3. The array Support Structure 1 thus maintains the 
array fixation Structure 2 at a fixed elevation. In the embodi 
ment of FIGS. 1a-1c, the array fixation structure 2 is 
arranged in the shape of a triangle, thereby dividing the 
complete 360 service area into three sectors of 120 each. 
By way of example only, each 120 sector constitutes a 
Single adaptive array 4, each adaptive array being 
comprised, by way of example only, of two Sub-arrayS 5. 
The array Structure may be varied without departing from 
the present invention. For instance, the Service area may be 
divided into differing numbers of sectors, the number of 
Sub-arrayS may be increased or their orientation changed. 
The Sectors need not be equal in size. Each Sub-array is 
electrically connected to a base station 7 which may be 
located on the tower as shown or at any other convenient 
location including mounted on the array fixation Structure 2 
or in an enclosed area at the base of the array Support 
Structure 1. 

In each adaptive array, the Sub-arrays are Separated by a 
distance Sufficient to allow the resultant Signals from each 
Sub-array to be spatial diversity combined. Spatial diversity 
requires a Sufficient element spacing to allow independent 
fading at different elements. The Signals from Such spaced 
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elements can be combined to lessen interference and 
increase the received signal Strength. For Spatial diversity 
combining to be effective at the effective operating distance 
of a cellular telephony System, an array spacing of at least 
2 wavelengths at the frequency of operation is beneficial 
with the spacing preferably between 5 to 15 wavelengths. In 
the present embodiment, the minimum group Spacing 12 is 
in the range of 5-15 wavelengths. 

FIGS. 2a and 2b, illustrate exemplary geometries that 
may be used for the Sub-arrays 5. By way of example only, 
the sub-array 5 may be implemented as a dipole array 20 
comprised of three antenna array elements 21 oriented 
Vertically and arranged side-by-Side. The Spacing between 
the antenna array elements 21, in this embodiment, is leSS 
than a predetermined maximum element spacing, for 
example, one half of one wavelength at the frequency of 
operation (<w/2) to facilitate steering. Steering or beam 
forming is the ability of the Signal response of an array to be 
altered through modification of the timing or phasing of the 
array elements, for instance, by altering the phasing of array 
elements the array can be made to receive desired user 
Signals at a higher grain while at the same time damping 
undesired interference Signals. To provide effective Steering, 
the elements should be Spaced as close as possible; the 
element spacing must be less than a wavelength and clas 
Sically leSS and one-half of one wavelength to provide 
Steering. 

The antenna array elements 21 are attached to and Sup 
ported by the array fixation Structure 2 and are electrically 
connected to the base station 7. Sub array 5 may also be 
implemented as a microStrip patch array 25 (as shown in 
FIG.2b). Microstrip patch array 25 may be configured as a 
Butler array comprised of eight total patches 26 arranged in 
patch rows 27 of four patches each. As in the dipole array 20, 
each of the patches 26 in a given patch row 27, in this 
preferred embodiment is separated by less than the maxi 
mum element spacing, for example, one half of one wave 
length at the frequency of operation (</2) to facilitate 
Steering. Alternatively, the microStrip patch array 25 may be 
replaced with two dipole antenna elements arranged hori 
Zontally Side-by Side that provide a similar signal response 
pattern. The microstrip patch array 25 may be desirable 
because of its low manufacturing cost in Some applications. 

FIG. 3 graphically illustrates the manner by which the 
base station 7 determines the direction of arrival of either a 
remote unit or a Source of co-channel interference. FIG. 3 
illustrates a top view of a sub-array 5 comprised of two 
antenna array elements 31a and 31b arranged vertically 
Side-by-side with a separation less than W/2. Incoming Signal 
33 from a user impinges upon the antenna array elements 
31a and 31b. Because the incoming signal 33 is arriving 
from a large distance relative to the Separation between 
elements 31a and 31b, the far field approximation (the signal 
Source is So far away from the receiver that the incident 
waves appear as plane waves) is valid and the incoming 
Signal 33 can be approximated as impinging upon array 
elements 31a and 31b at the same angle. The additional 
Signal travel distance 37 that the incoming Signal 33 must 
travel to impinge upon the more distant of the array elements 
31b can be calculated in Several ways, Such as by time delay 
or phase shift. Because the Separation between the array 
elements 31a and 31b is also known, the sine of angle 38 
may be calculated and is equal to direction of arrival 39 
normal to the sub-array 5. The base station 7 then computes 
the direction of arrival. 

Although the exemplary embodiment contains two 
elements, it will be obvious to those skilled in the art that the 
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direction of arrival may be calculated by means of many 
different methods. The accuracy of the determination of the 
direction of arrival is, of course, dependant upon the method 
used. In general, a greater number of antenna elements can 
provide greater resolution of the direction of arrival. Thus, 
the BS 7 could distinguish between remote users who are 
disposed closer together with regard to direction of arrival. 
Determination of the direction of arrival is also dependant 
upon the filter used by the BS 7. In addition, the BS 7 may 
utilize a number of multipath Signals to determine direction 
of arrival. In this case, the direction of arrival may be along 
multiple paths. 

FIGS. 4a and 4b illustrate a general Signal response 
pattern in FIG. 4a as well as, in FIG. 4b, a Signal response 
pattern modified to provide higher gain to desired user 
Signals while damping interference. FIG. 4b illustrates 
exemplary Signal response patterns of the adaptive array, 
along with multi-path reception and co-channel interference. 
Multi-path reception refers to an individual user's Signal that 
is received by the BS from more than one direction such as 
when user Signals are reflected from Structures in an urban 
environment. Co-channel interference (CCI) refers to any 
other undesired signal whose spectrum overlaps with the 
spectrum of the particular OFDM system under consider 
ation and causes interference. An idealized signal response 
pattern is shown as 4.0a in FIG. 4a. The radius of the 
response pattern 4.0a from the BS 7 in a given angular 
direction indicates the relative gain or Signal response level 
of the BS in that radial direction. Thus, in the response 
pattern 40a, the adaptive array receives with equal Strength 
Signals from any direction. This response may be seen to be 
less than ideal when operating in the presence of CCI 
because it is desired to minimize or "damp out” undesired 
CCI to increase System performance while increasing the 
gain for desired signals. Thus, the Signal response pattern 
4.0a is altered. 
Once the direction of arrival of a communications signal 

from a remote user is known, the array elements can be 
energized or their responses placed through a filter with 
varying phases, time delayS or both to produce the Signal 
response pattern 40b in FIG. 4b. Again, in Signal response 
pattern 40b the radial distance of the response pattern 40b 
from BS 7 is indicative of the relative gain or signal response 
level in that radial direction. The BS 7 modifies the idealized 
pattern to provide increased gain for the Signals of user 41 
as well as the multi-path propagation 11, 12 of the Signals of 
user 41. At the same time, the Signal response pattern 
provides for damping in the direction of CCIS 13 and 14 to 
minimize received interference signals. 

FIG. 5 is a block diagram of an exemplary embodiment of 
a receiver 60 for the adaptive antenna array architecture 10. 
The receiver 60 is capable of correcting for incoming 
channels which experience fast time-varying fading. The 
receiver 60 illustrates two stages of an array. Signals from 
mobile users 51 impinge upon the adaptive array 52 com 
prised of a plurality of sub-arrays 59 numbered 0 to M. Each 
sub-array 59 comprises a plurality of elements 54 numbered 
0 to S. The number of elements 54 in each sub-array 59 may 
not be equal. Each sub-array 59 can handle signals from 
many mobile users 51 at the same time. At each Sub-array 
59, the signals from mobile users 51 pass through coherent 
demodulators to beam formers 56 which are supplied with 
direction of arrival data from the DOA processor 57 in the 
BS 7 to construct the desired signal response pattern. The 
DOA processor 57 calculates the direction of arrival in 
accordance with the method described above in connection 
with FIG.3. The output signals from the beam formers 56 are 
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passed through a spatial diversity combiner 58 to remove 
interference. The output Signal from the Spatial diversity 
combiner 58 may be fed into a standard voice or data 
network. 

In an alternative embodiment, the adaptive antenna array 
architecture 10 may be used in an orthogonal frequency 
division multiple access (OFDMA) system. The base station 
7 determines the direction of arrival (DOA) in the manner 
described above. The base station 7 of the OFDMA system 
Segments the available bandwidth into multiple frequency 
bins which can then be allocated based on predetermined 
factors. The inclusion of the DOA as a factor in an OFDMA 
bin allocation Scheme improves overall System performance 
by allowing the OFDMA bin allocation algorithm to differ 
entiate between user Signals on the basis of DOA as well as 
differentiate between the DOA of CCIs and user signals thus 
providing for less overall CCI and Inter-Bin Interference 
(IBI). 

FIG. 6 illustrates an exemplary operating environment for 
a cellular System. The base Station 7 is operating in the 
presence of Signals from co-channel interferer 61 and Signals 
from mobile users 62a, 62b, 62c, 62d and 62e. The direction 
of arrival of all signals relative to the base station 7 can be 
observed as lines leading from the Spatial positions of the 
various signals to BS 7. Mobile users 62c and 62b have 
substantially the same DOA, while mobile user 62e and 
co-channel interferer 61 have substantially the same DOA. 
Also, mobile users 62a, 62b, and 62c are located at approxi 
mately the same distance from base station 10 and thus have 
approximately the same signal Strength. 

While, in this exemplary environment, the DOA of each 
signal is shown as a straight line from the remote unit, in a 
more complex implementation of the present invention the 
BS 7 may take into account multipath Signals of a certain 
magnitude (usually not more than two or three signal paths 
for computational Simplicity) as well as accounting for the 
angle spreads of the incident Signal wither directly from the 
remote unit or multipath. For ease of representation, the 
exemplary environment of FIG. 6 shows dominant, Straight 
line signal paths from the remote units and the CCI without 
angle spreading. 

FIG. 7 illustrates a frequency band distribution according 
to an embodiment of the present invention. The frequency 
band 70 of the OFDMA system, expressed in the frequency 
domain as shown, includes the range of frequencies between 
the bottom or low frequency cut-off 72a and the top or high 
frequency cut-off 72b. In an OFDMA system, the frequency 
band 70 is segmented into bins 73 for allocation to indi 
vidual users which are then grouped into neighborhoods 71a 
and 71b (e.g., three to five bins per neighborhood) which are 
shown as an outtake 76 of the frequency band 70. However, 
the use of neighborhoods in the present embodiment is done 
for the Sake of computational convenience. Although the 
preferred embodiment above was implemented using group 
ings of frequency bins called neighborhoods, many aspects 
of the preferred embodiment can be implemented without 
grouping the frequency bins in this way. In this case, the 
above preferred embodiment may operate in a different 
fashion, Such as on a bin-by-bin basis, to accomplish the 
invention. 

Once the bins 73 and neighborhoods 71a and 71b have 
been established, the BS 7 allocates bins to a particular user 
So as to maximize the overall System performance. An noted 
above, two significant constraints on performance are Inter 
Bin Interference (IBI) and Co-Channel Interference (CCI). 
In an effort to minimize IBI and CCI, the BS 7 continually 
monitors a number of parameters and uses them to compute 
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the bin allocations for a given user. Bin allocations are 
typically made at Start-up, but can also be changed dynami 
cally throughout operation in response to changes in the 
prevalent noise, interference, or fading conditions. 

FIG. 8 is a block diagram illustrating an exemplary 
method for allocating frequency bins by the BS 7 according 
to one embodiment of the present invention. To illustrate the 
bin selection method of the BS 7, it is assumed that the 
mobile users of FIGS. 6 and 7 are to be allocated K bins 
each. Using these inputs, the BS 7 allocates bins to satisfy 
the following (desired) criteria. 

First, the BS 7 determines which bins are available to be 
allocated at step 80. Bins are not available to be allocated if 
the bin is in use by another user or the level of CCI is to high 
to provide adequate user Signal resolution. For instance, in 
FIG. 7, the presence of CCI is indicated by frequency artifact 
74. The bins thus dominated by CCI will not be available to 
be allocated at this stage. The BS 7 then determines if 
enough open bins exist to Support a remote user Seeking 
registration with the System or Seeking to use more fre 
quency bins (step 81). If the BS 7 can not allocate enough 
bins, the BS 7 analyzes (step 82) the previously rejected 
high-CCI bins 75 . If the difference in the DOA's of the 
particular user and the co-channel interferers are Sufficiently 
large to permit data to be carried in the bin 75, the BS 7 
allocates the bin 75 to the user 82. Referring to FIG. 6, if the 
frequency artifact 74 is the output of CCI 61, the bins 75 
dominated by frequency artifact 74 may be allocated to users 
62a, 62b, 62c, or 62d because the DOA of these users is 
widely different from CCI 61 (FIG. 6). However, such CCI 
bins 75 could not be allocated to user 62e because the DOA 
of user 62e and CCI 61 are substantially similar. After 
determining what additional CCI bins 75, if any, may be 
allocated to the given user, the BS 7 then determines if 
Sufficient bins now exist after the CCI-bin 75 allocation to 
support the user 83. If sufficient bins still do not exist, 
service is refused at step 84. 

If Sufficient bins exist to Support the user, control passes 
to step 85 where the K bins belonging to any one user are 
Spaced as far apart in frequency as possible to minimize 
mutual IBI. Thus, if many bins in the system are open, the 
bins used to carry data may be separated by Several bins to 
reduce IBI. 

Next at step 86, each bin is placed by the BS 7 in a 
neighborhood with bins belonging to other users which are 
Spaced as far apart as possible in the dominant DOAS of their 
Signals. Stated another way, the BS 7 collects unique Sets of 
bins 71a and 71b as neighborhoods such that each frequency 
bin in a given neighborhood is assigned to remote users 
having substantially different DOAS. For example, a 3-5 bin 
neighborhood may be used. For example, FIG. 7 illustrates 
two 5-bin neighborhoods 71a and 71b. Applying the user 
DOAS from FIG. 6 and assuming for a moment a system in 
which only two neighborhoods exist and assuming all Sig 
nals are of Similar received power levels, ideally, the Signals 
from user 62c may be placed in bins distant from the Signals 
from user 62b because of the similarity in their DOAS. An 
ideal bin placement under this constraint would maximize 
the differences between the DOAS of Successive bins for an 
overall neighborhood as shown in neighborhood 71b. The 
Signal from user 62e is places in the bin between the Signals 
from users 62b and 62c and the signals from users 62a and 
62d are placed in successive bins as shown. This method of 
bin placement serves to reduce overall IBI. Spacing the bins 
belonging to each user over a wide range of frequencies 
within the band also provides frequency diversity. Fre 
quency diversity is desirable because it serves to lessen the 
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effects of fading over a certain frequency range. For 
example, by allocating many widely Spaced frequency bins 
to a Single user, if the operating environment is Such that 
Some of the bins experience fading, the overall Signal quality 
will still remain high because the other user bins will not 
experience this fading; in short, fading over a Small fre 
quency range within the band will not effect the whole 
Signal. 

Next, at step 87, the BS 7 reevaluates the bin allocations. 
The BS 7 determines whether to place each bin in a 
neighborhood with bins belonging to other users Such that 
differences in received Signal power level of active bins in 
the neighborhood are minimized. By re-assigning bins 
according to Signal power, the BS 7 ensures that weaker 
more distant Signals are not overpowered by closer more 
powerful signals. Thus, turning to FIG. 6 for reference, the 
closer, Stronger Signals of users 62e and 62c may be grouped 
together, in a first group, while the more distant, weaker 
Signals of users 62a, 62b, and 62d may be placed in a Second 
group spaced from the first in frequency band 70. 

The above method leads to better separation of potentially 
interfering Signals in the Spatial domain, thus facilitating the 
operation of spatial interference Suppression. Optionally, the 
above criteria of steps 81-87 may be “weighted' differently, 
or considered in different orders to construct methods opti 
mized for a specific (or category of) channel and interfer 
ence Scenarios, as will be apparent to those skilled in the art. 
In the example of FIG. 8, because IBI is a dominant 
impairment, spacing bins in frequency and placing bins in a 
neighborhood with bins of differing DOAS is given the most 
importance. Depending on the environment, other criteria 
may become dominant. For instance, the bins in a neigh 
borhood may be placed with bins of similar power if the 
System is operated in an environment with a wide range of 
received signal power levels. 

Since the number of bins in an OFDM system can be quite 
large (several hundred bins), the implementation of the 
overall method may be reasonably simple to enable execu 
tion in real-time. For instance, one possible way to imple 
ment it would be to construct a data Structure which contains 
a table of information about each bin. The table may include 
information Such as whether the bin is active or inactive (at 
any given time), the user occupying the bin if any, whether 
it is a data, control or pilot bin, modulation Scheme and 
constellation size of Sub-Symbols in the bin, received power 
level, dominant DOA's of the user occupying the bin, power 
level and DOA's of any CCIS spectrally overlapping with 
the bin etc. Optionally, all items of the above information 
may not be available for each bin at all times. Certain items 
in the above table like received power levels appear to be 
best Suited for update on a periodic (Scheduled) basis (Such 
as every n milliseconds or during each frame as per Some 
existing framing structure). Other items are better Suited for 
update in an event driven mode (Such as user activity and 
constellation size), e.g., when a user arrives, departs, 
requests (or is forced to have) a change in the amount of 
allocated bandwidth. 

Thus, through the use of the above factors, individual bins 
may be dynamically allocated and re-allocated on-the-fly. 
The composition of neighborhoods may also be changed 
dynamically if a trigger event, Such as the advent of a new 
CCI source should arise. The number of bins assigned to a 
neighborhood may also change. 

Although the preferred embodiment above was imple 
mented using groupings of frequency bins called 
neighborhoods, many aspects of the preferred embodiment 
can be implemented without grouping the frequency bins in 
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this way. In this case, the above preferred embodiment may 
operate in a different fashion, Such as on a bin-by-bin basis, 
to accomplish the above invention. For instance, if fre 
quency bins are not grouped into neighborhoods, allocating 
on a bin-by-bin fashion such that the DOAS of adjacent or 
approximately adjacent bins differ would accomplish the 
above invention. In this fashion, the above invention may 
also be implemented with neighborhoods containing only 
one bin. 

Although the present invention has been described with 
reference to specific embodiments, those of skill in the art 
will recognize that changes may be made thereto without 
departing from the Scope and Spirit of the invention as Set 
forth in the appended claims. 
What is claimed is: 
1. In a multi-point communications System having a 

receiver and transmitter disposed at a primary site for 
communication with a plurality of remote units disposed at 
respective Secondary Sites, a receiver Subsystem comprising: 
means for receiving communications Signals over fre 

quency bins allocated to a plurality of remote units at 
a plurality of reception points, Said reception points 
being spaced apart by a predetermined minimum spac 
ing Sufficient to facilitate Spatial filtering, said fre 
quency bins divided into neighborhoods, each neigh 
borhood comprising a unique Set of at least two 
frequency bins, 

means for Spatially filtering received Signals, 
means for identifying a direction of arrival of communi 

cations signals from each remote unit; and 
means for assigning remote units to frequency bins Such 

that said frequency bins in at least one neighborhood 
are allocated to remote units having directions of 
arrival that are distinctly Separable from one another. 

2. The receiver subsystem of claim 1, wherein said 
receiving means further comprising an adaptive antenna 
array and means for electronically Steering Said adaptive 
antenna array. 

3. The receiver subsystem of claim 1, wherein said 
receiving means further comprising a Switched beam 
antenna array and means for electronically Steering Said 
Switched beam antenna array. 

4. The receiver Subsystem of claim 1, further comprising 
means for resolving a direction of arrival of co-channel 
interference Sources and of received communications Sig 
nals and means for modifying a signal response pattern of 
the receiving means by focusing on received communica 
tions signals based on a direction of arrival of Said commu 
nications signals. 

5. The receiver Subsystem of claim 1, further comprising: 
means for identifying a direction of arrival of communi 

cations signals from the remote units, and 
means for assigning remote units to frequency bins Such 

that Said frequency bins approximately adjacent to one 
another are allocated to remote units having directions 
of arrival that are distinctly Separable from one another. 

6. The receiver Subsystem of claim 5, further comprising: 
means for continuously monitoring at least one parameter 

of communications channels associated with active 
frequency bins and computing bin allocations based on 
Said at least one parameter. 

7. The receiver Subsystem of claim 5, further comprising: 
means for dynamically changing bin allocations in 

response to prevalent noise and interference conditions. 
8. The receiver Subsystem of claim 5, further comprising: 
means for allocating multiple frequency bins to at least 

one remote unit, and Spacing Said multiple frequency 
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bins remotely from one another in a frequency spec 
trum to minimize mutual interbin interference. 

9. The receiver subsystem of claim 5, further comprising: 
means for identifying frequency bins that contains 

co-channel interference and preventing allocation of 
remote units to frequency bins containing co-channel 
interference. 

10. In a multi-point communications System having a 
receiver and a transmitter disposed at a primary Site for 
communication with a plurality of remote units disposed at 
respective Secondary Sites, each remote unit transmitting and 
receiving communications data in frequency bins allocated 
thereto, a method for allocation of frequency bins as com 
munications channels to the remote units, comprising: 

identifying a received signal power level of transmissions 
from remote units in use, Said transmissions being 
received in active frequency bins, 

determining differences between Said received signal 
power levels in Said active frequency bins of at least 
one neighborhood; and 

reassigning the remote units in use to Said active frequen 
cies bins Such that differences between Said received 
Signal power levels of Said active frequency bins in Said 
at least one neighborhood are minimized. 

11. The method of claim 10, further comprising: 
dividing frequency bins into neighborhoods, each neigh 

borhood containing a unique Set of frequency bins, 
identifying a direction of arrival of communications Sig 

nals from the remote units, and 
assigning the remote units to Said frequency bins Such that 

Said frequency bins in at least one of Said neighbor 
hoods are allocated to the remote units having direc 
tions of arrival that are remote from one another. 

12. The method of claim 10, further comprising continu 
ously monitoring at least one parameter of the communica 
tions channels, and computing Said bin allocations based on 
Said at least one parameter. 

13. The method of claim 10, further comprising dynami 
cally changing frequency bin allocations in response to 
prevalent noise and interference conditions. 

14. The method of claim 10, further comprising allocating 
multiple frequency bins to at least one remote unit, and 
spacing Said multiple frequency bins remotely from one 
another in a frequency spectrum to minimize mutual interbin 
interference. 

15. The method of claim 10, further comprising identi 
fying frequency bins that contain co-channel interference, 

and at least one of 
identifying a direction of arrival of co-channel inter 

ference, and 
identifying a received power level of co-channel inter 

ference, and preventing allocation of remote units to 
Said frequency bins based on at least one of the 
received power level of co-channel interference and 
the direction of arrival of co-channel interference. 

16. A multi-point communication System, said System 
comprising: 

a receiver and transmitter disposed at a primary Site for 
communication with a plurality of remote units dis 
posed at respective Secondary Sites, 

a receiver for receiving communications Signals over 
frequency bins allocated to Said plurality of remote 
units at a plurality of reception points, Said reception 
points being spaced apart by a predetermined minimum 
spacing Sufficient to facilitate Spatial filtering, Said 
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frequencybins divided into neighborhoods, each neigh 
borhood comprising a unique Set of at least two fre 
quency bins, 

a filter for Spatially filtering received signals, 
a processor for identifying a direction of arrival of com 

munications Signals from each remote unit; and 
an assigning module for assigning remote units to fre 

quency bins Such that, Said frequency bins in at least 
one neighborhood are allocated to remote units having 
directions of arrival that are distinctly Separable from 
one another. 

17. A multi-point communications System, Said System 
comprising: 

a receiver for receiving a signal and allocating Said Signal 
to a frequency bin, Said frequency bin included in a 
neighborhood, Said neighborhood comprising a unique 
Set of at least two frequency bins, 

a filter for Spatially filtering Said Signal; 
a processor for identifying a direction of arrival of Said 

Signal; and 
an assigning module for assigning Said Signal to Said 

frequency bin Such that a Second Signal assigned to a 
Second frequency bin has a Second direction of arrival 
distinctly separable from said direction of arrival of 
Said Signal. 

18. A method for allocation of frequency bins as commu 
nication channels to remote units in a multi-point commu 
nications System, said method comprising: 

identifying a direction of arrival of a communication 
Signal from a remote unit; 

assigning Said remote unit to a first frequency bin Such 
that a Second frequency bin adjacent to Said first 
frequency bin is allocated to a Second remote unit 
having a Second direction of arrival distinctly Separable 
from Said direction of arrival of Said remote unit; 

continuously monitoring at least one parameter of the 
communications channels and determining allocation 
of Said frequency bins based on Said at least one 
parameter; and 

allocating multiple frequency bins to at least one remote 
unit, and spacing Said multiple frequency bins remotely 
from one another in a frequency Spectrum to minimize 
mutual interbin interference. 

19. The system of claim 16, wherein said predetermined 
minimum spacing is at least five times a wavelength corre 
sponding to Said transmission. 

20. The system of claim 16, wherein said receiver further 
comprise an adaptive antenna array and Steering for Said 
adaptive antenna array. 

21. The System of claim 16, wherein Said assigning 
module further monitors at least one parameter of commu 
nications channels associated with Said active frequency 
bins and computes allocation of Said active frequency bins 
based on Said at least one parameter. 

22. The System of claim 16, wherein Said assigning 
module further is capable of dynamically changing alloca 
tion of Said active frequency bins in response to prevalent 
noise and interference conditions. 

23. The System of claim 16, wherein Said assigning 
module further allocates multiple frequency bins to at least 
one remote unit, Said assigning module spacing Said mul 
tiple frequency bins remotely from one another in a fre 
quency spectrum to minimize mutual interbin interference. 

24. The System of claim 16, wherein Said assigning 
module further identifies frequency bins that contain 
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co-channel interference and prevents allocation of remote 
units to frequency bins containing co-channel interference. 

25. The system of claim 17, wherein said receiver further 
comprises an adaptive antenna array and Steering for Said 
adaptive antenna array. 

26. The system of claim 17, said assigning module further 
monitors at least one parameter of communications channels 
asSociated with Said frequency bins and computes allocation 
of Said frequency bins based on Said at least one parameter. 

27. The system of claim 17, wherein said assigning 
module further is capable of dynamically changing alloca 
tion of Said frequency bins in response to prevalent noise and 
interference conditions. 

28. The system of claim 17, wherein said assigning 
module further identifies frequency bins that contain 
co-channel interference and prevents allocation of Signals to 
frequency bins containing co-channel interference. 

29. The method of claim 18, further comprising dynami 
cally changing frequency bin allocations in response to 
prevalent noise and interference conditions. 

30. The method of claim 18, further comprising allocating 
multiple frequency bins to at least one remote unit and 
spacing Said multiple frequency bins remotely from one 
another in a frequency spectrum to minimize mutual interbin 
interference. 

31. The method of claim 1, wherein said means for 
assigning remote units to frequency bins further comprises 
means for using spatial information to assign the remote 
units to the frequency bins. 
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32. The method of claim 1, wherein said means for 

assigning remote units to frequency bins further comprises 
means for using automatic gain control information to the 
assign remote units to the frequency bins. 

33. The method of claim 17, wherein said receiver is an 
antenna array. 

34. The method of claim 17, wherein said receiver is a 
Switched beam antenna array. 

35. The method of claim 17, wherein said receiver is an 
adaptive antenna array. 

36. The method of claim 18, further comprising dynami 
cally changing frequency bin allocations. 

37. The method of claim 18, further comprising dynami 
cally changing frequency bin allocations in response to a 
fading condition. 

38. The method of claim 37, wherein the fading condition 
is a fade over a portion of a signal Spectrum. 

39. The method of claim 38, wherein the fade spans the 
portion of the Signal spectrum for more than one bin. 

40. The method of claim 18, further comprising dynami 
cally changing frequency bin allocations in response to a 
noise condition. 

41. The method of claim 18, further comprising dynami 
cally changing frequency bin allocations in response to an 
interference condition. 
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